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Editorial on the Research Topic

Advances in cardiac imaging and heart failure management

Introduction

Heart failure is a clinical syndrome with a complex pathophysiology, multiple

comorbidities, frequent decompensation, and hospitalizations. It is associated with

significant morbidity and mortality, which implies high costs.

This Research Topic presents cardiac imaging novelties in the field of heart failure

with the aim of improving management strategies.

Heart failure with preserved ejection fraction

Heart failure with preserved ejection fraction (HFpEF) is a challenging, incompletely

elucidated disease with multiple etiologies and comorbidities. The numerous ongoing

studies could help improve the management of this variable population. Cardiovascular

imaging, especially echocardiography, plays an important role in this disease, as it

represents the first-line imaging modality for diagnosis, stratification, and therapeutic

protocols.

The study by Del Torto et al. shows the importance of advanced multimodality

cardiovascular imaging (echocardiography, computed tomography—CT, cardiac

magnetic resonance—CMR, and nuclear imaging such as scintigraphy and SPECT)

for screening and detection of different etiologies in patients with HFpEF. With

echocardiography, we assess systolic function and diastolic function of the left ventricle

(LV) (mitral flow velocities, mitral annular E’ velocity, the E/e’ ratio, peak velocity
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of tricuspid valve regurgitation, and left atrium volume index),

as well as additional measures like the velocities in the

pulmonary veins and global longitudinal strain (GLS) with

speckle tracking echocardiography (STE). CMR is the gold

standard for measuring the volume, wall thickness, mass,

and ejection fraction for the left and right ventricles. With

cardiac CT, on top of coronary anatomy assessment, we can

detect valvular calcifications, and assess LV function and the

presence and extension of epicardial adipose tissue. Exercise

diastolic stress test echocardiography is very important for

the assessment of myocardial viability and is recommended to

confirm HFpEF in patients with exertional dyspnea. The most

studied parameters are mitral E/e’ ratio (≥15) and the tricuspid

regurgitation velocity (>2.3 m/s), which can indicate an increase

in the mean pulmonary capillary wedge pressure (mPCWP) and

pulmonary artery systolic pressure (sPAP).

The study by Verwerft et al. presents additional

echocardiographic parameters for the exercise diastolic

stress test, such as peak exercise septal systolic velocity

(exercise S’ < 9.5 cm/s), which was the best echocardiographic

parameter associated with elevated exercise pulmonary artery

wedge pressure (PAWP), and mean pulmonary arterial

pressure/cardiac output slope (mPAP/CO ≥ 3.2 mmHg/L).

A total of 22 patients were included in this study, among

which 14 patients presented a value of exPAWP ≥ 25 mmHg.

Although invasive hemodynamic exercise testing with the

measurement of PAWP is considered the gold standard to

rule in or out patients with HFpEF, it is not used much

in daily clinical practice because of the limited expertise

and the invasive approach of the method. In addition to

this problem, the authors wanted to identify additional

non-invasive echocardiographic markers for elevated PAWP

because of lacking standardized methods when diagnosing

HFpEF non-invasively.

Another possible additional assessment of HFpEF patients

is by 3D echocardiography. Wang, Mu et al. introduced

a novel echocardiography index based on 3D and tissue

Doppler echocardiography for diagnosing and estimating

prognosis in HFpEF. This non-invasive index is SVI/S’ and

is calculated by the ratio between stroke volume indexed

by the body surface area (SVI) and tissue Doppler mitral

annulus systolic peak velocity (S’). The authors enrolled

104 symptomatic patients with HFpEF who underwent right

heart catheterization (RHC). Based on the RHC results,

the patients were divided into a HFpEF group (PCWP ≥

15 mmHg) and non-HFpEF group (PCWP < 15 mmHg)

according to the standard cut-off for HFpEF diagnosis.

The patients who had a PCWP ≥ 15 mmHg had a low

SVI/S’ index and showed a poorer prognosis. Also, the

non-invasive SVI/S’ index was associated with high PCWP

measured invasively.

Acute heart failure

Acute heart failure (AHF) is a life-threatening event that

needs a prompt reaction, requiring urgent hospitalization and

emergency treatment (1).

The review by Izumo shows the value of transthoracic

echocardiography (TTE) in patients with AHF, underlining the

fact that it is crucial to determine the etiology. The most used

parameter is of course the LV ejection fraction, which reflects

the cardiac function and is a valuable diagnostic and prognostic

tool. Other relevant parameters are the E/A ratio (a ratio ≥2

indicates elevated LV filling pressures), the E/e’ ratio (≥13) by

tissue Doppler, the velocity of the tricuspid flow (≥2.8 m/s), and

themeasurement of the velocity time integral (VTI) in the LVOT

tract for the estimation of SV and cardiac output. Also, recent

studies have shown that lung ultrasound plays a key role when

assessing patients with dyspnea and shock, and that we need to

use this tool in addition to TTE.

The study by Mazzola et al. included 86 patients with AHF,

31 cases with and 55 cases without concomitant pneumonia,

a common association in the acute setting, especially in

older patients. Pneumonia can be both a trigger factor or a

following complication of AHF and is associated with high

in-hospital mortality. The purpose of this study was to assess

B-lines with the help of pulmonary ultrasound using an

anterolateral and a posterior approach. The evaluation was

realized at admission, after 24, 48 h, and before discharge. Lung

ultrasound is non-invasive, rapid, provides high specificity and

sensibility, and can even detect residual, subclinical pulmonary

congestion at discharge which is proven to predict adverse

outcomes. The results showed that only the assessment of the

anterolateral B-lines is sufficient for monitoring pulmonary

congestion when making a diagnosis, and also for prognostic

stratification purposes, because the study showed that they

can predict rehospitalization in patients with and without

concomitant pneumonia.

Hedwig et al. focus on the assessment of myocardial work,

a novel STE-derived parameter, in patients with advanced

HF. The study included 105 patients, all evaluated with the

help of echocardiography among whom only 94 underwent

cardiopulmonary exercise testing. The test was realized on a

bicycle ergometer, including the measurement of peak oxygen

uptake (peak VO2) and ventilation-carbon dioxide output

relation (VE/VCO2) slope, and was stopped only if the

patients were exhausted, had angina or significant ECG changes

(ST-segment depression), or if the maximum physical capacity

was reached. The calculated parameters by STE were the global

work index (GWI) and global constructive work (GCW). The

results showed that a value of GWI ≤ 455 mmHg% or a GCW

≤ 530 mmHg% was a powerful predictor of outcome in patients

with advanced HF.
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Hypertrophic heart

Hypertrophic cardiomyopathy

Hypertrophic Cardiomyopathy (HCM) is the most common

genetic heart disease, often asymptomatic and benign, with

mutations in genes encoding sarcomere proteins, characterized

by increased wall thickness (maximal WT ≥ 15mm). The

review of Ye et al. focuses on patients with HCM and

ventricular arrhythmias, evaluating the role of late gadolinium

enhancement (LGE)-CMR. The study included 68 patients with

HCM who were grouped into two categories: 31 cases with

and 37 cases without demonstrated ventricular arrhythmias.

The parameters used for assessment were the LV EF, maximal

WT, the diameter of the LA, and %LGE measured by standard

volumetric methods. All these parameters were associated with

a high development of ventricular arrhythmias events. The

authors used a novel marker named scar entropy which has been

proven to predict adverse cardiac events and all-cause mortality

with the possibility to identify arrhythmogenic scars. These

findings might be helpful in the future for risk stratification

in HCM.

The center of interest for Valdés et al. is LV myocardial

strain assessed by CMR imaging techniques. The parameters of

LV myocardial strain [global longitudinal (GLS), global radial

(GRS), and global circumferential (GCS) strain] were analyzed

with the feature tracking (FT) method. The fast strain-encoded

(fSENC) method was also used but only for GLS and GCS. The

results showed that gender had a strong impact on the strain

values derived from FT and fSENC, being more predominant

in women than men, while the impact of age on strain is still an

inconclusive problem. Another important influence on strain is

that of temporal resolution, which is affected by heart rate and

the number of cardiac phases. Patients with HCM had lower

values of global strain because these values decreased with the

increase in cardiac mass, and cut-off values were calculated to

help discriminate between healthy and HCM patients.

Amyloidosis

Amyloidosis is a systemic disease characterized by amyloid

fibrils deposition in the extracellular space. Cardiac involvement

is the first cause of mortality and morbidity in these patients,

and death usually occurs due to electromechanical dissociation

or ventricular arrhythmias. There are several types of cardiac

amyloidosis, but the most frequent are the primary amyloid

light-chain (AL) amyloidosis, and the transthyretin (ATTR)

amyloidosis (either variant due to recognized transthyretin gene

mutation or wild-type). Many studies have approached this

subject, seeking the optimal treatment and management of

these patients.

Razvi et al. made a review of current imaging techniques in

amyloidosis (echocardiography, CMR, and bone scintigraphy).

Echocardiography is the first-line imaging modality for

assessment. The typical features are increased LV WT or

biventricular implication, thickening of the valves and the

interatrial septum, left atrium enlargement, a “speckled”

appearance of the myocardium, diastolic dysfunction, and

STE “apical sparing”. CMR offers an accurate morphological

and functional evaluation, with a detailed myocardial tissue

characterization; the latter feature can be obtained without

contrast, thanks to the T1 mapping sequence, or after

gadolinium-based contrast administration, with LGE sequence

(considered the non-invasive gold standard for diagnosis) and

with extracellular volume (ECV) estimation. Bone scintigraphy

with the use of Tc-99m pyrophosphate (PYP) has high positive

predictive value and specificity, and it is used for additional

information in ATTR. All three imaging techniques are useful

and important and should be integrated from diagnosis to

treatment response monitoring.

Anderson-Fabry disease

Anderson-Fabry disease is an X-linked lysosomal disorder,

caused by a lack or a deficit of the enzyme α-galactosidase A

(GLA gene). This disease affects the cardiovascular, renal, and

nervous systems, and due to the X-linked transmission, men

are usually the most affected. The typical signs and symptoms

are anhidrosis/hypohidrosis, angiokeratoma, proteinuria,

chronic kidney disease, corneal deposits, and gastrointestinal

and cerebrovascular problems. The involvement of the

cardiovascular system represents the main cause of death, with

the majority being sudden cardiac death events, so it is crucial

to make an early diagnosis.

The study by Citro et al. focuses on this disease by

selecting patients from daily hospital practices presenting to

the echocardiographic laboratory because of LV hypertrophy

and “clinical red flags” (classical signs and symptoms). This

study was realized in a metropolitan area unexplored before

and 30 patients were chosen by specific criteria. Among these

patients, three of them (10%) were diagnosed with this disease,

and another five were discovered with the help of familiar

genetic screening. The interesting finding of this study is that

the authors found a completely new mutation gene (mutation

c.388A > G (p.Lys130Glu) in exon 3 of the GLA gene) causing a

classical phenotype.

Left ventricle non-compaction

Left Ventricle Non-Compaction (LVNC) is a genetic

disorder defined by excessive trabeculations and deep recesses

in the left ventricle. This disease is complex, with numerous
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mutations in genes encoding cardiac sarcomere proteins. It

is associated with LV dilatation and systolic dysfunction and

sometimes the right ventricle is also involved.

The study by Nemes et al. aims to evaluate by 3D

STE the functional and morphological abnormalities of the

tricuspid valve annulus in patients with LVNC without

right ventricular implication. A total of 21 patients were

enrolled, but unfortunately, six of them were excluded because

of inferior image quality. The 15 remaining patients were

evaluated by a complete and standard 2D echocardiography (LV

dimensions, volumes and ejection fraction, left atrial diameter,

diastolic function by measurement of transmitral E and A

waves, tricuspid annulus plane systolic excursion—TAPSE—and

right ventricular fractional area change) and 3D STE. Their

results were compared with age and gender-matched healthy

patients with negative ECG and echocardiographic findings

and with the absence of any disorders. End-systolic and end-

diastolic dimensions of the tricuspid annulus were evaluated

in 3D echocardiography for the assessment of functional

parameters [such as tricuspid annular fractional shortening

(TAFS) and tricuspid annular fractional area change (TAFAC)]

and morphological parameters (tricuspid annular diameter,

tricuspid annular area, and tricuspid annular perimeter—the

last two being measured by planimetry). The results showed

a significantly dilated end-systolic and end-diastolic tricuspid

annulus diameter and area, but with preserved sphincter-like

function (TAFAC and TAFS). TAPSE had only amild correlation

with the functional parameters (TAFAC and TAFS).

Another study performed by Wang, Chen et al. shows

the influence of right ventricular dysfunction on patients with

LVNC. A total of 117 patients were included, 53 patients

with RV dysfunction, and 64 patients without RV dysfunction.

The criteria for dysfunction included the following parameters:

TAPSE < 17mm, tricuspid S’ velocity < 10 cm/s, and RVFAC <

35%. The patients were followed up for a period of more than 5

years and the results showed that the group of patients with RV

dysfunction and with an impaired RV global longitudinal strain

had a higher risk of all-cause mortality.

Heart valve disease

Aortic stenosis

Aortic stenosis (AS) is the second most common valvular

heart disease (VHD) with pathological and clinical implications,

and is frequently associated with other VHD.

The focal point of the review article by Mantovani et al.

is on the latter issue. There is a common association between

AS and mitral regurgitation (MR) (20–80%); thus, it is crucial

to carefully assess the mechanism of MR for the decision

of simultaneous surgical management. When assessing the

valves, the study observed that vena contracta is a very reliable

parameter due to its independence from afterload, and that the

effective regurgitant orifice (ERO) predicts HF and correlates

with mortality. In patients undergoing transcatheter aortic valve

replacement (TAVI) for severe AS, the presence of moderate-

severe MR is associated with poor outcomes and a high rate of

mortality and rehospitalization. After TAVI, the MR can worsen

or improve by at least one grade. Another common association

is AS and tricuspid regurgitation, with worse outcomes, more

severe symptoms, and increased mortality and hospitalization

rates. Studies have shown that the correction of AS improved

tricuspid regurgitation in approximatively 15–30% of patients.

According to the guidelines, intervention should be considered

in two conditions: when dilatation of the annular tricuspid is

present and when there are signs of right HF. The association

between AS and mitral stenosis can have various etiologies, but

the most frequent cause is rheumatic, followed by degenerative.

When assessing the mitral valve in these subjects, the pressure

half-time (PHT) method and the continuity equation are not

reliable parameters because they lead to overestimation. Bi-

valvular surgery is suggested when the mitral valve area (MVA)

is ≤1.5 cm2, and in patients with a high risk of surgical

intervention that are not suitable for balloon valvuloplasty,

the trans-catheter mitral valve replacement is a new, safe, and

efficacious option. The combination between AS and aortic

regurgitation (AR) is frequent in the bicuspid aortic valve in

rheumatic heart disease. For this assessment, two parameters are

indicated: vena contracta and the ERO calculation. The PHT

parameter is not reliable, while, in some cases, planimetry might

be helpful. When it comes to managing this type of patient,

surgery is the first-line therapy and should be done before

dilatation and dysfunction of the LV occur.

Mitral regurgitation

MR is the most common VHD and is classified into two

main categories: primary (organic) and secondary (functional).

Many studies have focused on this subject, on different aspects

of the disease, and on optimal surgical timing.

The review by Pastore et al. focuses on the evaluation of the

primaryMR and on the optimization of the surgical intervention

timing. It is crucial to assess the mitral valve anatomy with the

help of specific parameters [annulus area, the chordae and leaflet

length, the mitral-aortic angle, the interventricular septum

(IVS) thickness, anterior leaflet-IVS distance, the measure of

LVOT, and the presence of calcification] and to elucidate the

mechanism of the regurgitation. Assessment of the patient is

done with the help of 2D and 3D echocardiography focusing

on the function and volumes of the LV. STE is also very

useful because it provides key information about the LV and

left atrium longitudinal function. Pre-operative assessment

should mandatorily include the evaluation of right ventricular

function, the degree of tricuspid regurgitation, and the tricuspid
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annulus measurement. Even though TTE could provide enough

information, assessment of the patient with transesophageal

echocardiography (TEE) is still required because it gives better

insights into the mechanism and offers additional parameters.

TEE is also important in post-operative evaluation to ensure that

there are no unfavorable changes and to assess the integrity of

the repair.

Tricuspid regurgitation

The tricuspid valve (TV), the so-called “forgotten valve”,

has caught wider attention in the last few years because of

its unique and complex structure and its prognostic relevance.

Numerous studies have focused on this issue, trying to discover

new modalities to assess the valve, its pathological implications,

and to help us better understand the impact on patients.

Margonato et al. present in their review an update regarding

the clinical burden of tricuspid regurgitation (TR) in the context

of LV systolic dysfunction, and the potential benefit of early

TV intervention in these patients. At present, the appropriate

time of treatment is still debated, because different subtypes and

stages of TR imply different treatment options (isolated surgery,

transcatheter options, and palliative procedures). Moderate TR

in patients with LV systolic dysfunction is linked to higher

mortality, and the parameters which are usually used are ERO

> 0.2 cm2, vena contracta > 5mm, and regurgitant volume >

20ml. These findings are important for the surgical management

of patients, and a more aggressive strategy has been proven to

prevent significant long-term progression of functional TR.

Cardiac chambers

Left atrium

The left atrium (LA) plays a very important role in

left heart physiology, and cardiovascular imaging has

improved its evaluation in different clinical settings in

recent years. It has three major functions: it works as

a pump (it delivers blood for ventricular filling), as a

reservoir (collecting pulmonary venous blood), and as a

conduit (helping blood passage from the left atrium to the

left ventricle).

The study by Carpenito et al. focuses on the central role

of LA in patients with HF and provides a contemporary

review of this topic. For assessment purposes, the method

of choice is the left atrial volume indexed to the body

surface area (LAVi) because of its strong prediction in

cardiac outcomes and risk stratification. The assessment

with M-mode and 2D echocardiography (anteroposterior

diameter measurement) has proven to be inaccurate so

they are not often used in daily clinical practice. A very

important aspect is the dilatation of the LA, which offers

a prediction of mortality and hospitalization in patients

with HFpEF, especially when it is associated with increased

pulmonary pressure. Over LA size, peak atrial longitudinal strain

(PALS) by STE is correlated with functional capacity during

exertion, is a strong predictor of prognosis, and a severely

reduced value (<12.9%) relates to HF symptoms and adverse

cardiac events.

Left ventricle

The LV is the most assessed chamber in daily clinical

practice, with the focus often including LV function and size

because they are keystones for cardiac diagnostics and prognosis.

Countless studies have focused on this topic with diverse

purposes and different available imaging techniques.

The study of Airale et al. focuses on the assessment of LV

filling pressures using a novel echocardiographic tool named

hemodynamic force (HDF) analysis using STE. The final study

was composed of 67 patients who were evaluated with TTE

and then underwent RHC. The parameter acquired during

catheterization was the pulmonary capillary wedge pressure

(PCWP) and the results revealed that 33 patients (49.2%) had

increased LV filling pressure (PCWP > 15 mmHg). LA volume

(LAVi > 34 ml/m2), mitral flow velocities, E/A ratio (>14),

mitral annular E’ velocity (e’ septal < 7 cm/s, e’ lateral < 10

cm/s), and TR velocity (>2.8 m/s) were then assessed. HDF

analysis was obtained with an off-line analysis and the study

focused on the diastolic longitudinal component (DLF) because

it is closely linked to the diastolic phase of the cardiac cycle

and associated with increased LV filling pressure. Based on the

echocardiographic findings and the HDF analysis, the authors

assembled a scoring system (PCWP prediction score) which was

based on LA enlargement, e’ septal, LV ejection fraction, and

DLF. The score showed high sensitivity and specificity when

applied to the studied cohort.

Nemchyna et al. wrote a review about the parameters of

LV mechanics with predictive value in patients undergoing

surgical ventricular restoration using STE. One hundred and

fifty-eight patients were included and evaluated with TTE before

the intervention. LV function was assessed using longitudinal

parameters measured with the 18-segment model. The authors

showed that the basal longitudinal strain (BLS), the end-systolic

diameter of the LV, and the fractional shortening, which are

parameters of the basal segments of the LV, were strongly

associated with outcomes, even more so than global longitudinal

strain. Patients with a less impaired BLS had a superior survival

rate. Moreover, a preoperatory preserved segmental longitudinal

strain was associated with a better improvement in regional wall

motion of the LV after surgery.
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Right heart

The right ventricle (RV) has a complex asymmetric

geometry, with trabeculations and a profound understanding

of its morphology and function is essential for comprehending

pathophysiological mechanisms. RV systolic function has an

important role in the prediction of adverse outcomes and must

be assessed routinely.

Meng et al. studied RV diastolic dysfunction in 71 patients

with chronic thromboembolic pulmonary hypertension who

underwent pulmonary endarterectomy. The patients were

assessed with echocardiography, RHC, and a 6min walking test.

The results showed that the indexed right atrial area (>8.8

cm2/m2) and the early diastolic strain rate were accurate indices

of RV diastolic dysfunction with high sensitivity and specificity.

Artificial intelligence

Artificial Intelligence (AI) is a new, innovative application

in echocardiography that helps and provides navigation through

huge amounts of information, can do several automatic tasks,

and even offers new opportunities for research.

Machine learning (ML) and deep learning (DL) are branches

of artificial intelligence that can serve as diagnostic tools

for physicians and can offer alternative pathways in medical

management, such as for HF.

The study by Schuuring et al. showed another interesting

feature of AI, the so-called automated view classification which

helps in standardizing views and measurements. It can offer

guidance during training by advising how to move the probe

in the correct way to get better images and even recognizes

views that are incorrect or with an off-axis acquisition. The

most performed task was the assessment and quantification

of the LV function because it is a crucial parameter in daily

clinical practice. Another important solution that AI offers is

in the field of VHD because it helps with the sizing of devices

in minimally invasive interventions. It is expected that in the

future AI will reduce workload, improve the prediction of major

adverse cardiac events (MACE) including mortality, and will be

a pillar stone in the educational area.

In conclusion, the Research Topic included several

starting points for the optimization of HF study and

management, ranging from cardiomyopathies to novel

advanced imaging techniques.
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Background: Measurement of myocardial T1 is increasingly incorporated into standard

cardiovascular magnetic resonance (CMR) protocols, however accuracymay be reduced

in patients with metallic cardiovascular implants. Measurement is feasible in segments

free from visual artifact, but there may still be off-resonance induced error.

Aim: To quantify off-resonance induced T1 error in patients with metallic cardiovascular

implants, and validate a method for error correction for a conventional MOLLI

pulse sequence.

Methods: Twenty-four patients with cardiac implantable electronic devices (CIEDs:

46% permanent pacemakers, PPMs; 33% implantable loop recorders, ILRs; and

21% implantable cardioverter-defibrillators, ICDs); and 31 patients with aortic valve

replacement (AVR) (45% metallic) were studied. Paired mid-myocardial short-axis MOLLI

and single breath-hold off-resonance field maps were acquired at 1.5 T. T1 values

were measured by AHA segment, and segments with visual artifact were excluded. T1

correction was applied using a published relationship between off-resonance and T1.

The accuracy of the correction was assessed in 10 healthy volunteers by measuring

T1 before and after external placement of an ICD generator next to the chest to

generate off-resonance.

Results: T1 values in healthy volunteers with an ICD were underestimated compared to

without (967 ± 52 vs. 997 ± 26ms respectively, p = 0.0001), but were similar after

correction (p = 0.57, residual difference 2 ± 27ms). Artifact was visible in 4 ± 12,

42 ± 31, and 53 ± 27% of AHA segments in patients with ILRs, PPMs, and ICDs,

respectively. In segments without artifact, T1 was underestimated by 63ms (interquartile

range: 7–143) per patient. The greatest error for patients with ILRs, PPMs and ICDs were

79, 146, and 191ms, respectively. The presence of an AVR did not generate T1 error.
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Conclusion: Even when there is no visual artifact, there is error in T1 in patients with

CIEDs, but not AVRs. Off-resonance field map acquisition can detect error in measured

T1, and a correction can be applied to quantify T1 MOLLI accurately.

Keywords: T1 mapping, MOLLI, cardiac implantable device, aortic valve replacement, cardiovascular magnetic

resonance

INTRODUCTION

Parametric mapping using cardiovascular magnetic resonance
(CMR) permits non-invasive quantitative myocardial tissue
characterization. T1 quantification, performed by sampling the
longitudinal relaxation to steady-state, is a useful tool to evaluate
patients undergoing CMR for suspected myocardial pathology
(1). In addition, it provides unique insight into patients with
infiltrative disease, including cardiac amyloidosis, Anderson-
Fabry disease and iron overload. Measurement of T1 can assist
with diagnosis and clinical decision-making, but these diseases
are all associated with cardiac implantable electronic device
(CIED) implantation (2–4). CMR can now be performed in
nearly all circumstances in patients with CIEDs at 1.5 T, and
anatomical cine imaging is diagnostic in most cases (5, 6). The
presence of artifact, however, limits the potential of quantitative
assessment in a patient group where the clinical yield is high and
structural abnormalities are common (7, 8).

The modified Look-Locker inversion recovery (MOLLI)
sequence using a balanced steady-state free precession (SSFP)
readout is a widely used, commercially available, T1 mapping
method and normally has high precision and reproducibility
(9, 10). Off-resonance frequency is not widely appreciated as
a cause of T1 error, but the presence of metallic artifact
can induce large off-resonance effects, affecting the sampled
inversion recovery curve. The error may extend beyond visual
artifact, making assessment of segments that seem interpretable
challenging, because abnormal values can be potentially confused
with regional variation due to pathology (11). This may also be
important for patients with smaller devices such as implantable
loop recorders (ILRs) where visually apparent artifact may be
minimal and is therefore not considered such a problem. The
presence of sternal wires and metallic valve prostheses may also
introduce error intomeasured T1 that is below the limits of visual
detection (12).

The relationship between off-resonance frequency and
changes to measured T1 values has previously been described
(11), with myocardial T1 values underestimated by 50ms
with off-resonance of ±100Hz. Measurement of off-resonance
frequency can be estimated from a single breath-hold sequence
and represented on a voxel-wise color map, enabling assessment
of the accuracy of T1 measurement in patients with metallic
implants (13, 14).

We hypothesized that the extent of error in T1 is beyond the
visual artifact generated by ametallic cardiovascular implant, and
is relative to the size of the implant. In patients with either CIEDs
or aortic valve replacements (AVRs), we therefore aimed to
quantify the off-resonance frequency induced T1 MOLLI error.

By generating CIED metallic artifact in healthy volunteers, we
also tested the hypothesis that a T1 correction curve for off-
resonance frequency, previously derived by Bloch simulations,
would permit accurate T1 MOLLI quantification in the presence
of off-resonance artifact.

METHODS

Validation of T1 Error Correction for
Off-Resonance With an Externally-Placed
ICD in Healthy Volunteers
Ten healthy volunteers were recruited to assess the impact of
off-resonance from the presence of a CIED on T1 values, and
to test whether correction for off-resonance enabled accurate
T1 measurement. The study was approved by the UK National
Research Ethics Service (07/H0715/101); conformed to the
principles of the Helsinki Declaration, and all subjects gave
written informed consent. Body surface area (BSA) wasmeasured
before the CMR study. All CMR scans were performed at 1.5
Tesla (MagnetomAera, Siemens, Erlangen, Germany). After pilot
imaging, a second order shim was performed over a volume
encompassing the left ventricle. A mid-ventricular short-axis
MOLLI 5s(3s)3s map (Siemens MyoMaps) was then acquired
(15, 16). In brief, T1 maps were reconstructed from a sequence
using the following typical parameters: single breath-hold; slice
thickness 8mm; echo time 1.09ms; echo spacing 2.7ms; flip
angle 35◦; matrix 256 × 144. Off-resonance was then estimated
using a single breath-hold ECG-gated field map as previously
described, using the same field of view and slice orientation
(13). This sequence uses a multiple-echo GRE approach to
provide an online voxel-wise representation of residual off-
resonance frequency, as a byproduct of a fat water separated
image reconstruction (Supplementary Figure 1).

Following acquisition of the initial “reference” T1 map
and field map, an implantable cardioverter-defibrillator (ICD)
generator (Unify Assura, St Jude Medical Inc., St Paul, MN,
USA) was secured to a weighted phantom and placed adjacent
to the left chest wall without performing a repeat isocenter.
Positioning of the ICD generator was adjusted to mimic off-
resonance frequency similar to that expected in patients with
CIEDs. Repeat paired MOLLI and field maps were acquired in
the same slice position as the reference imaging.

Patients With Metallic Cardiovascular
Implants
To evaluate the extent of T1 error and the application of an error
correction, 24 patients with CIEDs and 31 patients with AVRs
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FIGURE 1 | Predicted influence of off-resonance on measured native T1 using

Bloch simulation. Simulation is for a standard MOLLI 5(3s)3 sampling scheme

with a 35 degree flip angle. Data are estimated for an average expected

myocardial T1 of 1,000ms as per, as per Kellman et al. (11).

who were undergoing CMR tissue characterization were studied.
Clinical indications were typically for suspected cardiomyopathy
or cardiac sarcoidosis, for assessment of substrate for arrhythmia
or viability imaging. Paired MOLLI and field maps were acquired
using the same protocol as described for the healthy volunteers
above. For patients with AVRs, additional paired maps were
acquired in the base and apical short-axis orientations. Post
contrast T1 mapping was not routinely acquired in patients
and so the accuracy of extra-cellular volume fraction was not
studied. The CMR safety protocol for patients with CIEDs has
been described elsewhere and is in accordance with international
guidance (8, 17). In brief, all patients underwent device
interrogation and programming immediately prior to CMR.
Patients underwent CMR in Normal Operating Mode (SAR limit
<2W/kg) with continuous ECG and pulse oximetry monitoring.
Immediately after scan completion, devices were re-interrogated
and programmed back to normal settings.

Analysis
Because the presence of an ICD also results in artifact manifest
as SSFP hyperintensity bands or signal void, segments with
visual artifact were excluded from analysis (18). As previously
described, Bloch simulation developed T1 correction curves up
to ±160Hz off-resonance (Figure 1), a range that is expected to
be free from banding artifact, and so any segments with greater
off-resonance were not corrected (11).

Image analysis was performed using CVI42 (Circle
Cardiovascular Imaging Inc., Calgary, Canada). For each T1map,
endocardial and epicardial borders were manually contoured
and the superior and inferior RV insertion points were marked
to measure T1 in six segments according to the American Heart
Association (AHA) classification. A conservative 30% erosion
was applied to both borders, avoiding error from endocardial
blood-pool partial voluming and increased off-resonance at
the epicardial tissue-air interface (19). Because the field map
has few anatomical features, the contours were copied and

checked on the water separated image reconstruction acquired
in same breath-hold as the field map. If necessary, contours
were adjusted for small differences in breath-hold or subsequent
motion correction depth, and then copied to the field map itself
(13). The mean T1 and off-resonance for each AHA segment
was then calculated. Both positive and negative off-resonance
similarly lower T1 and so the absolute off-resonance frequency
values were used to correct T1 using previously described Bloch
simulation (Figure 1). The number of segments with significant
off-resonance frequency >85Hz were also analyzed. This cut-off
for acceptable accuracy is equivalent to the standard deviation
(sd) of the inter-study difference in T1 of 28ms. This has been
previously reported in 51 subjects scanned on two consecutive
occasions (20 healthy volunteers, 21 Fabry disease, five cardiac
amyloidosis, two aortic stenosis, three cardiomyopathies, age 51
± 15 years, 20 male) (20).

Whilst measuring segmental artifact is straightforward and
its ease facilitates clinical use, an off-line tool was also
developed for illustrative purposes using Matlab R2013 (The
MathWorks, Inc., Natick, MA, USA). T1 correction based on off-
resonance was calculated from field maps and integrated into
the automated tool to produce voxel-wise corrected T1 maps
(Supplementary Figure 1).

Statistics
Analysis was performed in Excel (Microsoft Office 2010,
Microsoft, Redmond, WA) and SPSS version 22 (IBM
Corporation, Armonk, NY, USA). Data are presented as
mean ± sd or median (inter-quartile range, IQR) according
to distribution. Categorical variables are presented as absolute
numbers or frequencies. A paired Student’s t-test was used
for within group comparisons. Repeated measures and one-
way ANOVA was used for multiple measurements from the
same and between different groups, respectively. Pearson’s
correlation coefficient (r) was used to assess correlation.
All tests were two-tailed and p < 0.05 was considered
statistically significant.

RESULTS

Validation of T1 Error Correction in Healthy
Volunteers Using an Externally Placed
CIED
Ten healthy volunteers were scanned, age 33 ± 2 years old
and 80% male (BSA 1.9 ± 0.2 m2, heart rate 67 ± 9 beats
per minute). An average of five out of six segments per
volunteer were free of visual artifact. In the segments free
of visual artifact, the mean segmental off-resonance frequency
induced by the ICD was 70 ± 41Hz, and the maximal
segmental off-resonance frequency per volunteer was 113 ±

25Hz. T1 in the presence of the ICD was underestimated
compared to reference T1 by 30 ± 51ms (967 ± 52 vs.
997 ± 26ms, respectively, p = 0.0001), and the offset was
greater with larger off-resonance frequency (Figure 2). After
correction for expected off-resonance using previously described
Bloch simulation (Supplementary Table 1), corrected T1 in the
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FIGURE 2 | Validation of T1 measurement correction in healthy volunteers with externally-placed ICD generator. Uncorrected measured T1 values with

externally-placed ICD generator (red) (top, left) shows greater underestimation of T1 values with increasing off-resonance frequency, compared to reference T1 (white).

Reference T1 is the T1 measurement before generating metallic artifact. Following correction for off-resonance frequency (top, right), corrected T1 values (black) are

similar to the reference T1 (white). Bottom: Correlation with true measured “reference” T1 values is significantly better when T1 values are corrected (right, black) than

uncorrected (left, red) in the presence of an ICD.

FIGURE 3 | Maximal T1 error per patient by cardiac device (after exclusion of

segments with visual artifact). Bars represent the median of the peak

segmental off-resonance induced T1 error for individual patients. Confidence

bars represent group maximum and minimum peak errors.

presence of an ICD was similar to reference T1 (without an ICD)
with a mean difference of 2± 27ms (1,001± 31 vs. 997± 26ms,
respectively, p= 0.57).

The same analysis and correction was also applied to only
those segments with large off-resonance error (>85Hz, as
defined above), n = 17 (32%) segments. There was greater
underestimation of T1 compared to reference T1 by 87 ± 50ms
(919± 53ms vs. 1,006± 24, respectively, p< 0.0001). Correction
remained successful, and corrected T1 was similar to reference
T1 with a mean difference of−6± 29ms (1,000± 32 vs. 1,006±
24ms, respectively, p= 0.45).

Measured T1 Error in Patients With CIEDs
Twenty-four patients with CIEDs were scanned, age 54 ± 19
years old, 54% male. Implanted CIEDs were 11 (46%) permanent
pacemakers (PPMs), 8 (33%) ILRs and 5 (21%) ICDs; 20 (83%)
were MRI-conditional.

One patient with an ICD had completely non-diagnostic T1
mapping due to extensive banding artifact, and overall patients
with ICDs had 53 ± 27% of segments with banding artifact.
Patients with PPMs had 42 ± 31% of segments with banding
artifact. One patient with an ILR had banding artifact, affecting
two out of six segments.
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FIGURE 4 | A corrected T1 map revealing anterior wall scar (white arrows) in a patient with cardiac sarcoidosis and an implanted permanent pacemaker. There is false

lowering of original T1 measurement (far left) in the anterior wall due to off-resonance (center-left). Off-resonance can be measured and then corrected for to generate

an off-line T1 map (center-right). Bottom row shows corresponding average segmental T1 and off-resonance (Hz) values, and 2-chamber wideband late gadolinium

enhancement (LGE). Elevated T1 after correction corresponds with distribution of scar seen on wideband LGE (far right) imaging.

In the segments free of visual artifact, the maximal
absolute off-resonance frequency per patient was 114 (48–
147) Hz. The anterior wall and anterior-septum had the
greatest proportion of segments with significant frequency
>85Hz (42 and 50%, respectively), whilst the inferior wall
had the least proportion (12.5%). The inferior-septum, inferior-
lateral and lateral walls had significant frequency in 29, 20,
and 33% of segments, respectively. T1 was underestimated
in the presence of off-resonance frequency, and as predicted
by Bloch simulation the T1 offset was greater with larger
frequency, Supplementary Figure 2. The presence of a visible,
in-slice RV lead cross-section correlated with greater off-
resonance in the adjacent myocardial segment (r = 0.44,
p= 0.03).

Magnitude of T1 Error Correction Required
in Patients With CIEDs
Correction of maximal off-resonance resulted in an increase in
T1 per patient of 63 (7–143) ms. The greatest correction in
T1 required for patients with ILRs, PPMs and ICDs was 79,
146, and 191ms, respectively (Figure 3). Figure 4 demonstrates
the changes visually and quantitatively in one patient with
cardiac sarcoidosis and regional scar before and after voxel-wise
correction for off-resonance is applied to the original T1 map.
T1 correction was clinically useful, for example, one patient with
suspected cardiac amyloidosis and an ILR, T1 was apparently
high-normal due to off-resonance, however, after correction, T1
was significantly elevated to >1,200ms (Figure 5).

Measured T1 Error in Patients With AVRs
Thirty-one patients with AVRs were scanned, age 69 ± 8
years. AVRs were 14 (45%) metallic; 17 (55%) bioprosthetic. No
banding artifact was noted on T1 mapping.

The maximal absolute off-resonance frequency per patient
was 48 ± 16Hz. There were no segments with significant
frequency >85Hz. There was no difference between mechanical
or bioprosthetic AVRs (p= 0.48). There was no gradient between
basal, mid and apical short-axis orientation off-resonance (38 ±

16Hz vs. 42± 17Hz vs. 42± 15Hz, p= 0.5).

DISCUSSION

This study demonstrates that there is significant error in
measured myocardial T1 values in patients with cardiac
implantable electronic devices, even when there is no visually
detectable artifact. This is attributable to increased off-resonance
frequency which can be detected on a single breath-hold
acquisition and used to correct measured T1. T1 mapping is
becoming a standard component of cardiovascular magnetic
resonance imaging, particularly for patients with suspected
cardiomyopathy or myocarditis. Many such patients have CIEDs
and failure to detect T1 error can lead tomis-diagnosis of regional
pathology or infiltrative cardiomyopathy.

Off-resonance reduces measured T1, with a peak error of
63ms per patient with a CIED, a magnitude that is clinically
important. Even after excluding visual artifact, T1 measurements
were still significantly underestimated in half of patients with
CIEDs in the anterior-septum, and approximately one-third

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 January 2021 | Volume 8 | Article 63136618

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Bhuva et al. Myocardial T1 Error in Cardiac Devices Patients

FIGURE 5 | Underestimation of measured T1 values due to off-resonance

induced error extends beyond visually apparent artifact in a patient with

cardiac amyloidosis and an implantable loop recorder. There is visible banding

artifact in the anterior and antero-septal segments from an implantable loop

recorder. However, extending beyond the visible artifact, there is significant

off-resonance which causes underestimation of T1 values in the anterior,

anterolateral and anteroseptal walls (white asterisk). The inferior and

infero-lateral wall show limited off-resonance where T1 values are consistent

with cardiac amyloidosis (black asterisk).

of patients in the inferior and infero-lateral walls. Error was
present even in some patients with smaller ILRs, and so off-
resonance frequency should be considered in all patients with
CIEDs undergoing T1 mapping. As expected, both the presence
of larger CIEDs, and the proximity of an RV lead increased error
(11). Error may also be relative to the distance of the CIED from
the heart. Significant T1 measurement error was not detected in
patients with aortic valve replacements and sternal wires, which
may be attributable to the smaller amount of ferro-magnetic
material within the implant. The quantification of off-resonance
to detect T1 error may also be useful for other implants such as
endovascular aortic repairs or atrial septal closure devices.

Application of an off-resonance frequency correction was
feasible in patients with CIEDs, and accurate when validated in
healthy volunteers with artifact generated by external placement
of a CIED on the chest wall. Approximately half of AHA segments
in patients with ICDs and PPMs demonstrated visual artifact,
precluding further analysis. However, correction was possible for
remaining myocardial segments in all but one patient (with an
ICD). Accurate measurement in one or two segments should
be sufficient to investigate global infiltrative pathologies such
as cardiac amyloidosis and cardiac iron loading (where T2 star
imaging is likely to be non-diagnostic due to visual artifact).
Failure to correct for off-resonance risks underestimation of

measured T1 values which, in the case of cardiac amyloidosis may
risk misdiagnosis, or for patients with normal T1 over-diagnosis
of Anderson-Fabry disease or iron loading.

Alternative strategies have been applied for T1 mapping
in patients with CIEDs including adapting the sequence to
include a wideband inversion pulse (21, 22). The benefits
of wideband imaging appear to be greater in ICDs than
ILRs or PPMs because of more prominent signal void and
SSFP banding artifact (8), however the latter group forms the
majority of CIEDs implanted worldwide. Additionally, MOLLI
with spoiled gradient echo (GRE) readout is less prone to
susceptibility artifact seen in SSFP imaging under off-resonance
conditions and therefore may be more accurate than standard
MOLLI sequences using SSFP readout (as used in this study)
(23). However, these alternative sequences are less widely
available than SSFP MOLLI, have lower signal-to-noise and
larger voxel size and require additional reference ranges to
be developed.

There are alternative approaches to decrease sensitivity to off-
resonance in patients with CIEDs, at a cost of reduced spatial
resolution and signal to noise. These include using a shorter echo
time, lower flip angle or smaller matrix size (11). Application of
voxel-wise T1 correction of off-resonance frequency as a separate
tool may further improve diagnostic accuracy. This is described
in principle here and accounts for different breath-hold depth
and provides an intuitive visual map, but may be less scalable to
other centers than a schema based on segmental measurement.

Look-up curves for T1 correctionmay have wider applications
to correct off-resonance attributable to other sources including
hepatic iron, and tissue interfaces (14). By measuring T1 with
and without CIED-induced artifact, these data demonstrated that
in-vivo Bloch simulations accurately described the measured T1
underestimation. The correction curves improve measurement
accuracy whilst maintaining similar precision. When comparing
corrected T1 values to a reference T1 of the same patient,
the sd of the residual difference was 27ms, and is comparable
to an inter-study difference sd of 28ms (20). This cut-
off for acceptable accuracy is equivalent to an off-resonance
frequency of 85Hz, and is incorporated into a proposed schema
for conventional T1 MOLLI analysis in patients with CIEDs
(Figure 6).

STUDY LIMITATIONS

This technique cannot overcome SSFP banding artifacts, but
can detect error in T1 estimation in the presence of metallic
cardiovascular implants in AHA segments without banding
artifact. It may also be incrementally useful in combination
with T1 sequences using wideband inversion pulses. If different
sample schemes are used or T1 values differ significantly
from 1,000ms, a modified correction curve can be used to
maintain the highest accuracy (11). The schema proposed is
to correct for segmental off-resonance T1 frequency, which
demonstrated sufficient accuracy in a small cohort. Accuracy
may be subject to movement error or respiratory variation. A
voxel-wise field map correction as described should minimize
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FIGURE 6 | Schema for the detection and correction of off-resonance induced error in T1 mapping. A MOLLI T1 map is acquired, paired with a field map with the

same field of view and slice position (A). Segments with visible banding artifact are excluded from analysis (B) and then the field map is analyzed to quantify segmental

off-resonance frequency in segments without artifact. Segmental T1 values are then measured from the MOLLI map and paired with segmental field map

measurements of off-resonance using the right ventricular insertion points as fiducial markers for registration. If off-resonance frequency is low, T1 can be measured

directly; if moderate error (85–160Hz), Bloch simulated correction values assume a true T1 of 1,000ms for a Siemens-specific 5(3s)3 MOLLI sampling scheme; and if

high error, the segment is discarded (C,D). Acceptable T1 error is defined by the inter-study standard deviation in T1 (28ms), equivalent to an off-resonance <85Hz.

these sources of inaccuracy. Errors in T1 measurement may also
influence extra-cellular volume (ECV) calculation. As previously
reported, the measurement of blood T1 is less sensitive to off-
resonance error due to flow. The dominant source of error
is myocardial T1, but previous analysis reported that bias in
ECV measurement is relatively small, ∼1% (in ECV percentage
units) (11).

CONCLUSIONS

T1 measurement in patients with cardiac implantable electronic
devices using a conventional MOLLI sequence is unreliable even
when there is no visual artifact. This is due to off-resonance
frequency which can be quantified from single breath-hold field
maps, and then used to correct T1 values accurately. This can
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help in the diagnosis of suspected infiltrative or inflammatory
myocardial diseases in patients with CIEDs.
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Introduction: Echocardiography is widely used because of its portability, high temporal

resolution, absence of radiation, and due to the low-costs. Over the past years,

echocardiography has been recommended by the European Society of Cardiology

in most cardiac diseases for both diagnostic and prognostic purposes. These

recommendations have led to an increase in number of performed studies each requiring

diligent processing and reviewing. The standard work pattern of image analysis including

quantification and reporting has become highly resource intensive and time consuming.

Existence of a large number of datasets with digital echocardiography images and recent

advent of AI technology have created an environment in which artificial intelligence (AI)

solutions can be developed successfully to automate current manual workflow.

Methods and Results: We report on published AI solutions for echocardiography

analysis on methods’ performance, characteristics of the used data and imaged

population. Contemporary AI applications are available for automation and advent

in the image acquisition, analysis, reporting and education. AI solutions have been

developed for both diagnostic and predictive tasks in echocardiography. Left ventricular

function assessment and quantification have been most often performed. Performance

of automated image view classification, image quality enhancement, cardiac function

assessment, disease classification, and cardiac event prediction was overall good but

most studies lack external evaluation.

Conclusion: Contemporary AI solutions for image acquisition, analysis, reporting and

education are developed for relevant tasks with promising performance. In the future

major benefit of AI in echocardiography is expected from improvements in automated

analysis and interpretation to reduce workload and improve clinical outcome. Some of

the challenges have yet to be overcome, however, none of them are insurmountable.

Keywords: echocardiography, cardiac imaging, artificial intelligence, image analysis, diagnosis, prediction
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INTRODUCTION

Echocardiography is the most commonly performed non-
invasive cardiac procedure. It is the recommended imaging
modality for most cardiac diseases for diagnostic and prognostic
purposes by the European Society of Cardiology (1–7).
Echocardiography has unique characteristics such as portability,
high temporal resolution, absence of ionizing radiation and
low-costs. Precise and reliable echocardiographic assessment is
prerequisite for high-quality clinical decision-making (8).

Analysis of echocardiography is associated with numerous
challenges. Given that it is recommended as first-line diagnostic
tool, an ongoing growing worldwide challenge is to process
millions of echocardiography clips and images obtained
daily. The increasing workload in all echocardiographic
laboratories and varying image quality makes thorough and
timely interpretation challenging. Technicians acquire the
clips and images, perform manual measurements, write the
draft report, which is followed by approval of cardiologists
making the total process rather complex, resource intensive
and time consuming (9). Cardiologists in private practices
and those in small hospitals often do not have technicians
available. Hence, they are often overloaded with routine tasks
inherent to echocardiographic exams and sometimes miss very
specialized expertise. Moreover, it also takes years of education
and experience for a technician or cardiologist to become an
expert in detecting perceptual cues in echocardiography clips
and automatically integrating this information into a clinical
differentiation based upon pattern recognition without overt
statistical reasoning. Echocardiography is also increasing in
complexity, particularly strain imaging and three dimensional
(3D) analysis (10). Furthermore, volume of exams is rising due
to new diagnostic assessments and therapeutic options leading
to a further increase in expert workload (11–13).

Artificial intelligence (AI) is a rapidly emerging field and refers
to the broad concept of simulating human logic and intelligence

FIGURE 1 | Artificial intelligence, machine learning and deep learning.

and covers any algorithm or model executed by a computer
that mimics human intelligence, see Figure 1 (14–16). Machine
learning (ML) is a subfield of AI where the algorithms learn
to perform a task based on expert engineered characteristics
describing the data (17). Deep learning (DL) is a subfield of ML
where the algorithms learn directly from the data themselves
circumventing the feature engineering. ML and DL techniques
are described in detail elsewhere (18). Handling high complexity,
high dimensional data; particularly time series and machine
generated data is a strength of many ML and DL algorithm (18).

During development of AI methods, the data sets are
partitioned into training, validation and test sets. The training
set often encompasses the bulk of all available data and together
with a smaller validation set, it is used for the development

of the AI method (19). The hold-out test set is used to

evaluate overall performance. To evaluate generalizability of the

AI solution with respect to e.g., image acquisition or imaged
population diverse datasets are required. Application of these

approaches for analysis of echocardiography clips and images
creates opportunities for automation of expert analysis to advent

the acquisition and analysis and thereby improve the clinical

workflow (18, 20, 21).

ROUTINE ECHOCARDIOGRAPHY AND
ARTIFICIAL INTELLIGENCE SOLUTIONS

Here, we provide an overview of the AI methods developed
for analysis of routine echocardiography. Advanced solutions

like those for fusion imaging and role of 3D augmented virtual
reality are beyond the scope of this paper. Thus far developed

methods are mostly focusing on automated image view selection
and image segmentation. One of the important steps in

echocardiography is selecting the best view for the subsequent
analysis. This can be challenging, and hence time consuming,

particularly for inexperienced operators. Subsequently, we
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discuss AI solutions for diagnosis and prognostication in various
diseases. A graphical abstract is shown in Figure 2.

Automated Image View Classification
Automated view classification can help standardizing views
and measurements in echocardiography exams. Moreover,
automated view classification can help non-experts to start
learning understanding and using echocardiography (12).
During training, automatic tools classifying cardiac views could
recognize off-axis acquisition and incorrect views and provide
guidance on how to move the probe in order to obtain
the correct diagnostic images. Nowadays, the acquisition of
ultrasound images is still usually performed in two-dimensional
(2D) mode (22). Khamis et al. developed a method exploiting
supervised dictionary learning for classification of apical two-
chamber (AP2CH), four-chamber (AP4CH), and long-axis (AL)
views using clips of 103 patients. The evaluation demonstrated a
classification accuracy of more than 91% in all views (23). Gao
et al. performed viewpoint classification using a convolutional
neural network (CNN) and achieved 92.1% accuracy (24). Later,
Madani et al. used a CNN to classify 15 standard views,
based on labeled still images and videos from 267 transthoracic
echocardiograms that captured a range of real-world clinical
variation (25). To our knowledge, there are no studies on
how well view classification works in real life. However, every
clinician knows that there is a learning curve to learn to
practice ultrasound, and every clinician has seen a foreshortened
recording of an inexperienced user in clinical practice. Evaluation
demonstrated an accuracy of 91.7% among 15 views. Cheema
et al. studied guiding of beginners toward a technically correct
image with a DL technique (EchoGPSTM, Bay Labs) (26). In this
study 28 users with no prior training in echocardiography were
evaluated on their ability to obtain images of 10 routine echo
views on a standardized subject after a 1.5-h familiarization with
the software. The mean percent of auto-captures was 69% in
physicians, 72% in advance practice providers, 83% in registered
nurses, and 70% in certified medical assistants. All participants
were able to use static and dynamic guidance to improve image
quality while scanning. As a resume, AI solutions are well-suited
for image view classification tasks and are increasingly availably.
Automation of these tasks improves learning curve of students
and has clinical impact due to the collection of higher quality
images that improve interpretation.

Automated Function Assessment
Left ventricular (LV) function assessment and quantification have
been most often performed because of the clinical importance
(19, 25, 27–32). Several studies have evaluated AI-driven
echocardiography image analysis methods including automated
contour-based segmentation, see Table 1. Asch et al. used
commercial software (AutoEF, BayLabs) with NN to perform
LV EF estimation automatically on a database of more than
50.000 echocardiographic studies, including multiple AP2CH
and AP4CH views. The evaluation on a set of 99 patients
shows that the method performs similar to measurements of
cardiologists with more than 20 years of experience: r = 0.94,

bias=1.4%, limits of agreement = ±13.4%, sensitivity 0.93,
specificity 0.87 (33).

Cannesson et al. performed an evaluation study using
commercial software (AutoEF, Siemens) in 218 patients,
including 165 patients with abnormal LV function (34). The AI
solution was trained on more than 10,000 tracings by human
experts to automatically locate and track the LV endocardium
from routine grayscale digital loops and calculate EF. The AI
solution correlated well with visual EF by expert readers (r =

0.96; p < 0.001) and performed analysis in 15 s per patient.
However, less favorable results were found by Rahmouni et al.
who evaluated the same AI algorithm and found discrepancies in
EF estimates between AutoEF and manual tracing and between
AutoEF and CMR (35). The authors recommended validation
in a number of large, busy echocardiographic laboratories.
Knackstedt et al. performed an external evaluation study using
a commercial ML solution (AutoLV, TomTec) in 255 patients, of
whom apical AP2CH and AP4CH views were collected from four
centers that assessed EF using both visual estimation and manual
tracing (27). ML was applied for calculating fully automated
EF and longitudinal strain measurements. Interclass correlation
coefficients and Bland-Altman analysis revealed good agreements
among automated EF (ICC: 0.83, bias 0.7%, 95%), local center
manual tracking, and reference center manual tracking, but
not for visual EF assessments. 3D echocardiography, which can
be obtained with more complex transducers, is increasingly
available. In an evaluation study by Tsang et al. the commercial
ML solution HeartModel was evaluated in 159 patients to
quantify 3D echocardiography derived left atrial and LV volumes
and LV EF (28). The AI technique strongly correlated with
expert measurements (r = 0.87 to 0.96) and volumes and
ejection fraction derived from magnetic resonance imaging (r
= 0.84 to 0.95) using a 1.5-Tesla scanner (Achieva, Philips
Healthcare). Medvedofsky et al. used the same ML tool on
3D echocardiographic images in 180 patients at six sites and
demonstrated that LV EF and chamber volume were an accurate
alternative to expert assessment (r: LVEDV: 0.99, LVESV: 0.99,
LVEF: 0.94, LAV: 0.99) (36).

Evaluation of diastolic parameters is also important in
assessing LV function of patients. Diastolic dysfunction is
associated with increased myocardial fibrosis, increased
ventricular stiffness and reduced prognosis (37, 38). Lancaster
et al. used hierarchical clustering to discriminate between
the different degrees of diastolic dysfunction, and improved
prediction of event-free survival was found by clusters over
conventional guideline-based classification for all-cause
mortality and cardiac mortality (38). More recently, Hubert
et al. reported on an AI solution for diastolic assessment in fifty
patients (25 with amyloidosis, and 25 with heart failure with
preserved ejection fraction) (39). This AI solution demonstrated
a significant difference of the global area between both groups
(37 vs. 72 mL%, respectively, P < 0.0001). Applying a linear
discriminant analysis classifier, results showed a mean area
under the curve (AUC) of 0.91 for the comparison between
both groups. In this study classical indices of diastolic function
were pathological in both groups with greater left atrial
volume index, greater mitral average E/e’ ratio, faster tricuspid
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FIGURE 2 | Graphical abstract on future expectations. AI will support doctors, not replace them.
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TABLE 1 | Artificial intelligence for image analysis and quantification.

Authors Summary Data Performance

Acquisition Datasets Patients Metric value Compared

against

Left ventricular function assessment and quantification

Asch et al. Automated EF using ML to assess LV function and volumes 2D 1 > 50.000 r = 0.95 EA

Cannesson et al. Automated EF using AI to assess LV function and volumes 2D 1 218 r = 0.96 EA

Hubert et al. Automated diastolic function assessment 2D 1 50 AUC 0.91 OVS

Knackstedt et al. Automated EF and strain using ML to assess LV function 2D 4 255 ICC 0.83 EA

Lancaster et al. Automated diastolic function assessment 2D 1 866 Kappa 0.62 OVS

Medvedofsky et al. Automated EF using ML to assess LV function and volumes 3D 6 180 r 0.94 EA

Rahmouni et al. Automated EF using AI to assess LV function and volumes 2D 1 92 r = 0.64 EA

Sabovik et al. Automated diastolic function assessment 2D 1 1,407 AUC 0.88 OVS

Tsang et al. Automated EF using ML to assess LV function and volumes 3D 1 159 r 0.87–0.96 EA

Disease classification

Calleja et al. Automated quantification using ML to assess aortic stenosis and regurgitation 3D 1 40 ICC 0.99 OIM

Casaclang et al. Automated ventricular response to AS using ML 2D 1 246 p < 0.001 EA

Diller et al. Automated segmentation using DL to detect congenital heart disease 2D 2 239 AUC 0.98 EA

Ghesu et al. Automated detection valve morphology using DL 3D X 869 CE 45.2% CT

Jeganathan et al. Evaluate valve morphology using AI in mitral valve analysis 3D 1 4 P = 0.0083 EA

Jin et al. Automated localizing prolapse using ML to evaluate mitral insufficiency 3D 1 90 AC 0.89 EA

Madani et al. Automated diagnosis ventricular hypertrophy using DL 2D 1 79.937 AUC 91.2 EA

Moghaddasi et al. Automated quantification mitral regurgitation using ML 2D 1 102 AUC 0.99 EA

Narula et al. Automated discrimination HCM or athlete heart using ML 2D 1 139 S&S p = 0.04 EA

Pereira et al. Automated detection aortic coarctation using DL 2D 1 163 ER 12.9 EA

Sanchez et al. Automated clustering using ML for group classification 2D 4 156 κ, 72.6% EA

Sengupta et al. Automated discrimination pericarditis or RCM using ML 2D 2 94 AUC 0.89 OIM

Zhang et al. Automated discrimination HCM, amyloidosis, or PAH using DL 2D 1 14.035 AUC >0.84 EA

AC, accuracy; AUC, area under curve; DC, dice coefficient; EA, expert assessment; EF, ejection fraction; EV, echo vendor; HCM, hypertrophic cardiomyopathy; IG, information gain; LV,

left ventricular; ICC, intraclass correlation coefficient; OIM, other image modality; OVS, other validated scores; RCM, restrictive cardiomyopathy; SE, segmentation error; X, not available.

regurgitation (P < 0.0001) compared to controls. Another
study on AI and diastolic function was performed by Sabovčik
et al. The authors applied an AI solution to detect early stages
of cardiac remodeling and diastolic dysfunction in 1,407
participants (mean age, 51 years, 51% women) with an AUC
curve with values between 86.2 and 88.1% (40). In conclusion, AI
solutions might help to pre-select individuals in whom further
echocardiographic examination, monitoring, and preventive
measures are warranted.

The aforementioned studies show that AI solutions are
increasingly developed for both systolic and diastolic LV function
assessment and quantification. Use of these AI solutions is
feasible. To conform the findings external evaluation and
assessment of clinically relevant outcomes is required.

Automated Disease Classification
Analysis of echocardiographic images plays a crucial role in
clinical routine to measure the cardiac morphology to reach a
diagnosis (41). Such analysis is based on the interpretation of
clinical parameters which are extracted through image analysis
such as segmentation and tracking. For instance, diagnosis
of LV hypertrophy requires accurate delineation of the LV
endocardium in both end diastole and end systole. As a next

step labeled echocardiographic views from a patient with known
pathology can be used to train an AI solution, or to automate
disease classification in a new sample (42). In that case, the AI
solution recognizes a pattern similar to what a technician or
cardiologist recognizes.

Valvular Heart Disease
AI solutions are rapidly emerging for valvular heart disease,
see Table 1 (12). AI can help with sizing and modeling
of minimally invasive structural heart interventional devices,
where possible with real-time guidance (43). Studies limited to
internal validation demonstrate good performance. Moghaddasi
et al. used supervised ML classifiers for assessment of mitral
regurgitation (MR) severity in 102 patients with an accuracy of
99% (44). Ghesu et al. introduced Marginal Space DL to perform
automated valve detection and segmentation in 869 patients
with superior accuracy in corner error measured in millimeter
as compared to cardiac computed tomography (45). ML was
used to determine LV responses during the progression of aortic
stenosis by Casaclang et al. and the authors demonstrated precise
recognition of the pattern of LV responses during the progression
of AS (p < 0.0001) (46). Another study was performed to
determine the interobserver variability of automated 3D mitral
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valve analysis using commercial software (eSie Valve software,
Siemens) (47). The authors found a high reproducibility in this
study with a small data set size (P < 0.0083).

A number of studies focused on the evaluation of AI tools.
Automated quantification of aortic stenosis and regurgitation in
3D trans esophageal echocardiography with ML was developed
by a commercial vendor (Auto Valve, Siemens). External
evaluation at Ohio State University showed an excellent
performance as compared to expert assessment (ICC 0.99)
(48). Jin et al. used ML to support both experts and non-
experts in localizing mitral valve prolapse by 3D transesophageal
echocardiography (49). The authors reported significantly
improved accuracy of non-experts using the ML application
(from 83 to 89%, P = 0.003). Moreover, significantly less time
for image analysis was needed using ML by both experts (1.9
± 0.7 vs. 9.9 ± 3.5min, P < 0.0001) and non-experts (5.0
± 0.5 vs. 13 ± 1.5min, P < 0.0001), especially for complex
pathology (49).

Cardiomyopathies
AI tools have potential to be used to discriminate various
cardiomyopathies. Unfortunately, large multicenter studies are
lacking and current studies are limited to evaluation utilizing
single center data. For example, a supervised ML classifier was
used to discriminate between restrictive cardiomyopathy and
constrictive pericarditis using clinical and echocardiographic
data of 50 patients with constrictive pericarditis and 44 with
restrictive cardiomyopathy. The results demonstrated an
excellent AUC of 96.2% (50). A similar study evaluated an
ensemble combining three supervised classifiers (support
vector machine, random forest, artificial neural network)
to discriminate between hypertrophic cardiomyopathy
and physiological hypertrophy in athletes (51). The results
demonstrated superior performance compared to individual
echocardiographic indices early-to-late diastolic transmitral
velocity ratio, e’, and strain (p = 0.04). In another work,
unsupervised clustering approach was used to automatically
classify 156 patients with a heart failure who underwent stress
echocardiography. The method demonstrated good correlation

with expert assessment (κ = 72.6%) (52). Later, CNN was
successfully deployed by Zhang et al. to discriminate between
diagnosis of hypertrophic cardiomyopathy, cardiac amyloidosis,
and pulmonary arterial hypertension (AUC > 0.85) (42).
Madani et al. utilized DL and clustering analysis of image
classification in a small set of labeled data (4%) and a large set
of unlabeled data for LV hypertrophy classification. The method
achieved an accuracy of 0.92 (31). Other authors used CNNs
to diagnose transposition of the great arteries or congenitally
corrected transposition of the great arteries with 98.0%
accuracy (29). Furthermore, a combination of autoencoder
and support vector machine classifier was used to diagnose
aortic coarctation using echocardiography data with high
accuracy (53).

Quality Assessment and Enhancement
Quality of echocardiograms is operator dependent, and can vary
across patients and medical equipment. Patient characteristics
such as fat, bone and air, breathing and patient movements
may lead to reduced quality of clips and images and
artifacts. AI can help technicians and cardiologists to support
acquisitions and automate quality assessment and enhancement
of echocardiograms (19, 54). Wu et al. demonstrated superiority
of ML assisted echocardiogram enhancement over other image
despeckling methods and video denoising methods as visually
evaluated by experts (54). Abdi et al. performed a DL study in
which 6,916 echo images were annotated by an expert on a five-
point scale with a score between one (not acceptable) and five
(excellent) (55). Internal evaluation demonstrated satisfactory
accuracy (mean absolute error = 0.71) and <10 milliseconds
computation time per frame, sufficient for real-time deployment.
In summary, data on AI solutions for quality assessment and
enhancement are limited but promising.

Event Prediction
Risk assessment and prediction of both survival and cardiac
events are key tasks in management of cardiac patients (56,
57). Studies on AI and event prediction in the field of
echocardiography are listed in Table 2. In a study on in 866

TABLE 2 | Artificial intelligence solutions for prediction of events.

For Authors Summary Data Performance

Acquisition Datasets Patients Follow-up (m) Metric value Compared

against

Cardiovascular risk prediction

Ghorbani et al. Automated cardiovascular risk prediction using DL 2D 1 2.850 0 AUC 0.88 EA

Survival prediction

Kwon et al. Automated risk prediction using DL 2D 2 4.759 36 AUC 0.88 OVS

Samad et al. Automated risk prediction using ML 2D 1 171.510 60 AUC >0.82 OVS

Adverse events prediction

Berchialla et al. Automated event prediction using ML 2D 1 228 X PoV 0.70 ML

Lancaster et al. Automated event prediction using ML 2D 1 866 48 AIC 157 OVS

AIC, Akaike information criterion; AUC, area under the curve; EA, expert assessment; HR, hazard ratio; m, months; OCV, optimal cutoff value; OVS, other validated scores; PoV, part of

variance; N/A, not applicable; X, not available.
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patients referred for echocardiographic assessment automated
prediction of major adverse cardiovascular events (MACE) was
performed with ML cluster analysis (38). This technique was
superior to conventional prediction techniques (AIC 157, kappa
= 0.619, p< 0.001). Berchialla et al. used stress echocardiography
data integrated with LV functional and angiographic data to
predict MACE (58). The authors demonstrated discrimination
ability superior or comparable of a Bayesian network to
other ML classifiers. Ghorbani et al. developed a DL solution
(EchoNet) to predict cardiovascular risk in 2,850 patients
(59). Internal evaluation demonstrated a high accuracy of
the DL solution to detect systemic factors such as age and
sex from echocardiogram images alone (AUC 0.88), which
is impossible for human experts. Kwon et al. focuses on
the echocardiography reports and developed a DL solution
using deep neural networks with TensorFlow (the Google
Brain Team, Mountain View, United States) as the backend to
predict survival from these reports in a multicenter retrospective
cohort study on 25,776 patients with 1,026 mortalities (60).
Importantly, the authors used derivation data of hospital A and
performed external evaluation using echocardiography reports
of hospital B. The authors obtained superior performance
as compared to conventional prediction models (AUC =

0.88). In another study that focused on echocardiography
reports Samad et al. predicted survival in 171,510 unselected
patients who underwent 331,317 echocardiograms (61). The
authors achieved a significantly higher prediction accuracy
with nonlinear ML over linear logistic regression models
(AUC>0.82). A model including clinical variables, LV function
and 57 echocardiographic measurements yielded the highest
prediction accuracy (p < 0.01 across all models and survival
durations). In conclusion, AI solutions for risk assessment and
prediction of both survival and cardiac events are promising,
but require further evaluation. Most data are obtained from
retrospective studies and evaluation on external datasets is
often lacking.

DISCUSSION

We summarize eleven studies on the development of AI in
the field of routine echocardiography. Overall performance
of the AI solutions was comparable to expert performance.
However, these studies were virtually all hampered by
lack of external validation of multi-center datasets. Eight
studies evaluated performance of commercial software, all for
diagnostic purposes.

To this end most successful AI methods are supervised, in
other words they learn from labeled data. Hence, performance
of supervised AI solutions depends on careful labeling of input
data, which often relies on the technicians and cardiologists.
Intra- and interobserver variability in data labeling may limit
AI performance (30, 33). The availability of large, diverse and
labeled data is a prerequisite for progress in the development
and evaluation of AI solutions. Last year two large open
datasets in the field of 2D echocardiography became publicly

available; from Stanford University and University of Lyon
(32, 41). This opens exciting possibilities. Nevertheless, the
data are limited to echocardiography videos only and not
accompanied by relevant clinical patient data and outcomes.
Another challenge has been the lack of data standardization
(62). Poor data standardization leads to incomplete and
inaccurate data collection, patient matching issues, and slower
workflows. Large sets with reference labels and standardized
evaluation procedures would allow better comparison between
the methods. An itemized checklist that highlights steps for
ensuring correct application of AI models and the consistent
reporting of model specifications and result might help (63).
Another challenge are potential ethical problems derived
from data sharing or de-identification to maintain patients’
privacy. Consequently, these studies need additional local
institutional review board authorizations to evaluate appropriate
use of data.

In the future it is to be expected that AI solutions will
increasingly support technicians and cardiologists in the field
of digital care (64, 65) and echocardiography (66). AI can be
incorporated into everyday practice and become a valuable aid
for cardiologists and technicians dealing with cardiovascular
disease (67, 68). AI will help to reduce workload, increase
reproducibility and standardize data reporting. AI is also
expected to improve study preparation by all related views
retrieved automatically. This would save the technician or
cardiologist time in searching through the complete study
with sometimes hundreds of images by allowing the them
to visualize all requested information quickly. AI is expected
to improve echocardiography acquisition with support on
automated probe adjustments and recording leading to
advances in efficiency and overcome human limitations of
both distraction and fatigue. Automated acquisitions will
additionally contribute to increased standardization. Future
AI solutions are also expected to extract information not
directly apparent to humans (43). Improved prediction of
events and mortality is expected with new data driven AI
solutions, preferably in real time (43). On an educational
level, much more can be expected from automated disease
classification. As a beginner it can be difficult to distinguish
between normal and abnormal structures, and with AI support
that may become much easier. So far, most educational
studies focused on automated view classification to recognize
off-axis acquisition and incorrect views and provide
guidance on how to move the probe in order to obtain
diagnostic images.

Specifically, for echocardiography, there is a major challenge
in the absence of standardization of the image sets and
the varying image quality. Datasets with CT and MRI
images are often obtained in a more standardized manner,
but this researcher has been performed in fewer patients.
Echocardiography is one of the basic researches in cardiology,
and therefore challenge in image quality are certainly not
insurmountable because of the extensive data volume.

As a resume, contemporary AI solutions for image
acquisition, analysis, reporting and education are developed
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for relevant tasks with promising performance. Studies
with external validation must show whether successful
performance is sustained. In the future major benefit of
AI in echocardiography is expected from improvements in
automated interpretation and event prediction to reduce
workload and improve clinical outcome. Some of the discussed
challenges have yet to be overcome, however, none of them are
insurmountable. Studies are also needed to acquire trust in new
technologies, supported by efforts toward explainable models
and transparency.
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Echocardiography is the most validated, non-invasive and used approach to assess

left ventricular hypertrophy (LVH). Alternative methods, specifically magnetic resonance

imaging, provide high cost and practical challenges in large scale clinical application.

To include a wide range of physiological and pathological conditions, LVH should be

considered in conjunction with the LV remodeling assessment. The universally known

2-group classification of LVH only considers the estimation of LV mass and relative wall

thickness (RWT) to be classifying variables. However, knowledge of the 2-group patterns

provides particularly limited incremental prognostic information beyond LVH. Conversely,

LV enlargement conveys independent prognostic utility beyond LVmass for incident heart

failure. Therefore, a 4-group LVH subdivision based on LV mass, LV volume, and RWT

has been recently suggested. This novel LVH classification is characterized by distinct

differences in cardiac function, allowing clinicians to distinguish between different LV

hemodynamic stress adaptations in various cardiovascular diseases. The new 4-group

LVH classification has the advantage of optimizing the LVH diagnostic approach and the

potential to improve the identification of maladaptive responses that warrant targeted

therapy. In this review, we summarize the current knowledge on clinical value of this

refinement of the LVH classification, emphasizing the role of echocardiography in applying

contemporary proposed indexation methods and partition values.

Keywords: left ventricular mass, left ventricular function, left ventricular volume, echocardiograghy, clinical value,

prognosis

INTRODUCTION

Nowadays, the perpetual controversy between the importance of structural and functional
anomalies in the failed heart appears to lack consensus (1). On the one side, the left ventricular (LV)
ejection fraction (EF) calculation informs many care decisions for heart failure, on the other hand,
using modern echocardiographic techniques, the quantification of LV mass and geometry is highly
feasible and with a single diagnostic exam. Especially, left ventricular hypertrophy (LVH), when

33

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.667984
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.667984&domain=pdf&date_stamp=2021-04-27
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:francy_manto@hotmail.com
https://doi.org/10.3389/fcvm.2021.667984
https://www.frontiersin.org/articles/10.3389/fcvm.2021.667984/full


Barbieri et al. Left Ventricular Mass and Volume Quantification

defined by increased ventricular mass according to the
classification and partition values proposed by the American
Society of Echocardiography/European Association of
Cardiovascular Imaging (ASE/EACVI) (2), is a strong
independent predictor of cardiovascular risk in adults
undergoing assessment for any indication (3).

Importantly, in order to cover a broad variety of physiological
and pathological disorders, LVH should be considered according
to the classification of LV remodeling, which is the initial step
of cardiac damage. The most commonly used categorization
for LVH remodeling patterns is proposed by the ASE/EACVI,
which uses only LV mass and relative wall thickness (RWT) as
classifying variables with two known basic patterns: concentric
and eccentric LVH (2). However, although patients with
concentric LVH have a different clinical and biomarker
phenotype compared to those with eccentric LVH (4), the
knowledge of these remodeling patterns provided particularly
limited incremental prognostic information beyond LVH per
se. A recent systematic review and network meta-analysis of
22 echocardiographic publications (76.133 individuals) studied
across various patient populations showed that concentric and
eccentric LVH was associated with similar increased all-cause
mortality (5). The limitations of the conventional 2-group LVH
classification represent possible explanations for this observation.
Indeed, since the 2-group LVH classification uses a ratio between
the LV cavity diameter and the LV wall thickness, the variations
in end-diastolic volume (EDV) and thickness occurring in
numerous remodeling patterns cannot be differentiated. Of
note, it is known that the simple LV enlargement assessed
by echocardiography conveyed independent prognostic utility
beyond LV mass for incident heart failure (6).

These findings as a whole raise the question of whether there
may be other methods to distinguish high-risk phenotypes of
LVH. In this context, Gaasch and Zile proposed a subdivision of
LVH based on LV mass, EDV and RWT (7). Using this method,
a 4-group LVH category based on ventricular concentricity
and dilation can be recognized. Depending on EDV dilatation,
this classification subdivides both eccentric LVH and concentric
LVH into two sub-groups (Figures 1, 2). Essentially, this revised
classification assumes that only if the increased LV mass is
associated with increased wall thickness and/or ventricular
dilation LVH should be considered pathologic.

Although cardiac magnetic resonance (CMR) showed better
performance than echocardiography for accuracy and precision
in LV mass and volumes assessment could not be served
as a routine method for risk assessment of patients with
LVH, since it is time-consuming and costly. Accordingly, the
purpose of this review is to address the implementation in
practice of the novel 4-group LVH classification, focusing on
the clinical utility of currently established and widely available
echocardiographic techniques.

Standardization in the Definition of LVH
Remodeling Patterns
A definition of the terminology and the normality range
of parameters under consideration is required in any

LV quantitative analysis. The initially proposed 4-group
classification was based on CMR (9). The LVH groups were
referred to as: “indeterminate LVH” (neither increased EDV
nor concentricity, while LV mass was increased), “dilated
LVH” (increased EDV with normal concentricity), “thick
LVH” (increased concentricity with normal EDV), and “both
thick and dilated LVH” (increased EDV and concentricity).
Others have extrapolated successively this classification to
echocardiography and have named distinctly the four LVH
patterns (e.g., indeterminate LVH as “eccentric non-dilated”;
dilated LVH as “eccentric dilated”; thick LVH as “concentric
non-dilated”; and both thick and dilated LVH as “concentric
dilated”) (10).

More recently, to define the range of normal RWT (0.32–
0.42), the ASE/EACVI further divided patients with LVH
and EDV dilation into three subgroups: mixed LVH (RWT>

0.42), dilated LVH (RWT 0.32–0.42), eccentric LVH (RWT
<0.32). Therefore, it was proposed to evolve from the 4-group
classification into a new 5-group category to identify subjects
with physiological LVH or dilated LVH (e.g., pregnant women,
athlete’s heart) (11).

We opted to use the ASE/EACVI echocardiographic
terminology in the following section for consistency and clarity
of this review. Studies that divided patients with LVH and
EDV dilation into three subgroups based on RWT are be
specifically reported.

The 4-Group LVH Classification System:
Epidemiology
Using the indexation methods and partition values currently
proposed by the ASE/EACVI (11), LVH was seen frequently
in the general echocardiographic population (42% of subjects).
The most common pattern resulted in concentric LVH (16%)
(12). However, the LVH pattern’s prevalence depended on the
population studied (Table 1). Indeed, in patients with isolated
severe aortic stenosis, the most frequent remodeling pattern
was concentric LVH (57.3%), followed by mixed (18.9%) and
dilated LVH (8.4%). Still, the prevalence of the remodeling
patterns differed between the symptomatic and asymptomatic
patients (20).

The 4-Group LVH Classification System:
Association With Hemodynamic Profiles
and Biological Markers
It is known that the curvilinear inverse relation between
EF and EDV generally predicts that EF would be depressed
when the LV is dilated and preserved when the volume
is normal (21). The LV pump function’s normality depends
on maintaining the double-helical (spiral) alignment of the
LV myocardial architecture determined by the LV geometry.
In concentric LVH with normal EDV, the LV myocardial
architecture’s double-helical orientation is preserved, resulting
in a normal or near-normal EF. Conversely, the LV myocardial
architecture’s double-helical orientation is disrupted in the
eccentric LVH with unbalanced EDV dilatation, resulting
in decreased EF (22). Therefore to be useful in clinical
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FIGURE 1 | Schematic description of the 4-group left ventricular hypertrophy classification. The different terminology used in the literature and the normal range of

parameters under consideration are highlighted. LV, left ventricular; EDV, end-diastolic volume; BSA, body surface area; LVH, left ventricular hypertrophy; RWT, relative

wall thickness; ESC, European association of cardiology; CMR, Cardiac magnetic Resonance. Adapted from (8).

practice, the LVH remodeling patterns must be accompanied by
compatible hemodynamic and functional profiles plausible from
a pathophysiological perspective.

In the original Dallas heart study, the four geometric patterns
of LVH were associated with different clinical characteristics,
biomarkers, and ejection fractions. Compared with subjects with
concentric LVH, those with mixed LVH had a lower EF and
higher NT-pro-BNP and BNP levels (P < 0.001 for all). Subjects
with dilated LVH had a lower EF and higher troponin T, NT-pro-
BNP, and BNP levels versus those with indeterminate LVH (P <

0.001 for all). Subjects with indeterminate LVH had no elevation
of markers of cardiac stress as compared with subjects without
LVH (9).

These findings were extended to a sizeable echocardiographic
population focusing on applying contemporary proposed
indexation methods and partition values. The worst
hemodynamic profile was associated with eccentric LVH.
The prevalence of diastolic dysfunction (defined as mean E/E′

> 14) was 43.5% in subjects with eccentric LVH, 36% in those
with dilated LVH, 20.7% in concentric LVH and 8.2% in patients
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FIGURE 2 | Examples of echocardiographic left lentricular hypertrophy classification based on concentricity, mass and volume quantification. Parasternal long axis

view for linear 2D measurements (LV mass, concentricity) and 3D measurements (LV volumes) obtained from automated DHM (Dynamic Heart Model, Philips

Healthcare, Andover, MA, USA) in a patient with mixed LVH (A), concentric LVH (B), dilated LVH (C), indeterminate LVH (D); 2D, two-dimensional; 3D,

three-dimensional; LV, left ventricular; LVH, left ventricular hypertrophy.

without LVH (P < 0.0001). The prevalence of pulmonary
hypertension (defined as derived pulmonary artery pressure ≥

50 mmHg) was 25.7% in subjects with eccentric LVH and 1.9%
in those without LVH (P < 0.0001) (12).

Similarly, The 4-group classification was correlated with
LV mechanics in a cohort of hypertensive patients. Those
with concentric, dilated, and mixed LVH had longitudinal,
circumferential, and radial strain unfavorably affected after
adjusted analysis. Of note, there was no substantial difference
in strain for those with indeterminate LVH and those without
LVH (15).

The new 4-group classification also showed higher
discrimination of exercise-induced LVH patterns in a cohort
of normotensive endurance athletes relative to the existing
2-group classification (8). Besides, other studies tested the
association of the 4-group classification with biological markers.
In hypertensive patients, dilated or mixed LVH was associated
with an increased prevalence of subclinical renal damage (23),
patients with metabolic syndrome had a higher prevalence
of dilated or mixed LVH (24). Therefore, it appears that the
proposed new LVH subcategories are not only mere descriptors
of LV geometry but an integral component of parameters
reflecting systolic properties.

The 4-Group LVH Classification System
and Clinical Outcomes
To resolve the dynamic relationship between LV dilation
and myocardial thickening in LVH pathophysiology, several
echocardiographic studies have linked the 4-group classification
system to clinical outcome in hypertensive patients (13, 14),
patients with coronary artery disease (17), patients with
asymptomatic (stage A and B) heart failure (18), in the general
population with normal LV systolic function and no history
of heart failure (25), and patients with valvular heart disease
(16, 26).

Compared to participants without LVH, the 4-group
LVH classification system was a robust prediction model
of adverse cardiovascular outcomes in all these studies
Table 1. The Losartan Intervention for Endpoint Reduction
Echocardiography sub-study was the first to use readily available
echocardiographic measurements to reproduce the results
of CMR (9) in 939 hypertensive patients who were treated
for 4.8 years. They found that of all-cause mortality risk was
increased for patients with dilated, concentric, and mixed
LVH [HR (95%CI)]: 7.3 (2.8–19), 2.4 (1.4–4.0), 2.4 (1.4–4.0),
respectively. The same result was found for cardiovascular
mortality and the composite endpoint of myocardial infarction,
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TABLE 1 | Summary of echocardiographic studies assessing the association of the 4-group left ventricular hypertrophy classification with cardiovascular outcomes.

References Design Population N Mean FU

duration

(years)

Primary outcome Findings

LVH group Frequency (%) HR (95% CI)*

Bang et al. (13) Prospective Hypertensive patients 939 4.8 All-cause mortality No LVH 70 Ref

Indeterminate 16 NS

Dilated 1 7.3 (2.8-19)

Concentric 12 2.4 (1.4-4.0)

Mixed 0.2 5.8 (1.7-20)

De Simone et al. (14) Prospective Hypertensive patients

without prevalent CV

disease

8,848 2.9 CV mortality, MI, or

stroke

No LVH 66 Ref

Indeterminate 20 NS

Dilated 3.7 2.0 (1.2-3.1)

Concentric 5.1 2.2 (1.2-3.8)

Mixed 0.15 8.9 (2.2-37)

Cuspidi et al. (15) Prospective General population

without prevalent CV

disease

1,694 17.6 All-cause mortality No LVH 85 Ref

Indeterminate 6.3 1.6 (1.1-2.3)

Dilated 3.5 1.9 (1.4-3.4)

Concentric 4.6 2.2 (1.4-3.4)

Mixed 0 NA

Barbieri et al. (16)** Retrospective Aortic valve stenosis

(AVA ≤ 1.5 cm2 )

343 2.2 All-cause mortality,

cardiac

hospitalization, or

AVR

No LVH 6.9 Ref

Indeterminate 5.5 NS

Dilated 3.2 3.7 (1.6-8.5)

Concentric 39.3 2.6 (1.0-4.7)

Mixed 22.4 2.6 (1.2-5.8)

Barbieri et al. (12)** Retrospective Moderate or severe

aortic regurgitation

370 3.4 CV mortality,

cardiac

hospitalization, or

AVR

No LVH 26.2 Ref

Indeterminate 12.2 NS

Dilated 14.6 7.9 (1.8-34.3)

Concentric 11.6 NS

Mixed 10.3 4.3 (1.0-19.9)

Huang et al. (17) Prospective Coronary artery

disease

2,297 2.1 All-cause mortality No LVH 60 Ref

Indeterminate 6 NS

Dilated 10 2.8 (1.7-4.3)

Concentric 19 1.7 (1.1-2.6)

Mixed 5 2.3 (1.3-4.1)

Pugliese et al. (18) Prospective Asymptomatic heart

failure (stage A and B)

1,729 1.7 All-cause mortality,

myocardial

infarction, coronary

revascularizations,

cerebrovascular

events, and acute

pulmonary edema

No LVH 70.1 Ref

Indeterminate NA NA

Dilated 2.7 3.1 (1.5-3.5)

Concentric 18 1.9 (1.1-3.1)

Mixed 1.5 2.3 (1.3-4.1)

Wang et al. (19) Cross-sectional General population of

China

11,037 NA Non-fatal ischemic

stroke

No LVH 88.6 Ref

Indeterminate 4.3 1.6 (1.1-2.3)

Dilated 3.4 NS

Concentric 2.2 2.1 (1.3-3.4)

Mixed 1.2 NS

CI, confidence interval; HR, hazard ratio; NA, not applicable; NS, not significant; Ref, referent group. *Hazard ratios are reported with the 95% confidence interval. Participants without

hypertrophy are the referent group. **In this study patients with LVH and EDV dilation were divided into three subgroups: mixed LVH (RWT> 0.42), dilated LVH (RWT 0.32–0.42),

eccentric LVH (RWT <0.32).

stroke, heart failure, and cardiovascular mortality. On the other
hand, indeterminate LVH was not associated with increased
relative risk compared to patients without LVH identifying
a low-risk group with eccentric LVH and the same risk of
all-cause mortality or cardiovascular events such as patients
with normal LV mass (13). Nevertheless, in this study some of
the LVH subgroups had a limited number of endpoints, thus

only the primary endpoint of all-cause mortality was adjusted
for multiple comparisons, reducing the power to verify the
incremental prognostic value of the 4-group system in the two
concentric LVH groups.

The largest cohort of 8,848 hypertensive patients with no
history of cardiovascular disease from the Campania Salute
Network paralleled these findings, showing that patients with
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indeterminate LVH were not at increased risk compared to
those without LVH. Conversely, there was a substantial increase
in the incidence of fatal and non-fatal cardiovascular and
cerebrovascular accidents in patients with dilated, concentric,
and mixed LVH compared to those without LVH [HR (95%CI)]:
2.0 (1.2–3.1), 2.2 (1.2–3.8), 8.9 (2.2–37), respectively (14).
This was the first direct evidence that differences in left
ventricular geometry may be relevant to the definition of risk
profile in a large community-based registry of uncomplicated
hypertensive patients.

Huang et al. applied the 4-group LVH classification to 2,297
patients with angiographic evidence of stable coronary artery
disease and reported outcomes after a 2-year follow-up. Patients
with dilated, concentric, and mixed LVH were at increased risk
of all-cause mortality compared with those without LVH [HR
(95%CI)]: 2.8 (1.7–4.3), 1.7 (1.1–2.6), 2.3 (1.3–4.1), respectively.
Once more, the risk of primary or secondary endpoints was
not increased in participants with indeterminate LVH (17).
However, only baseline echocardiography data were available,
and the modification in LV geometry during interventional and
medical therapy was unknown. This is an important limitation
considering that in hypertensive patients, only “in-treatment” LV
geometry by echocardiography predicted risk of cardiovascular
events, but not baseline LV geometry (27).

Our group evaluated the application of the novel LVH
classification in patients with valvular heart disease. In 342
patients with aortic stenosis (functional aortic valve area ≤1.5
cm2), there was a significant association between adverse events
and LV dilatation or LV remodeling pattern. After multivariate
adjustment, dilated, concentric, and mixed LVH were strongly
associated with death or cardiac hospitalization [HR (95%CI)]:
3.7 (1.6–8.5), 2.6 (1.0–4.7), 2.6 (1.2–5.8), respectively (16). In
370 consecutive patients with moderate or severe chronic aortic
regurgitation, dilated and mixed LVH were associated with the
combination of cardiovascular death, hospitalization for acute
heart failure, or aortic valve replacement [HR (95%CI)]: 7.9
(1.8–34.3), 4.3 (1.0–19.9), respectively (26). In the Pressioni
Monitorate e Loro Associazioni (PAMELA) study, dilated and
concentric LVH predicted cardiovascular and all-cause mortality
risk in the general population without valve disease and with
normal EF after an average follow-up of 17.5 years [HR (95%CI)]:
1.9 (1.4–3.4), 2.2 (1.4–3.4), respectively. In contrast to the above
studies, even indeterminate LVH demonstrated independent
prognostic value [HR (95%CI)]: 1.6 (1.1–2.3). This may be
due to the longer follow-up than other studies. However, the
threshold criterion to define increased RWT was 0.45 and 0.44
for men and women, respectively, which was slightly higher
than the ASE/EACVI guideline cutoff of 0.43. Of note, only
concentric LVHmaintained a significant predictive value for both
outcomes after adjusting for baseline differences in the LV mass
index (25).

In a multicenter study designed by the Italian Society of
Echography and Cardiovascular Imaging (SIECVI), the novel
4-group classification was an independent predictor of adverse
events during follow-up in 1.750 patients with stage A or B
heart failure. Remarkably, it produced a better risk stratification
in comparison to the classic 2-group one. The worst prognosis

was reported for patients with dilated, concentric, and mixed
LVH compared to those without LVH [HR (95%CI)]: 3.1 (1.5–
3.5), 1.9 (1.1–3.1), 2.3 (1.3–4.1), respectively (18). The primary
study limitation was the use of composite outcomes (all-
cause death, myocardial infarction, coronary revascularization,
cerebrovascular event, and acute pulmonary edema) due to the
low prevalence of adverse events for the study population size and
follow-up length.

In a large population from China with low cardiovascular risk,
the presence of concentric and indeterminate LVHwas associated
with an increased risk of non-fatal ischemic stroke [HR (95%CI)]:
2.1 (1.3–3.4), 1.6 (1.1–2.3), respectively. Surprisingly, dilated
and mixed LVH were not associated with an increased risk of
ischemic stroke (19). Surprisingly, dilated and mixed LVH were
not associated with an increased risk of ischemic stroke. Due to
the cross-sectional nature of this study, it was difficult to assign
causality to these findings. One explanation may be partially
attributed to worse cardiometabolic risk factors for individuals
with indeterminate LVH. However, in multivariable analysis,
LV concentricity, but not LVEDV, was a significant predictor
of ischemic stroke when analyzed as continuous variables. It is
possible to hypothesize that both the heart and the brain are
potential organs at risk for injury as a result of long-term elevated
blood pressure, which emerges as critical correlations between
LVH and ischemic stroke (28, 29). Furthermore, after adjusting
for conventionally measured blood pressure, carotid disease
was considered to parallel LV mass (30, 31) and represented a
particularly sensitive marker of ischemic stroke (32).

Overall, these observational data suggest that the
incorporation of LV chamber dilation into the assessment
of LVH identifies important sub-phenotypes within the standard
2-group classification. In particular, LVH with RWT ≤0.42
can be split into a low-risk group (indeterminate LVH) and a
high-risk group (dilated LVH). Similarly, the two phenotypes of
LV dilatation (dilated and mixed LVH) should be considered a
high-risk LVH phenotype.

The 4-Group LVH Classification System: A
Critical Viewpoint
It is necessary to recognize some potential limitations of the new
4-group LVH classification for its correct use in clinical practice.
The 4-group LVH classification scheme is necessarily definite
and based on numerical thresholds to be usable. However, for
some authors this dichotomous definition of LVH should be
reconsidered and analyzed as a continuum from normal to
remodeling, with possible implications for reverse remodeling
(10). Recently, Yamanaka et al., using a landmark analysis in
patients with clinical heart failure and an EF ≥ 50%, found
that, compared with patients without LVH or LV enlargement
at baseline, subsequent adverse outcomes were more frequent
in patients with LVH without LV enlargement at baseline and
were even more frequent in patients with LV enlargement (33).
In addition to examining the predictive value of LV mass and
LVEDV as categorical variables, the authors also examined them
as continuous variables: the relationships between structural
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category and outcome remained unchanged within amultivariate
analysis adjusting for clinical variables including EF.

Also, a patient can move between categories only based
on limitations in the reproducibility of echocardiographic
measurements (34). At the same time, it may reflect a transitional
pattern of dynamic temporal change. Previous data suggested
that changes in LV geometry over time may impact prognosis
similarly to many studies suggesting improvements in prognosis
with regression of LVH (35). Therefore, the trajectory of the LVH
pattern more than a single evaluation may be necessary to further
classify patients with LVH.

The consideration of EDV, mass, and RWT does not allow
all LVH remodeling changes to be classified (12% of consecutive
patients for any echocardiographic indication) (12). However, in
cardiology, this gap in classification is not new. Whether this
misclassification has clinical implications should be investigated
in more extensive research (36). Some studies are limited because
they combined patients with dilated and eccentric LVH into
the same group (dilated LVH). Still, these two groups may
probably have a differential risk of developing incident heart
failure. The dilated LVH pattern could not be differentiated by
“physiological LVH,” such as athlete’s heart with an early stage of
a pathological condition. However, by contextualizing the clinical
environment and the degree of LV dilation, these LVHprofiles are
easily detectable.

It should be stressed that the determination of RWT
can be limited by non-uniform wall thickness and regional
shape deformation (37). Three-dimensional echocardiography
(3D), without geometric assumptions about LV form and wall
thickening distribution, is the only echocardiographic technique
that accurately measures the LV mass in these patients (38).
It is worth noting that in hypertensive patients, a high 3D-
LV mass/EDV ratio identified a higher incidence of concentric
LVH compared to 2D-derived relative wall thickness, which is
inversely correlated with the stroke volume (39) and early systolic
and diastolic dysfunction (40).

The current normative values are derived from 2D-
echocardiography. With the advent of artificial intelligence
and automated 3D approach to LV chamber quantification
(Figure 2), echocardiographic quantification practice will be
changed soon and new and gender-specific cut-off values will be
proposed (41).

While CMR outperformed echocardiography in terms of
accuracy and precision in LV mass evaluation, no clear
comparison of the two methods has been done for the ability
to predict clinical events, LVH classification agreement, or
cardiovascular risk reclassification.

Other LVH diagnostic methods have their risk profile,
independent and complementary to the LV mass detected
by echocardiography. A previous analysis from the
Cardiovascular Health Study showed that both LVH
detected by electrocardiography and echocardiography was
predictive of future atrial fibrillation events, independent of
well-known risk factors, suggesting that LVH detected by
electrocardiography is an important electrophysiological marker
of cardiac abnormalities independent of LV mass detected by
echocardiography (42).

Finally, because the vast majority of subjects enrolled
in studies were Caucasian, results may not apply to other
ethnicities (43).

PERSPECTIVES

A key finding of the improved LVH phenotypic characterization
is the demonstration of a wide range of changes in EDV, mass,
and function in patients with chronic heart failure. Therefore,
the main questions are whether some of the differences in LV
remodeling response are due to differences in the lesion or
discrepancies in the host’s lesion response. However, the question
will be almost impossible to address in clinical practice (44).
Indeed, the occurrence of LVH geometric anomalies showed
considerable variability in patients with the same heart disease
(13, 17, 35, 37, 45–50). Several factors, including but not limited
to gender, diabetes, previous myocardial infarction, obesity, and
valve diseases, tended to affect the remodeling of LVH (51).
Besides, there are likely underlying genetic factors that remain
poorly identified (52). Therefore, refining the classification
of LVH could distinguish the distinctive development of LV
geometric changes from baseline and the transition to a
maladaptive phase of remodeling in the individual patient
(10). Using the conventional 2-group categorization, previous
echocardiographic longitudinal studies showed that progression
from concentric LVH to eccentric LVH occurred in 19% of
subjects after 4 years (53) and 25% after 7 years (54). Nevertheless,
how often those who converted to eccentric LVH had a dilated LV
at follow-up was not mentioned. Recent CMR data indicated that
in hypertensive patients, concentric LVH dilated less often than
previously assumed over an extended timeframe in the absence
of interval myocardial infarction (55).

Enhanced LVH characterization will also provide
opportunities for LV geometry-directed therapeutic intervention
in order to reduce incident heart failure. Recent data suggested
that, in patients with heart failure with reduced EF, patients with
concentric LVH did not experienced similar benefits from up-
titration angiotensin-converting enzyme inhibitors/angiotensin
receptor blockers and beta-blockers compared to patients with
eccentric LVH (4).

CONCLUSIONS

Chronic heart failure is a dynamic clinical condition with a
broad phenotypic variability that makes the “one-size-fits-all”
approach inadequate to care. In clinical practice, many patients
have a combination of chronic pressure and volume overload,
leading to distinct and more complex LVH geometric patterns
than previously considered, underscoring the need for a better
LVH classification. With this in mind, conventional 2-group
patterns are not adequate for risk stratifying patients with
LVH. Conversely, preliminary findings supported the use of
LV remodeling assessment based on EDV, mass, and RWT by
echocardiography. As clinicians, it is time to start thinking
about new LVH classification proposals that will consider
many parameters of LV morphology and function, including
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underlying remodeling abnormalities that can be obtained
with current echocardiographic technology. However, further
evidence is needed to understand how it can be integrated into
clinical decision-making.
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Objectives:Clinical expression of rheumatoid arthritis (RA) varies by gender, but whether

cardiovascular disease (CVD) is gender related in RA is unknown. Left ventricular (LV)

hypertrophy (LVH) is a hallmark of CVD in RA patients. We investigated whether the

association of LVH with RA is gender driven.

Methods: Consecutive outpatients with established RA underwent echocardiography

with measurement of LVH at baseline and one follow-up. All participants had no prior

history of CVD or diabetes mellitus. We assessed CVD risk factors associated with LVH

at follow-up, including sex, age, arterial blood pressure, and body mass index (BMI). We

also evaluated inflammatory markers, autoimmunity, disease activity, and the use of RA

medications as predictors of LVH.

Results: We recruited 145 RA patients (121 females, 83%) and reassessed them

after a median (interquartile range) of 36 months (24–50). At baseline, women were

more dyslipidemic but otherwise had fewer CVD risk factors than men, including less

prevalent smoking habit and hypertension, and smaller waist circumference. At follow-

up, we detected LVH in 42/145 (44%) RA patients. LV mass significantly increased

only in women. In multiple Cox regression analysis, women with RA had the strongest

association with LVH, independently from the presence of CVD risk factors (OR, 6.56;

95% CI, 1.34–30.96) or RA-specific characteristics (OR, 5.14; 95% CI, 1.24–21.34). BMI

was also significantly and independently associated with LVH.

Conclusion: Among established RA patients, women carry the highest predisposition

for LVH.

Keywords: gender medicine, left ventricle hypertrophy, cardiovascular medicine, rheumatoid arthritis, heart

disease, heart failure, female sex

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic, immune-mediated disease involving both musculoskeletal
and extra-articular domains. Cardiovascular disease (CVD) is one of the most common extra-
articular manifestations of RA, which can manifest early with abnormalities in left ventricular (LV)
geometry and LV hypertrophy (LVH) (1, 2). In particular, concentric LV remodeling is common
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among RA patients. This association remained significant
after adjustment for CVD risk factors and comorbidities (3),
suggesting that RA-intrinsic factors could be significantly related
to the susceptibility of LVH.

LVH is a risk factor for coronary heart disease (CHD) and
poor CVD outcomes in the general population (4), as well as in
several settings of patients at increased risk for CVD events (4–8),
including RA patients. Several mechanisms, including long-term
pressure, such as systemic hypertension or aortic stenosis, can
cause LVH. The findings that LVH may precede hypertension
and that patients with similar degrees of hypertension may have
marked differences in LV mass strongly suggest that genetic and
gender-related factors can promote and retard the development
of LVH (9). Gender also leads to a predisposition to RA. The
incidence of this condition is twice higher in females than males,
and disease severity or treatment response differs according to
gender (10). However, it is unknown whether susceptibility to
LVH in RA patients is gender driven.

In this study, we sought to test the hypothesis that gender is
the RA-associated factor most strictly associated with LVH.

MATERIALS AND METHODS

Study Population
The study population included non-institutionalized subjects
>18 years of age with RA diagnosed according to the 2010
ACR/EULAR classification criteria. The design of the study
was observational prospective. Participants were consecutively
recruited from March 2014 to March 2016 at the Division
of Rheumatology, Department of Medicine, University and
Azienda Ospedaliera Universitaria Integrata of Verona (Italy).
They underwent clinical, laboratory, and echocardiographic
evaluations at baseline and at follow-up [median (interquartile
range), 36 months (24–50)] as part of a CVD primary prevention
program. Patients with known CVD including valvulopathies
and primary cardiomyopathy have been excluded from this
study. To overstate the differences between RA patients with
the LVH phenotype and those without, considering the changes
in LV mass over time, we divided patients into two groups
according to the LVH status at follow-up compared with baseline.
Accordingly, we defined “LVH” all participants who had LVH at
follow-up, irrespective of LVH status at baseline. Thus, this group
comprised patients with persistent and de novo LVH. Conversely,
the “non-LVH” group included individuals who had no LVH at
follow-up, hence, including both patients who had no LVH at
baseline and follow-up and those in whom LV mass normalized
overtime. All patients gave written informed consent signing
a specific institutional consent form. The study was approved
by the institutional review board of the University of Verona
(1707CESC) and conformed to the ethical guidelines of the
Declaration of Helsinki as revised in 2000.

Cardiovascular Disease Risk Factors
The following CVD risk factors were collected, namely, age;
gender; systolic blood pressure, diastolic blood pressure, and
heart rate; body mass index (BMI); lipids including total
cholesterol, low- and high-density cholesterol, and triglycerides;

waist circumference; and renal function. Brachial blood pressure
was measured following the European Society of Hypertension
guidelines. We used validated oscillometric or auscultatory
semiautomatic sphygmomanometers with all patients kept at
5-min rest in a sitting position (11). The average of the last
two measurements was taken as the clinic blood pressure.
Hypertension was defined as a history of hypertension, use of
antihypertensive medication, or elevated blood pressure (systolic
blood pressure ≥140 mmHg or diastolic blood pressure ≥90
mmHg) at the clinic visit. We defined obesity when body mass
index (BMI) ≥30 kg/m2. Dyslipidemia was defined as levels of
total serum cholesterol >190 mg/dl and or triglycerides >150
mg/dl or pharmacologically treated high lipid serum levels. To
assess renal function, we considered the glomerular filtration rate
(GFR) estimated with the CKD-EPI equation.

Rheumatoid Arthritis-Associated Factors
Data on disease duration, anticitrullinated peptides antibodies
(ACPA), and rheumatoid factor (RF) were collected at baseline.
Serum biomarkers of RA-related inflammation (C-reactive
protein CRP and ESR) were measured. RA disease activity was
evaluated by the clinical disease activity index (CDAI) score (12).
Current immunomodulating therapies including conventional
synthetic disease-modifying antirheumatic drugs (csDMARDs)
and biologic DMARDs (bDMARDs), glucocorticoids use and
dose and non-steroidal anti-inflammatory drugs (NSAIDs)
were recorded.

Echocardiography
All Doppler-echocardiographic studies were performed using
Alpha Esaote Biomedica machine (Florence, Italy) following a
standardized protocol by experienced cardiologists. LV chamber
dimensions and wall thicknesses were measured by the American
Society of Echocardiography guidelines and LV mass was
calculated using a validated formula (13). LV mass was
normalized for height to the 2.7 power, and LV hypertrophy
was defined as LV mass >49.2 g/m2.7 for men and >46.7 g/m2.7

for women (14). Relative wall thickness was calculated as the
ratio 2∗end-diastolic posterior wall thickness/LV diameter and
indicated concentric LV geometry if >0.43 (the 97.5 percentile
in a normal population) (15). LV end-diastolic and end-systolic
volumes were measured by the biplane method of disks from
2D apical 4 and 2 chamber view and used to calculate LV
ejection fraction (LVEF). Assessment of LV diastolic function was
based on widely accepted diastolic function parameters, and LV
diastolic dysfunction was diagnosed using validated cutoffs of
prognostic relevance, as previously reported (16).

Statistical Analysis
Data are reported as mean values± standard deviation (medians
and interquartile ranges for non-normally distributed variables)
or percentages. The study population was stratified by LVH
at follow-up. Between-group comparisons of categorical and
continuous variables were performed by χ

2-test and independent
samples Student’s t-test, as appropriate. Longitudinal changes
of echocardiography measures were analyzed with the paired-
sample t-test. Cox regression was run to identify the factors
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independently related to LVH. Variables that were significantly
related to LVH at follow-up in univariable tests (p < 0.05) were
included in the multivariable logistic regression analysis. In order
to avoid overfitting, only the following variables were included
in the multivariable model: sex, age, BMI, and SBP. All analyses
were performed using the statistical package SPSS 20.0 (SPSS Inc.,
Chicago, Illinois), and statistical significance was determined by
two-tailed p < 0.05.

RESULTS

Patient Disposition
The study population consisted of 145 white RA patients
consecutively enrolled in the study with >1 follow up visit.
Treatment included methotrexate in 48%, bDMARDs in 59%,
and glucocorticoid therapy in 58% (90% of patients were
taking prednisone-equivalent ≤5mg daily); nearly one-third
were exposed to NSAIDs occasionally during the 3months before
baseline, but none were chronic NSAID users. Disease activity
was moderate or high in 38%. Patients had a median of 2 CVD
risk factors, and at least one was present in 92%. A history

of current or prior smoking was found in 44%; hypertension
was diagnosed in 40%, of whom 92% were on active treatment;
dyslipidemia was present in 66% of whom 41% was on treatment
with statins; obese patients were 12%; and metabolic syndrome
was diagnosed in 11%. No patient had diabetes mellitus.

Baseline Characteristics of Study Patients
According to Gender
LVH was detected in similar proportions (36.4 vs. 33.3%, p =

0.777) between women and men at baseline. Concentric LV
remodeling was found in a non-significantly higher proportion
of women compared with men (28.1 vs. 20.8%; p = 0.463).
Women had significantly lower LV-EDV and LV-ESV (both
p < 0.001) and non-significantly lower CI (p = 0.096) than
men, though all patients had normal LV function and LV
volumes. Diastolic dysfunction was found in 26.4% of women
and 33.3% of men, respectively (p = 0.490). Differences in CVD
risk factors and RA charactheristics between males and females
are described in Table 1. Women were also more frequently
dyslipidemic and on lipid-lowering treatment than men and had

TABLE 1 | Baseline characteristics of RA patients according to gender.

Variables Male RA patients

(n = 24)

Female RA patients

(n = 121)

P-value

CVD risk factors

Age (years) 58.0 (46.0) 59.3 (61.0) 0.628

Body mass index (kg/m2 ) 25.7 (12.3) 24.6 (28.1) 0.493

Waist circumference (cm) 98.0 (39.0) 90.0 (80.0) 0.002

Hypertension (%) 60.9 46.3 0.199

Systolic blood pressure (mmHg) 131.0 (70.0) 130.0 (100.0) 0.873

Diastolic blood pressure (mmHg) 80.0 (40.0) 80.0 (50.0) 0.531

Use of antihypertensives (%) 63.6 44.2 0.096

ACEi/ARBs 54.5 24.8 0.005

Beta-blockers 21.1 13.6 0.565

Calcium-channel blockers 9.1 7.1 0.999

Smoking status (ever, %) 82.6 36.7 <0.001

Dyslipidemia (%) 54.2 67.8 0.241

Use of statins (%) 18.2 28.4 0.319

Metabolic syndrome (%) 16.7 9.9 0.473

eGFR (ml/min/1.73/m2 ) 103.5 (12.3) 91.5 (98.0) 0.112

RA-specific characteristics

C-reactive protein (mg/L) 1.6 (20.9) 1.6 (67.7) 0.539

ESR (mm/h) 7.8 (72.0) 17.8 (75.0) 0.160

Rheumatoid factor (%) 52.4 52.7 0.977

ACPA (%) 61.9 54.6 0.539

Disease duration (years) 14.0 (33.0) 14.0 (49.0) 0.466

CDAI 5.0 (25.0) 9.0 (41.0) 0.078

Current biologic DMARD use (%) 65.2 79.6 0.135

Current MTX use (%) 73.9 42.2 0.006

Current glucocorticoid therapy (%) 63.6 55.6 0.485

Current NSAIDs use (%) 26.1 28.7 0.800

ACEi, ace inhibitors; ACPA, anticitrullinated peptide antibodies; ARBs, angiotensin II receptor blockers; CDAI, clinical disease activity index; CRP, c-reactive protein; DMARDs, disease-

modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; LV, left ventricular; LVH, left ventricular hypertrophy; NSAIDs, non-steroidal anti-inflammatory drugs; TNF, tumor

necrosis factor. Data are reported as median (IQR).
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significantly shorter waist circumference. Blood pressure levels
and medications did not differ between sexes. With regard to
RA-specific characteristics, disease activity (CDAI) was higher
in women who also used MTX less frequently than men.
Inflammatorymarkers (ESR andCRP) did not differ significantly.

Female Sex Is Associated With LVH in RA
At follow-up, there were 42/145 RA patients with LVH, of
whom 13/45 had new-onset LVH. We found a significantly
higher proportion of women who had LVH compared with men
(40/121 vs. 2/24, 33 vs. 8%, p = 0.015), and a nonsignificant
higher proportion of new-onset LVH in women than men
(12/121 vs. 1/24, 9.9 vs. 4.2%, p = 0.695). More women
progressed to or remained with LVH while LVH normalized in
a higher proportion of men (Figure 1). Women with RA had
significantly decreased LV volumes and slightly reduced LV EF
and significantly increased LVMI (Table 2). We then tested in
cox regression analysis whether female sex was independently
associated with LVH. In univariable analysis, the female sex
had the strongest association with LVH, followed by age, BMI,
waist circumference, blood pressure levels, and renal function.
In multivariable analysis, female sex was still independently
associated with LVH along with BMI and SBP (Table 3). A
second model was run, including only RA-specific factors. CRP
was associated with LVH at univariable analysis, but statistical
significance was lost after adjusting for gender (Table 4).

DISCUSSION

To our knowledge, the present study is the first one to show
that LVH associates with gender in RA patients. RA has a female
predominance, and several gender-specific factors have been
associated with the presence of RA and disease activity. Clinical
expression of RA varies by sex, with women less likely than
men to develop extra-articular features such as subcutaneous
nodules and interstitial lung disease (17, 18). However, it has
never been reported that LVH ismore represented in womenwith
RA than men.

While it was already established that RA could impair
myocardial structure (3), different patterns of heart remodeling
across sexes could explain why women with RA progress to LVH
more likely than men. We found that women had significantly
smaller LV volumes than men at baseline and over time and
that LVMI increased during follow-up. We previously showed
that patients typically show abnormal concentric LV remodeling
compared with matched controls (19). Herein, we observed
that this pattern is more characteristic of women. Our findings
have clinical relevance since women free of heart disease but
with higher LVMI and more LVH at echocardiography are at
higher risk of acute myocardial infarction, heart failure, and CV
death (20).

This association between LVH, changes in LV geometry,
and gender could be related primarily to non-traditional

FIGURE 1 | Proportions of RA patients showing LVH regression, LVH progression, and stable LVH at follow-up.
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TABLE 2 | Changes in echocardiography measures at follow-up.

Male RA patients (n = 24) Female RA patients (n = 121)

Baseline Follow-up MD 95% CI P-

value

Baseline Follow-up MD 95% CI P-

value

LV EF (%) 64.5

(4.7)

62.7

(5.5)

−1.9 −7.8,

4.1

0.476 67.7

(6.4)

62.3

(4.2)

−5.4 −4.5,

−0.2

0.030

LVM/BSA (g/m2) 108.9

(19.3)

100.0

(17.9)

−8.9 −0.5,

−17.4

0.039 93.4

(20.4)

95.2

(21.6)

1.8 −5.7,

1.9

0.335

LVMi (g/h2.7) 43.3

(10.5)

43.0

(11.5)

−0.3 −1.4,

2.0

0.737 43.0

(6.7)

46.9

(9.2)

3.9 0.5,

7.3

0.028

LV septum (cm) 1.14

(0.13)

1.05

(0.10)

−0.09 −0.03,

0.05

0.661 1.03

(0.15)

0.99

(0.16)

−0.04 −0.06,

0.03

0.571

LV EDD/BSA (cm) 2.5

(0.3)

2.5

(0.2)

0.02 −0.06,

0.11

0.604 2.7

(0.3)

2.7

(0.3)

−0.07 −0.1,

−0.02

0.009

LV ESD/BSA (cm) 1.6

(0.3)

1.5

(0.3)

−0.10 −0.03,

0.23

0.111 1.6

(0.2)

1.7

(0.3)

−0.04 −0.1,

0.02

0.152

LV EDV (ml) 103.9

(21.0)

104.2

(25.3)

0.3 −10.1,

9.5

0.951 81.9

(20.9)

76.3

(18.2)

−5.6 −9.4,

−1.8

0.004

LV ESV (ml) 36.3

(10.1)

39.5

(10.7)

3.3 −8.4,

1.8

0.192 28.8

(14.3)

24.8

(7.7)

−4.0 −6.4,

−1.5

0.002

E/A 0.95

(0.28)

0.91

(0.28)

−0.04 −0.05,

−0.01

0.331 0.94

(0.32)

0.89

(0.27)

−0.05 −0.0,

0.11

0.071

BSA, body surface area; E/A, ratio between early and late maximal velocity of left ventricular filling (transmitral flow pattern, pulse wave technique); EDD, end-diastolic diameter; EF,

ejection fraction; ESD, end-systolic diameter; LV, left ventricular; LVM, left ventricular mass; LVMi, left ventricular mass index.

TABLE 3 | CVD risk factors significantly associated with the presence of LVH at follow-up: univariable and multivariable Cox regression analyses.

Univariable Multivariable

OR 95% CI P OR 95% CI P

Female sex 4.162 1.005–17.231 0.049 6.557 1.389–30.963 0.018

Age (years) 1.062 1.027–10.097 <0.001 1.038 0.996–1.083 0.079

BMI (kg/m2 ) 1.086 1.033–1.141 0.001 1.172 1.063–1.292 0.001

Waist circumference (cm) 1.016 0.992–1.040 0.187

Systolic blood pressure (mmHg) 1.027 1.013–1.041 <0.001 1.029 1.005–1.054 0.016

Diastolic blood pressure (mmHg) 1.037 1.006–1.068 0.017

Use of antihypertensives 1.720 0.892–3.316 0.106

ACEi/ARBs 1.078 0.559–2.078 0.822

eGFR (ml/min/1.73 m2) 0.981 0.964–0.999 0.035

Dyslipidemia 1.024 0.537–1.954 0.942

Use of statins 0.991 0.481–2.042 0.981

Metabolic syndrome 1.541 0.680–3.495 0.300

Smoking history 0.988 0.530–1.840 0.969

ACEi, ACE inhibitors; BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate.

CVD risk factors that are RA disease related (21). Disease
duration is independently related to LV mass, suggesting a
pathophysiological link between chronic inflammation and LVH
(1). An overall greater systemic inflammation due to the
disease could justify the larger burden of LVH in women
with RA. We observed that women with RA used MTX less
frequently than men, and concordantly, higher CRP levels were
associated with LVH. Our results agree with other studies
reporting that markers of RA chronicity such as disease duration,

damage, and CRP are related to LV remodeling (3) and LV
mass (1).

Gender is a non-modifiable CVD risk factor. However, BMI
was also associated with LVH and independently from gender.
Our findings show that bodyweight control is an important
outcome in RA patients. In keeping with our observations,
excessive body weight was associated with poor disease control
and unfavorable CVD outcomes in RA patients (22). In patients
with well-controlled, established RA, obesity, and total fat mass
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TABLE 4 | RA-specific variables significantly associated with LVH: univariable and multivariable Cox regression analyses.

Univariable Multivariable

OR 95% CI P OR 95% CI P

Female sex 4.385 1.059–18.160 0.042 5.140 1.238–21.337 0.024

CRP (mg/L) 1.025 1.004–1.047 0.022 1.019 0.997–1.041 0.089

ESR (mm/h) 1.007 0.993–1.021 0.339

Rheumatoid factor 1.237 0.647–2.366 0.519

ACPA 1.383 0.700–2.731 0.351

Disease duration (years) 0.997 0.967–1.028 0.832

CDAI 1.017 0.981–1.053 0.365

Current MTX use 0.534 0.272–1.049 0.069

Current glucocorticoid therapy 1.429 0.712–2.866 0.315

Current biologic DMARD therapy 0.871 0.352–2.152 0.765

BMI, body mass index; CRP, C-reactive protein; DBP, diastolic blood pressure; ESR, erythrocyte sedimentation rate; eGFR, estimated glomerular filtration rate; SBP, systolic

blood pressure.

are also associated withmore inadequate control of inflammation
from diagnosis (23).

LVH is usually the response to a chronic pressure or volume
load. The two most common conditions associated with LV
pressure or volume overload states are systemic hypertension
and aortic or mitral valvulopathy. While valvulopathy was an
exclusion criterion for this study, half of the study population
was hypertensive. Consistent with this, blood pressure levels were
significantly associated with LVH, informing that hypertension
is a modifiable CVD risk factor for LVH in RA. However,
we show that the influence of gender on LVH in RA patients
was independent of hypertension for several reasons. First, the
proportion of hypertensive women with RA was lower than men
with RA as expected (24). Second, the use of antihypertensives
was not significantly associated with LVH, especially ACEi and
ARBs, which should be protective. Third, blood pressure levels
were not different between groups, suggesting that hemodynamic
state at baseline did not differ between women and men.
Finally, we observed that 14/54 (26%) women with RA had no
hypertension but still progressed to LVH. Hence, we argue that
the relationship between female sex and LVH does not depend
on a different hemodynamic response to pressure load in women
compared with men.

Therefore, we could not explain the high burden of LVH in RA
women with an excess of CVD risk factors. While in the general
population, LVH also often associated with MetS, dyslipidemia,
and smoking, we failed to show similar associations in our RA
patients. Nevertheless, there were significant differences between
women and men RA patients in terms of those features. Women
with RAmet the criteria forMetS less frequently and were also far
less frequent smokers than men. Females were more frequently
dyslipidemic than males, but we did not find a significant
association between LVH and lipids or statin use.

Our findings suggest that RA-intrinsic factors and bodyweight
in excess concur to developing LVH in women with RA. We
acknowledge as a limitation that the effect size of gender on LVH
should be assessed in an independent cohort since this study
was originally conceived as an exploratory study. However, we

tried to overcome the limitations of unmeasured confounders by
performing multivariable analyses to control for several factors.
The study population was referral based, and the extent to which
the data can be generalized to other populations remains to be
proven. We also acknowledge that having a single time point
to reassess all patients would be advisable. One strength of this
study is the inclusion of a sample of RA patients with established
disease, ensuring that our findings can apply to the vast majority
of chronic RA patients we routinely assess in clinics in real life.

In conclusion, RA patients have a 30% of excess in CVD
which is related to RA-specific factors that are still substantially
unknown (25). Since LVH is a risk factor for acute hemodynamic
decompensation, our data support the knowledge that RA
patients have a higher likelihood than the general population to
suffer from HF (26). It is likely that gender could have a vital role
to determine LVH, not due to conventional risk factors. More
attention should be paid to LVH in women with RA as abnormal
LV remodeling could be more likely to develop and progress than
inmen and offset the female sex protection in cardiovascular risk.
According to our data, RA has a different impact on LVH in men
and women.
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Background: Coronary artery calcification (CAC) may provide insight to the patients’

coronary artery disease (CAD) risks and influence early intervention. With increasing use

of non-gated CT scans in clinical practice, the visual coronary artery scoring system

(Weston Method) could quickly provide clinicians with important information of CAC for

patient triage and management.

Methods: We retrospectively studied the available CT imaging data and estimated

CAC burden using the Weston method in 493 emergency room or other hospitalized

patients. The Weston scores were calculated by the sum of the score for each vessel

including the left main, left anterior descending, left circumflex artery and right coronary

artery (range 0–12). The primary endpoint was a composite of the major adverse

cardiac events (MACEs), including cardiac death, myocardial infarction, stroke, and

coronary revascularization.

Results: During a median follow-up of 85 months, a total of 25 (5.1%) MACE were

recorded and 57 (11.2%) patients died from any causes. Detectable CAC was most

common (96%) in the left anterior descending coronary arteries. Multivariable analysis

showed that CAC total scores were independent predictors for MACE and all-cause

mortality. Receiver operating characteristic analysis showed that CAC total score ≥5

was the optimal cutoff value for predicting MACEs.

Conclusions: In the emergency room and hospitalized patients, the semi-quantitation of

CAC burden using the Weston score system was related to the long-term cardiovascular

outcomes including mortality. Clinicians and radiologists should maximize the value of

non-contrast chest CT images by reporting CAC details.

Keywords: coronary artery calcification, non-gated chest CT, Weston method for CAC, adverse cardiac events,

all-cause mortality
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INTRODUCTION

Coronary artery calcium (CAC) is a highly specific marker for
overall plaque burden of coronary atherosclerosis and correlates
well with an integration of all the risk factors over the lifetime
of an individual, which plays important roles for primary
prevention of cardiac events (1). CAC score on multi-detector
computed tomography (CT), an imaging technique used to
non-invasively quantify coronary calcium, has become a robust
method in predicting cardiovascular disease (CAD) risk and
serious cardiac events leading to mortality (2). It has been found
that CAC score performs better than other risk assessment tools
to identify those asymptomatic patients that would benefit from
medical therapies (2, 3).

As the traditional CAC scoring method, the Agatston method
has been widely used in clinical practice (4, 5). But due to very
limited insurance coverage for CAC scanning, some patients
at risk for CAD are not able to benefit from dedicated ECG-
gated CAC evaluation. Therefore, clinicians have been focusing
on finding an alternative CAC scoring method to bring some
cost efficiency to patients. With the widespread application
of standard non-contrast chest CT for emergency room and
admitted patients, a pioneering study from the Cleveland Clinic

FIGURE 1 | A non contrast, non-gated Chest CT image series for CAC (a) RCA calcification score = 3; (b) LM calcification score = 3; (c) mid-LAD score = 3; (d)

proximal LAD calcification score = 3. The total CAC score = 9.

reported that visual coronary artery scoring system (Weston
Method) on standard non-contrast chest CT correlated well with
the Agatston Method (6). Radiologists or cardiologists could
easily visualize coronary artery calcium on non-contrast chest CT
providing insight to the patients’ coronary status and influencing
the early decision-making process. However, the evidence on the
relationship between the Weston score and long-term prognosis
is scarce, and the reports of non-contrast chest CT lacks a
description of CAC with location, extent, or severity.

This study attempted to evaluate the value of the Weston
score in predicting adverse outcome in those presenting to
the emergency room or other hospitalized patients undergoing
standard non-contrast chest CT for any indication, thereby
encouraging radiologists to describe coronary calcification
in detail.

METHODS

Study Design and Patient Population
We performed a retrospective review of 493 patients
consecutively referred for standard non-contrast chest CT
examinations for any reason from January 2012 to November
2014. This investigation was approved by the institutional review
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board of Stamford Hospital (Quorum Review Institutional
Review Board QR# 32130).

We included patients older than 18 years and younger than 80
years of age. Exclusion criteria were (i) patients with a known
history of prior coronary revascularization, acute coronary
syndrome, heart failure and valve replacement, (ii) patients with
inadequate image quality due to significant respiratory motion
artifacts, (iii) patients with missing follow-up data. Information
on patient demographics and clinical conditions were collected
and analyzed.

CT Examinations and Reading of the
Images
All studies were conducted on a 64-slice MDCT system
(Canon Aquilion 64, Japan). The technical parameters of the
acquisition were as follows: 120 kVp; 40–80 mAs (depending
on weight); detector collimation, 1.25–2.5mm; slice thickness
3mm; reconstruction interval 3mm; algorithm: body FC17, lung
FC 56. The machine picked a variable mA along the patients’
z-axis based off the scout. The scans were initially reviewed by
experienced radiologists, with the final interpretation performed
by two cardiologists. The readers viewed the images on a
high-spatial resolution monitor at its typical window and level
settings. The standard CT images were analyzed visually using
mediastinum soft tissue window settings (window width 400,
window length 40).

The Weston score assigns values based on visual estimates for
the presence and degree of calcification in each major coronary
vessel (the left main trunk, left anterior descending artery, left
circumflex artery, and right coronary artery), as follows: (0): no
visually detected calcium; (1): a single high-density pixel; (3): the
calcium was dense enough to create blooming artifact; and (2):
for calcium between 1 and 3 (6). The CAC score was calculated
by the sum of the score for each vessel (range 0–12). All readers
were blinded to the results of the participants’ demographic and
clinical data. Figure 1 showed illustrative CAC images in one
patient who had subsequent cardiac death.

Evaluation of Adverse Outcomes
The primary endpoint was major adverse cardiac events
(MACEs) including cardiac death, non-fatal myocardial
infarction (MI), non-fatal stroke, and coronary revascularization.
Non-fatal MI was defined as an elevated high sensitivity troponin
I with ischemic symptoms or electrocardiographic findings
suggestive of ischemia. Stroke was defined as any focal or
neurological deficit of abrupt onset lasting more than 24 h.
Coronary revascularization was defined by percutaneous
coronary intervention or coronary artery bypass surgery as
documented in the electronic medical record.

The secondary endpoint was all-cause mortality. All in-house
or subsequent deaths were directly confirmed in our patient data
base. The cause of death was coded according to the International
Classification of Diseases, 10th revision. Follow-up time was
calculated from the time of chest CT to the time of death.

TABLE 1 | Baseline characteristics for all patients with Events and no events.

Overall Events No events P-value

n = 493 n = 67 n = 426

Age 60.21 ± 12.41 66.65 ± 6.19 58.57 ± 12.65 0.003

Female, % 245 (49.7%) 25 (37.3%) 220 (51.6%) 0.029

White, % 324 (65.7%) 40 (59.7%) 284 (66.6%) 0.574

SBP, mmHg 131.93 ± 18.39 132.27 ± 19.19 131.88 ± 18.29 0.875

DBP, mmHg 72.72 ± 11.56 71.68 ± 13.84 73.18 ± 11.12 0.053

Troponin I >0.3

ug/L

37 (7.5%) 17 (25.4%) 20 (4.7%) 0.000

Diabetes, % 126 (25.6%) 27 (40.3%) 99 (23.2%) 0.002

Hyperlipidemia, % 84 (17.0%) 22 (32.8%) 172 (40.4%) 0.330

Smoking status, %

Former 89 (18.0%) 19 (28.4%) 70 (16.4%) 0.061

Current 99 (20.1%) 37 (55.2%) 62 (14.6%) 0.001

Alcohol history, % 65 (13.2%) 13 (19.4%) 52 (12.2%) 0.083

Aspirin use, % 116 (23.5%) 22 (32.8%) 94 (22.1%) 0.053

Statin use, % 160 (32.5%) 22 (32.8%) 139 (32.6%) 0.943

CAC score 2.53 ± 3.48 5.58 ± 4.47 2.04 ± 3.03 0.000

Data are presented as mean ± SD or No. (%). SBP, Systolic blood pressure; DBP,

Diastole blood pressure; CAC, Coronary artery calcification. “Event” group included all

death and major adverse cardiovascular events. The “Events” group had total of 67

patients: all-cause death (including 15 cardiac deaths) in 57 patients and 25major adverse

cardiovascular events [57 + (25–15)] = 67 total.

Statistical Analysis
Continuous data were presented as the mean ± standard
deviations, whereas categorical data are presented as percentages.
Means were compared using the repeated measurement analysis
of variance. Intra-observer and inter-observer agreements were
calculated using the coefficient of variation (i.e., the percentage
absolute difference between the measurements divided by their
mean value) and the intra-class correlation coefficient. A Cox
proportional hazards model was used in the univariable and
multivariable analyses to investigate the association between
adverse outcomes and clinical factors. A stepwise variable
selection was performed in the multivariable analysis retaining
all predicators with P < 0.05 in the final model. The hazard
ratio (HR) and its associated 95% confidence interval (CI)
were reported. Receiver operating characteristic (ROC) curve
analysis was used to test the value of significant predictors
of adverse outcomes. The cut-off value was selected as the
value corresponding to the highest average of sensitivity and
specificity, and then were analyzed using the Kaplan-Meier
method. To estimate the significance of the Kaplan-Meier
curves, the log-rank test was used. P < 0.05 were considered
statistically significant. All the statistical analyses were performed
using MedCalc for Windows, version 19.3 (MedCalc Software,
Ostend, Belgium).

RESULTS

Clinical Characteristics of Study Patients
The baseline characteristics of 493 subjects are shown in Table 1.
The median age was 60 years (range, 35–79 years), 245 (49.7%)
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were female, 328 (66.5%) were white, 97 (19.7%) were black, 51
(10.3%) were Hispanic, and 17 (3.4%) were Chinese.

CT coronary calcium analysis was analyzed in all 493 patients.
However, among the original 550 participants screened, we
had to exclude 57 subjects who had poor image quality such
as motion artifact. Thus, the true success rate of Weston
method of CAC scoring was actually 89.6%. Main indications
for chest CT included: shortness of breath (252, 51.1%);
lung mass evaluation (115, 23.3%); chest pain (60, 12.2%);
pulmonary infiltrates (18, 3.7%); cough (29, 5.9%), pneumonia
(1); hemoptysis (2); status post cardiac arrest (3); fall/trauma (4);
unclear indications (7).

A total of 262 patients (53.1%) had visible CAC. Among
them, 96 (19.5%) had one-vessel CAC; 114 (23.1%) had 3-vessel
CAC, 89 (18.1%) and 173 (35.1%) affected the left main
(LM) and left anterior descending (LAD) coronary arteries,
respectively. Traditional risk factors were equally distributed
in the two categories of having adverse outcomes (events)
and no events. Significant differences were found between the
two groups, with older age, male, diabetes, current smoking
status and higher mean CAC scores in the events group
(Table 1). The chest CTs were obtained in the emergency
room (250, 50.7%), in the hospital (73, 14.8%), and at
the outpatient location with subsequent hospitalizations (161,
32.7%). The CAC positive rate for the emergency room patients
was 63.6%; inpatients 49.3%; and outpatients with subsequent
hospitalization 54.0%.

Follow Up
Themedian follow-up period was 85months (interquartile range,
13 months). During the follow-up, 25 (5.1%) MACEs were
recorded including 6 non-fatal MI, 15 cardiac death, 2 non-fatal
stroke, and 2 myocardial revascularization procedures.

A total of 57 (11.6%) deaths for any reason occurred. The
average age of death was 63 years, 61.5% were male; 36 subjects
(55.4%) were not on statin drugs or aspirin. Among 231 patients
with a CAC score of zero, 11 patients died of non-cardiac reason
and one died of cardiac event due to non-ischemic heart failure.

The CAC findings in 25 patients with MACE showed total
CAC score 8.72 ± 3.66, LAD score 2.8 ± 0.71, LM score 1.72
± 1.34, LCX score 1.96 ± 1.34, and RCA score 2.24 ± 1.13.
The detailed CAC findings in patients with MACE was listed in
Table A1.

Association Between CAC Score and
Adverse Outcomes
Among the patients with MACEs, 23/25 (92%) had visible
CAC and 16/25 (64%) had ≥3-vessel CAC, and detectable
CAC was most common (96%) in the left anterior descending
coronary arteries. By comparison, 60, 80, and 84% of patients
had detectable CAC in the left main, left circumflex and right
coronary arteries in the MACEs group, respectively. For the
patients with all-cause death, 46/57 (81.5%) had visible CAC and
28/57(49.1%) had ≥3-vessel CAC.

Multivariate models demonstrated that CAC total score was
a significant predictor for MACEs (HR 1.30, 95% CI 1.16–1.45,

TABLE 2 | Multivariable Cox regression analysis for adverse outcomes according

to CAC total score.

Mode HR (95% CI) P-value

MACE

Model 1 (unadjusted) 1.44 (1.30, 1.59) <0.0001

Model 2 (age, sex, race) 1.41 (1.27, 1.57) <0.0001

Model 3 (age, sex, race, HTN, HPL, DM) 1.39 (1.25, 1.56) <0.0001

Model 4 (age, sex, race, HTN, HPL, DM, TnI) 1.32 (1.18, 1.49) <0.0001

Model 5 (age, sex, race, HTN, HPL, DM, TnI,

smoking)

1.32 (1.17, 1.48) <0.0001

Model 6 (age, sex, race, HTN, HPL, DM, TnI,

smoking, statin use)

1.31 (1.17, 1.48) <0.0001

All-cause mortality

Model 1 (unadjusted) 1.21 (1.15, 1.28) <0.0001

Model 2 (age, sex, race) 1.19 (1.12, 1.27) <0.0001

Model 3 (age, sex, race, HTN, HPL, DM) 1.19 (1.12, 1.27) <0.0001

Model 4 (age, sex, race, HTN, HPL, DM, TnI) 1.16 (1.08, 1.24) <0.0001

Model 5 (age, sex, race, HTN, HPL, DM, TnI,

smoking)

1.12 (1.05, 1.20) 0.001

Model 6 (age, sex, race, HTN, HPL, DM, TnI,

smoking, statin use)

1.12 (1.05, 1.20) 0.001

HR, Hazard ratio; CI, Confidence interval; MACE, Major adverse cardiovascular events;

HTN, Hypertension; HPL, Hyperlipidemia; DM, Diabetes Mellitus; TnI, Troponin I.

P < 0.0001) and all-cause mortality (HR 1.11, 95% CI 1.14–
1.69, P < 0.0001) after adjusting for age, gender, ethnicity,
hypertension, hyperlipidemia, diabetes, smoking, and statin use
(Table 2).

Our data showed positive CAC in about 50% of patients who
had chest CTs for any reason, but much higher percentage in
patients with chest pain (61.7%) and in the emergency room
63.6%. These patients may gain more benefit from the detailed
analysis for coronary artery calcification form the chest CT data.

Based on ROC analysis, CAC total score ≥5 was the optimal
cutoff value for predictingMACEs (AUC 0.896, sensitivity 84.0%,
specificity 83.6%, 95% CI 0.830–0.963, P < 0.0001) and all-cause
mortality (AUC 0.743, sensitivity 53.7%, specificity 83.6%, 95%
CI 0.676–0.810, P < 0.0001) (Figure 2). The CAC total score
data ranked according to the ROC analysis was used for overall
survival (OS) estimation via the Kaplan-Meier method. Figure 3
show the OS estimates for patients stratified by CAC total score
cut-off values. The differences in OS were statistically significant
(log-rank test, P < 0.0001).

Intra-observer and Inter-observer
Variability
The intra-observer and inter-observer variabilities for CAC
scores were 4.2 ± 1.7% and 5.5 ± 1.6%, respectively. The
interclass correlation coefficients were 0.94 and 0.92 for intra-
observer and inter-observer CAC score assessment, respectively.

DISCUSSION

In this retrospective single center study, we found that Weston
score assessment of the CAC on non-gated chest CT provided
independent prognostic value beyond traditional cardiovascular
risk factors for the patients presenting to the emergency
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FIGURE 2 | Receiver operating characteristic curves for predicting (A) major adverse cardiovascular events; (B) all-cause mortality.

FIGURE 3 | Kaplan-Meier overall survival curves for patients dichotomized by CAC total score ≥ or <5.
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room as well as hospitalized patients. The Weston score
could be potentially performed during all routine chest CT
reporting, given that it may improve risk stratification and
early intervention. Our results provided evidence to support the
expanded reports of routine chest CT scan in emergency room
and inpatients to routinely include CAC assessment. Due to the
simplicity of this method, it can be easily adopted by radiologists
and non-imaging clinical team members.

Many studies have confirmed that the Agatston scoring
system, as the most commonly used method for detecting
coronary calcification, can predict long-term adverse outcomes
(8, 9). However, due to economic reasons, not all patients are
eligible for this test. Clinicians have been looking for an affordable
and convenient alternative scoring method on low dose CT
scans (7). This has resulted in some visual semi-quantitative
score methods used in clinical practice, but there is no uniform
method. Shemesh et al. (10) used Ordinal Scoring to predict
the cardiovascular death in smokers and found a CAC score ≥4
was a significant predictor of cardiovascular death (HR 4.7, 95%
CI: 3.3–6.8; P < 0001). Shao et al. (11) compared the Agatson
scores to the non-gated chest CT for visible or no visible CAC
and found similar predictive power for non-fatal MI and all-
cause mortality. The non-gated chest CT can provide additional
diagnostic information in addition to the lung parenchyma (12).

Kirsch et al. (6) showed that aWeston score> 7 is comparable
to an Agatston score > 400 with sensitivity of 100%, and
specificity of 98%. Bhatt et al. (13) indicated that the Weston
score may have performed better than the Agatston score in
predicting incident cardiovascular disease over 5 years of COPD
patients, because the density of calcification is more weighted in
the Agatston score than volume. However, coronary calcification
volume is potentially a stronger predictor of cardiac disease (14).
Hence the Weston score method may have some advantages
from a technical standpoint. In our study, we found that the
Weston CAC score was an independent predictor of major
cardiovascular events and all-cause mortality. A CAC total score
≥5 was the optimal cutoff value for predicting MACEs. The
results proved the predictive value of Weston CAC score for
long-term prognosis. It may provide important coronary artery
information for clinicians to intervene early and reduce long-
term adverse cardiac events.

We found that the LAD artery was the most frequently
diseased vessel in patients with asymptomatic CAD and
subsequent MACEs, which correlated with the results of
Matthew et al. (15). These findings suggest that clinicians
should pay attention to the severity and specific locations of
coronary calcification in addition to the traditional risk factors
when managing patients beyond hospitalization (16, 17). We
particularly want to point out that our data indicated significantly
increased MACEs in patients with coronary artery calcium and
diabetes, emphasizing the importance of primary prevention
using statin drugs as strongly recommended by the current
guidelines to start moderate-intensity statin therapy “in patients
40–75 years of age with diabetes mellitus and LDL-C ≥70
mg/dL (≥1.8 mmol/L)” (18). A positive coronary calcium scan
results should provide clinicians an ideal window to implement

guideline driven medical therapy and avoid missed opportunities
treating this high-risk population.

It is worth to mention that in our study population,
patients with zero calcium score had very low cardiac death
rate during follow-up and only one died because of cardiac
etiology. This corresponds to the MESA data showing that a
coronary artery calcium score of zero resulted in the greatest
downward shift in estimated CAD risk (19, 20). Clinicians
can quickly discharge patients with zero calcium score and
negative troponin results in their decision-making process for
patients’ safety while minimizing the unnecessary and costly test
or procedures.

There have been numerous research articles published in
the last decade about using CT CAC imaging for CAD risk
stratification in diverse patient populations such as primary
prevention, lung cancer screening, diabetic patients, patients
with lung disease, and breast cancer. Our study took a
different approach of comprehensive clinical data acquisition
and long-term longitudinal follow up when analyzing the non-
contrast chest CT results of emergency room or hospitalized
patients for any reason scan. By using the semi-quantitative
Weston method for coronary calcification, clinicians in the
ED, hospital and outpatient clinics can quickly obtain highly
relevant information to guide patient triage and management.
With the wide utilization of non-contrast chest CT imaging,
and very limited insurance coverage of dedicated CT CAC
scoring, it is of important clinical benefits for radiologists
to routinely report the CAC on the chest CT examination
without additional testing and provide classification of the
calcium burden as mild, moderate and severe degree as
supported by the expert consensus statement from the Society
of Cardiovascular Computed Tomography in 2017 and 2018
(21, 22). CAC scores without CT coronary angiography maybe
very useful as a risk mark in patients with chest pain or
other cardiac symptoms in the emergency room. But its role
in evaluating patients with non-ST elevation acute coronary
syndrome is limited since these patients usually require coronary
intervention, and may have soft plaques without much or any
coronary artery calcification. Puchner and colleagues reported
that total CAC burden was associated with ACS but segmental
CAC was not associated with culprit lesions (23). The main
limitations of our study are: while our case mix represented
most patients, who presented for unenhanced non-gated chest
CT in the emergency room, hospital, or outpatient with
subsequent hospitalization due to any possible cardiopulmonary
etiologies; it was a single center retrospective cohort; and all
our patients were referred by treating physicians for suspected
cardiopulmonary diseases. Weston method of CAC scoring
was successful in 89.6% patients screened due to technical
difficulties such as motion artifact. Our sample size is also
relatively small compared to many multicenter studies or
national and international registries. We want to remind the
readers to avoid the generalizability of interpreting our results.
Future research should focus on predictive value for a larger
patient population to maximize the clinical utility of chest
CT evaluation.
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CONCLUSIONS

The Weston method for assessing coronary artery calcification
can be easily performed after non-gated chest CT studies. Our
long-term follow up showed relevant clinical data integration for
the identification of silent CAD, which may help in possibly early
initiation of therapies for primary prevention of cardiac events,
especially in patients with LAD coronary artery calcification
and total coronary artery calcification score ≥5. Our data may
also have clinical implications for appropriate patient follow up
utilizing available CAC data after hospital discharge.
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APPENDIX

TABLE A1 | CAC scores in patients with major adverse cardiovascular events.

Cause Total CAC score LAD score LM score LCX score RCA score

1 Non-fatal MI 12 3 3 3 3

2 Non-fatal MI 12 3 3 3 3

3 Non-fatal MI 4 3 0 1 0

4 Non-fatal MI 12 3 3 3 3

5 Non-fatal MI 9 3 3 0 3

6 Non-fatal MI 11 3 2 3 3

7 Non-fatal stroke 1 1 0 0 0

8 Non-fatal stroke 0 0 0 0 0

9 Myocardial revascularization 5 3 0 0 2

10 Myocardial revascularization 9 3 1 2 3

11 Cardiac death 8 3 1 2 2

12 Cardiac death 6 3 0 0 3

13 Cardiac death 11 3 2 3 3

14 Cardiac death 10 3 2 3 2

15 Cardiac death 11 3 3 3 2

16 Cardiac death 12 3 3 3 3

17 Cardiac death 6 3 0 0 3

18 Cardiac death 9 3 0 3 3

19 Cardiac death 10 3 3 3 1

20 Cardiac death 10 3 2 2 3

21 Cardiac death 12 3 3 3 3

22 Cardiac death 12 3 3 3 3

23 Cardiac death 12 3 3 3 3

24 Cardiac death 3 3 0 0 0

25 Cardiac death 11 3 3 3 2

LM, Left main trunk; LAD, Left anterior descending artery; LCX, Left circumflex artery; RCA, Right coronary artery.
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Objectives: The aim of this study was to investigate whether echocardiographic

assessment of myocardial work is a predictor of outcome in advanced heart failure.

Background: Global work index (GWI) and global constructive work (GCW) are

calculated bymeans of speckle tracking, blood pressure measurement, and a normalized

reference curve. Their prognostic value in advanced heart failure is unknown.

Methods: Cardiopulmonary exercise testing and echocardiography with assessment

of GWI and GCW was performed in patients with advanced heart failure caused by

ischemic heart disease or dilated cardiomyopathy (n = 105). They were then followed up

repeatedly. The combined endpoint was all-cause death, implantation of a left ventricular

assist device, or heart transplantation.

Results: The median patient age was 54 years (interquartile range [IQR]: 48–59.9). The

mean left ventricular ejection fraction was 27.8 ± 8.2%, the median NT-proBNP was

1,210 pg/ml (IQR: 435–3,696). The mean GWI was 603 ± 329 mmHg% and the mean

GCW was 742 ± 363 mmHg%. The correlation between peak oxygen uptake and GWI

as well as GCW was strongest in patients with ischemic cardiomyopathy (r = 0.56, p

= 0.001 and r = 0.53, p = 0.001, respectively). The median follow-up was 16 months

(IQR: 12–18.5). Thirty one patients met the combined endpoint: Four patients died, eight

underwent transplantation, and 19 underwent implantation of a left ventricular assist

device. In themultivariate Cox regression analysis, only NYHA class, NT-proBNP andGWI

(hazard ratio [HR] for every 50 mmHg%: 0.85; 95% CI: 0.77–0.94; p = 0.002) as well as

GCW (HR for every 50 mmHg%: 0.86; 95% CI: 0.79–0.94; p = 0.001) were identified as

independent predictors of the endpoint. The cut-off value for predicting the outcome was
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455 mmHg% for GWI (AUC: 0.80; p < 0.0001; sensitivity 77.4%; specificity 71.6%) and

530 mmHg% for GCW (AUC: 0.80; p < 0.0001; sensitivity 74.2%; specificity 78.4%).

Conclusions: GWI and GCW are powerful predictors of outcome in patients with

advanced heart failure.

Keywords: myocardial work, prognosis, strain, heart failure, outcome, constructive work

INTRODUCTION

Identifying patients with advanced heart failure and a high-
risk prognosis at an early stage is paramount for the
appropriate timing and type of treatment (1, 2). Risk models,
cardiopulmonary exercise tests (CPX), and some biomarkers
have been shown to be helpful in predicting the outcome (3–5).
However, applied to the population of patients with heart failure
with reduced ejection fraction (HFrEF) as a whole, these tools can
be time-consuming and cost-intensive.

Conventional echocardiographic parameters like left
ventricular end-diastolic diameter (LVEDD), left ventricular
volumes, and left ventricular ejection fraction (LVEF) are known
predictors of outcome and cardiac events (6–8).

Heart failure guidelines recommend that all patients with
heart failure should be routinely evaluated with transthoracic
echocardiography (2) to assess systolic and diastolic ventricular
function and to identify additional cardiac pathologies, such
as pericardial effusion or valvular dysfunction. Furthermore,
transthoracic echocardiography allows for a non-invasive
assessment of left ventricular myocardial pressure strain loops.
To this end myocardial deformation imaging is performed using
two-dimensional speckle tracking and the afterload of the left
ventricle is calculated from non-invasive brachial cuff blood
pressure measurements against an empiric, normalized reference
curve. These measurements have been validated against invasive
measurements and were shown to accurately quantify myocardial
work (9, 10).

Normal values of myocardial work parameters measured
by echocardiography have been identified (11, 12). Myocardial
work is reduced in patients with hypertrophic cardiomyopathy,
amyloidosis, and in patients with acute coronary syndromes (13–
17). It is likewise impaired in patients with HFrEF (18–20).
Myocardial work indices increase under heart failure medication
and can be used to improve the prediction of the response to
cardiac resynchronization therapy (CRT) and the outcome in
patients with HFrEF (18, 20–23).

The aim of our study was to evaluate the value of
myocardial work indices in predicting the prognosis in end-
stage heart failure patients with HFrEF undergoing evaluation
for heart transplantation or left ventricular assist device
(LVAD) implantation.

METHODS

Patient Population and Follow-Up
Data and echocardiography images of patients who presented in
the outpatient department between July 2018 and October 2019

for an evaluation of their indication for heart transplantation
or LVAD implantation were reviewed retrospectively. Inclusion
criteria for the study were:

• Heart failure with reduced ejection fraction (HFrEF)
• Heart failure caused by ischemic heart disease (ICM) or

idiopathic dilated cardiomyopathy
• Sinus rhythm and absence of significant extrasystoles (e.g.,

bigeminal rhythm)
• Availability of optimal image quality for a work analysis
• Availability of blood pressure measurement immediately after

echocardiography (see below)

Echocardiographic results, post-processing analysis, laboratory
tests, ECG data and results of cardiopulmonary exercise testing
were collected at the time of inclusion. After the baseline
assessment, patients were regularly followed up in the outpatient
department for monitoring of heart failure progression and
treatment. Patients were listed for transplantation or underwent
LVAD implantation in accordance with the current guidelines
and recommendations (2, 4, 24). Myocardial work analysis
was performed retrospectively (see below) it was not part of
the decision making process for transplant listings or LVAD
implantation. A few patients were followed up by other centers.
Data of these patients were transferred with their permission.
All-cause death, implantation of a left ventricular assist device,
or heart transplantation were defined as the combined clinical
endpoint. The study was reviewed and approved by the local
ethics committee (EA2/051/19), which waived the need for
written informed consent for publication of the study data.

Echocardiography
Echocardiography was performed by experienced operators
using the Vivid E9 and Vivid S70 ultrasound systems (GE
Healthcare). Routine echocardiography included 2D, M-mode,
and Doppler measurements as stipulated in the current
guidelines (25). Particular care was taken to achieve optimal
image quality. Endocardial borders and myocardium of all
segments had to be clearly visualized throughout the whole
cardiac circle. The images were acquired at the highest possible
frame rate.

For the myocardial work analysis, patients’ blood pressure
was measured in a supine position immediately after the
echocardiogram. As a rule, three measurements were performed
and the mean systolic and diastolic pressures were used.

Post-processing Analysis
Two-dimensional speckle-tracking analysis was performed
retrospectively, offline using the EchoPac Software, Version 202.
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Markers for aortic valve opening and aortic valve closure were set
using the PW Doppler signal of the left ventricular outflow tract.
Mitral valve opening and closing time were preferably used from
the PW Doppler mitral valve inflow signal. If the signal was not
sufficient, the timing was set manually using the 2D image of the
apical long-axis view. To measure the global longitudinal strain,
the region of interest (ROI) was marked from the endocardium
to the epicardium in LV-focused apical long-axis, 4-chamber,
2-chamber and 3-chamber views. Mitral annulus, left ventricular
outflow tract and papillary muscles were excluded from ROI.
Pressure strain loops, myocardial work, and work indices were
calculated using custom software (GE Healthcare). The method
has been described in detail elsewhere (9, 26). It involves a
combination of left ventricular strain data recorded throughout
the cardiac circle with estimated left ventricular pressure using
non-invasive arterial pressure measurement and an empirical,
normalized reference curve. As a result, the following indices
were calculated:

• Global Work Index (GWI): Average myocardial work using
strain-pressure loops from mitral valve closure to mitral
valve opening

• Global Wasted Work (GWW): Work during lengthening
in systole plus work during shortening in isovolumetric
ventricular contraction

• Global Constructive Work (GCW): Myocardial work during
shortening in systole plusmyocardial work during lengthening
in isovolumetric ventricular contraction.

• Global Positive Work (GPW): Myocardial work
during shortening in systole plus isovolumetric
ventricular contraction

• Global Systolic ConstructiveWork (GSCW): Myocardial work
during shortening in systole

The analysis was performed by three experienced operators. The
inter-observer variability of this method is known to be very good
(17, 27).

Cardiopulmonary Exercise Testing (CPX)
Where indicated, the patients performed a cardiopulmonary
exercise test on the same day as the echocardiogram. CPX was
performed on an upright electrical braked bicycle ergometer
(AMEDTEC ECGpro; Medizintechnik Aue GmbH, Aue,
Germany). A ramp protocol starting with 20 Watts and stepwise
increments of 16 Watts/min was used. The pedal rate was kept
steady at >45 rpm. All patients were instructed to perform at
maximum effort.

CPX included continuous electrocardiographic monitoring
and periodic blood pressure measurements. Gas exchange
was analyzed at rest, during exercise, and during recovery
with breath-by-breath measurements of oxygen uptake, carbon
dioxide output, and ventilation. The test was terminated if
patients exhibited signs of exhaustion, angina pectoris, significant
ST-segment depression or if the maximum physical capacity was
reached. The peak oxygen uptake (peak VO2) and ventilation-
carbon dioxide output relation (VE/VCO2) slope were measured
according to the current guidelines (28).

Statistical Analysis
Continuous data are presented as mean and standard deviation
or as median and interquartile range, as appropriate. Categorical
data are summarized as absolute and relative frequencies. Patient
groups were compared using the t-test or the Wilcoxon-Mann-
Whitney test for continuous variables and Fisher’s exact test or
the chi-square test for categorical variables. Correlations were
calculated using Pearson’s correlation coefficient. A receiver
operating characteristic (ROC) analysis was performed to
identify cut-offs for predicting the outcome. Univariate and
multivariate Cox proportional hazard regression analyses were
applied to assess predictors of adverse outcomes. For multivariate
analysis we focused on clinical and echocardiographic
parameters of known prognostic relevance in heart failure.
For the variable selection, the Least Absolute Shrinkage and
Selection Operation (LASSO) (29) was used to overcome the
small number of observations and events. This selection process
was performed twice, each time considering either GWI or
GCW. A Kaplan-Meier analysis was carried out to estimate the
differences in outcome between the groups.

Analyses were exploratory in nature. For statistical
calculations, we used R version 4.0.2 software (R Foundation for
Statistical Computing, Vienna, Austria) and SPSS, version 25
(SPSS, Chicago, IL, USA).

RESULTS

Patient Population
One hundred and sixty echocardiograms of patients who
presented between July 2018 and October 2019 for evaluation of
the indication for heart transplantation or LVAD implantation
were reviewed. Fifty patients had to be excluded because of
irregular heart rhythm (n = 11), poor image quality (n = 31),
or other cause of heart failure (n= 8). Furthermore, five patients
were excluded because of missing results of the blood pressure
measurement. Thus, 105 patients were included in the study.
Their median age was 54 years (IQR: 48–59.5 years); 80% (n =

84) were male. 40% (n = 42) had ischemic heart disease and
60% (n= 63) had idiopathic dilated cardiomyopathy. All patients
received optimal medical heart failure therapy as per the current
guidelines (2). For baseline characteristics see Table 1.

Echocardiography
At baseline, all patients had severe left ventricular dilatation
with a mean end-diastolic volume index of 109 ± 39 ml/m2.
The mean left ventricular ejection fraction was 27.8 ± 8.2%.
Diastolic function was impaired, with an average E/e’ of 17.5 ±

8.8. The systolic pulmonary artery pressure, calculated from the
peak tricuspid regurgitation velocity, was 30.4 ± 11.8 mmHg. In
13.3% (n= 14) of the patients, the severity of mitral regurgitation
was more than moderate. The complete results of the standard
transthoracic echocardiographic exams are shown in Table 2.

Post-processing Strain and Work Analysis
All patients showed reduced strain and work parameters. The
mean global longitudinal strain was −7.1 ± 3.2%. The mean
global work index (GWI) was 603 ± 329 mmHg%, and mean
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TABLE 1 | Clinical and demographic characteristics at baseline.

All patients

(n = 105)

Patients who met the

endpoint

(n = 31)

Patients who did not

meet the endpoint

(n = 74)

p-value

Age (years) (median [IQR]) 54 [48–59.5] 58 [48–63] 54 [48–58] 0.123

Gender 0.79

Female 21 (20) 7 (22.6) 14 (18.9) –

Male 84 (80) 24 (77.4) 60 (81.1) –

Body mass index (kg/m2 ) 28.4 ± 4.6 28.3 ± 4.1 28.4 ± 4.8 0.96

Blood pressure (mmHg)

Systolic 106.5 ± 18.1 97.7 ± 14.3 110.2 ± 18.3 0.001

Diastolic 66.1 ± 12.5 60.5 ± 13.2 68.5 ± 11.5 0.002

NYHA class <0.0001

NYHA II 45 (42.9) 3 (9.7) 42 (56.8) –

NYHA III 55 (52.4) 25 (80.6) 30 (40.5) –

NYHA IV 5 (4.8) 3 (9.7) 2 (2.7) –

Etiology of HF 0.83

DCM 63 (60) 18 (58.1) 45 (60.8) –

ICM 42 (40) 13 (41.9) 29 (39.2) –

Peripheral Edema 16 (15.2) 10 (32.3) 6 (8.1) 0.005

HF known (months) (median

[IQR])

48 [15–122.5] 96 [36–144] 31.5 [11.3–96] 0.1

NT-proBNP, pg/dl (median [IQR]) 1,210

[435–3,696]

5,900 [4,053–9,076] 1,297 [589–3,544] <0.0001

Devices

ICD 43 (41) 16 (51.6) 27 (36.5) 0.19

CRT ± D 40 (38.1) 13 (41.9) 27 (36.5) 0.66

Bundle branch block

LBBB 14 (13.3) 6 (19.4) 8 (10.8) 0.34

BBB caused by pacemaker 36 (34.3) 13 (41.9) 23 (31.1) 0.37

Medication

Beta-blocker 98 (93.3) 27 (87.1) 71 (95.9) 0.19

ACE-I 20 (19) 4 (12.9) 16 (21.6) 0.42

ARB 13 (12.4) 4 (12.9) 8 (12.2) 1.0

ARNI 71 (67.6) 21 (67.7) 50 (67.6) 1.0

Aldosterone antagonist 90 (85.7) 25 (80.6) 65 (87.8) 0.37

Loop diuretic 90 (85.7) 30 (96.8) 60 (81.1) 0.037

Cardiopulmonary test

VO2 peak, ml/min/kg 11.9 ± 5.0 9.1 ± 2.6 13.2 ± 5.3 <0.0001

VE/VCO2 slope, l/l (median

[IQR])

34 [29–41] 41 [36–46.5] 31 [28–37] <0.0001

Values are given as a number (percent) or mean ± standard deviation except where otherwise indicated.

IQR, interquartile range; NYHA, New York Heart Association; DCM, dilated cardiomyopathy; ICM, heart failure caused by ischemic heart disease; BNP, brain natriuretic peptide, ICD,

implantable cardioverter-defibrillator; CRT ± D, cardiac resynchronization therapy with or without defibrillator; LBBB, left bundle branch block; ACE-I, angiotensin-converting enzyme

inhibitor; ARB, angiotensin II receptor blocker; ARNI, angiotensin-receptor neprilysin inhibitor; peak VO2, peak oxygen uptake; VE/VCO2, ventilation-carbon dioxide output relation.

global constructive work (GCW) was 742 ± 363 mmHg%.
Work efficiency was impaired (76.2 ± 10.3%). See Table 2 for
details. There was no significant difference in myocardial work
parameters between patients with a CRT device and without a
CRT device. See Supplementary Table 2.

Cardiopulmonary Exercise Testing (CPX)
89.5% (n = 94) patients underwent cardiopulmonary exercise
testing. The mean VO2 peak was 11.9 ± 5.0 ml/min/kg. The

median VE/VCO2 slope was 34 l/l (IQR: 29–41 l/l). We found
a correlation between VO2 and the parameters of the global
work analysis. The correlation between VO2 and GWI (r =

0.38, p = 0.00016) and between VO2 and GCW (r = 0.36, p =

0.0003) was weak (Figure 1). When separated by the etiology
of HF, patients with ICM demonstrated a higher correlation
of VO2 with GWI and GCW (r = 0.56, p = 0.001 and r =

0.53, p= 0.001, respectively) (Supplementary Figure 1). Patients
with DCM were significantly younger and exhibited higher
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TABLE 2 | Echocardiographic characteristics of all patients.

All patients

(n = 105)

Patients who met

the endpoint

(n = 31)

Patients who did not

meet the endpoint

(n = 74)

p-value

LVEDD (mm) 63.8 ± 9.4 68.5 ± 7.8 61.9 ± 9.4 0.001

LVEDDI (mm/m2 ) 31.1 ± 5.1 33.2 ± 5 30.3 ± 5 0.006

FS (%) 12.8 ± 8 10.3 ± 9.1 13.3 ± 7.4 0.076

LVEDV—Simpson (ml) 227 ± 88 246 ± 64 218 ± 95 0.14

LVEDVI—Simpson (ml/m2 ) 109 ± 39 119 ± 32 105 ± 41 0.09

LVEF—Simpson (%) 27.8 ± 8.2 22.2 ± 5.8 30.1 ± 8 <0.0001

LVOT VTI (cm) 14.8 ± 4.1 11.8 ± 2.5 16 ± 3.9 <0.0001

SV—LVOT (ml) 53.1 ± 14.8 42.5 ± 11.6 57.5 ± 13.7 <0.0001

Mitral regurgitation 0.001

None 25 (23.8) 2 (6.5) 23 (31.1)

Mild 45 (42.9) 11 (35.5) 34 (45.9)

Moderate 21 (20) 9 (29) 12 (16.2)

Severe 14 (13.3) 9 (29) 5 (6.8)

Tricuspid regurgitation 0.14

None 49 (46.7) 11 (35.5) 38 (51.4)

Mild 39 (37.1) 12 (38.7) 27 (36.5)

Moderate 11 (10.5) 4 (12.9) 7 (9.5)

Severe 6 (6) 4 (12.9) 2 (2.7)

PA pressure (mmHg) 30.4 ± 11.8 34 ± 11.5 28.5 ± 11.6 0.1

TAPSE (mm) 19.9 ± 4.5 18 ± 3.5 20.7 ± 4.6 0.005

E-velocity (m/s) 0.83 ± 0.3 0.97 ± 0.3 0.77 ± 0.3 0.002

E/e’ average 17.5 ± 8.8 21.6 ± 9 15.7 ± 8.1 0.002

Deceleration time (ms) 159 ± 64 142 ± 66 167 ± 62 0.081

Global longitudinal strain (%) −7.1 ± 3.2 −4.9 ± 2.1 −7.97 ± 3.2 <0.0001

GWE (mmHg%) 76.2 ± 10.3 72.2 ± 8.3 77.9 ± 10.6 0.009

GWI (mmHg%) 603 ± 329 378 ± 173 697 ± 334 <0.0001

GCW (mmHg%) 742 ± 363 497 ± 210 845 ± 366 <0.0001

GWW (mmHg%) 164 ± 92 143 ± 69 173 ± 99 0.13

GPW (mmHg%) 755 ± 357 508 ± 210 858 ± 355 <0.0001

GSCW (mmHg%) 695 ± 339 467 ± 198 791 ± 341 <0.0001

Values are given as a number (percent) or mean ± standard deviation except where otherwise indicated.

LVEDD, left ventricular end-diastolic diameter; LVEDDI, left ventricular end-diastolic diameter index; LVEDV, left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic

volume index; LVEF, left ventricular ejection fraction; LVOT VTI, left ventricular outflow tract velocity time integral; SV—LVOT, stroke volume calculated by continuity equation; PA,

pulmonary artery calculated from peak tricuspid regurgitation velocity; TAPSE, tricuspid annular plane systolic excursion; GWE, global work efficiency; GWI, global work index; GCW,

global constructive work; GWW, global wasted work; GPW, global positive work; GSCW, global systolic constructive work.

myocardial work parameters compared to those with ICM.
Patients with DCM and ICM did not differ in gender, NYHA
class, most classic echocardiographic parameters, andmedication
(Supplementary Table 1).

Follow-Up and Outcome
The median follow-up of all patients was 16 months (IQR: 12–
18.5 months). Thirty one patients (29.5%) met the combined
endpoint during follow-up: 18 patients with DCM (28.6%) and
13 patients with ICM (31%). Of these, four patients died (3.8%,
only ICM patients), eight underwent transplantation (7.6%, only
DCM patients), and 19 received an LVAD (18.1%, 10 DCM and 9
ICM patients). See Supplementary Table 1.

The overall 1-year event-free survival (death, LVAD
implantation, heart transplantation) was 76.9% [95% confidence

interval (CI): 67.6 to 83.9%]; the event-free survival at 18 months
was 68.9% (95% CI: 58.6–77.1%).

For a comparison of baseline characteristics and
echocardiographic measures between patients who did or
did not meet the combined endpoint, see Tables 1, 2.

According to the univariate regression analysis,
NYHA class, plasma levels of NT-proBNP, LVEF, left
ventricular diastolic function (E/e’ average), TAPSE,
GLS, GWI, and GCW were predictors of the combined
outcome (Table 3).

According to the multivariate Cox regression analysis for
the prediction of the combined endpoint, including the
10 parameters listed in Table 3, only NYHA class, NT-
proBNP, and GWI or GCW had a significant influence on
the outcome.
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FIGURE 1 | Correlation between peak oxygen uptake and global work parameters. All patients who underwent cardiopulmonary exercise testing. (A) Correlation

between peak oxygen uptake (VO2 peak) and global work index (GWI). (B) Correlation between VO2 peak and global constructive work (GCW).

TABLE 3 | Univariate and multivariate Cox regression analysis for the prediction of combined outcome.

Variables in the equation Univariate Multivariate for GWI Multivariate for GCW

HR

(95% CI)

p-value HR

(95% CI)

p-value HR

(95% CI)

p-value

Age, years 1.01

(0.98–1.05)

0.549

NYHA class ≥3 9.3

(2.8–30.7)

0.0002 3.68

(1.03–13.07)

0.044 4.19

(1.22–14.37)

0.023

NT-proBNP, 500 pg/dl 1.03

(1.01–1.04)

<0.0001 1.02

(1.00–1.03)

0.012 1.02

(1.00–1.03)

0.019

LVEF, % 0.9

(0.86–0.94)

<0.0001

LVEDVI, mL/m2 1.01

(0.99–1.01)

0.084

E/E’, average 1.06

(1.02–1.09)

0.001

TAPSE, mm 0.89

(0.81–0.97)

0.006

GLS, % 1.44

(1.23–1.68)

<0.0001

GCW, 50 mmHg% 0.82

(0.76–0.89)

<0.0001 0.86

(0.79–0.90)

0.001

GWI, 50 mmHg% 0.81

(0.74–0.9)

<0.0001 0.85

(0.77–0.94)

0.002

NYHA, New York Heart Association; NT-proBNP, N-terminal pro b-type natriuretic peptide; LVEF, left ventricular ejection fraction; LVEDVI, left ventricular end-diastolic volume index;

TAPSE, tricuspid annular plane systolic excursion; GLS, global longitudinal strain; GCW, global constructive work; GWI, global work index.

In this model each increase in GWI by 50 mmHg%
resulted in an HR of 0.85 (95% CI: 0.77–0.94, p =

0.002), and each increase in GCW by 50 mmHg%
resulted in an HR of 0.86 (95% CI: 0.79–0.94, p = 0.001);
see Table 3.

The GWI cut-off of 455 mmHg% was shown to predict the
combined endpoint with a sensitivity of 77.4% and a specificity of

71.6% (AUC 0.8, p < 0.0001). The GCW cut-off of 530 mmHg%
was found to predict the combined endpoint with a sensitivity
of 74.2% and a specificity of 78.4% (AUC 0.80, p < 0.0001).
See Figure 2.

The Kaplan-Meier analysis showed that patients with a GWI
≥455 and patients with a GCW ≥530 had a significantly
better prognosis than the control patients (see Figure 3). In
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FIGURE 2 | Receiver operating characteristic curves of global work parameters for the combined endpoint. (A) Receiver operating characteristic curve for global work

index. (B) Receiver operating characteristic curve for global constructive work.

FIGURE 3 | Kaplan-Meier estimates of event-free survival dependent on global work parameters. (A) Kaplan-Meier estimates dependent on global work index (GWI).

(B) Kaplan-Meyer estimates dependent on global constructive work (GCW). Cut-offs derived from receiver operating curves (see Figure 2).

patients with a GWI <455, the 1-year event-free survival rate
was 53.3% (95% CI: 37.9–66.7%) and the 18-month event-
free survival rate was 44.8% (95% CI: 29.3–59.1%). In patients
with GWI ≥455, the 1-year event-free survival was 94.9%
(95% CI: 85.0–98.3%) and the 18-month survival rate was
87.6% (95% CI: 75.6–93.9%).

In patients with a GCW <530, the 1-year event-
free survival rate was 47.4% (95% CI: 31–62.1%) and
the 18-month event-free survival rate was 41% (95%

CI: 25.1–56.3%). In patients with a GCW ≥530, the
1-year event-free survival rate was 93.9% (95% CI:
84.5–97.7%) and the 18-month survival rate was 84.9%
(95% CI: 72.6–91.9%).

DISCUSSION

When it comes to heart failure, identifying parameters that are
associated with a rapid disease progression is paramount, as
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they can be used to guide therapy and follow-up management.
This includes the timing for transplant listing (elective vs. high
urgency) and/or implantation of a left ventricular assist device.

Transthoracic echocardiography is the method of choice for
evaluating heart failure patients (2). It can be performed at
the bedside without any delay or additional costs. While classic
echocardiographic parameters like LVEF and left ventricular
volumes are widely used for predicting the outcome, they
have significant shortcomings, including inconsistency, impaired
reproducibility, and a high inter-observer variability (30, 31).

Global longitudinal strain (GLS) as a quantitative method for
assessing myocardial function has been shown to be superior to
LVEF in predicting the outcome and has a better inter-observer
variability (32–34).

Echocardiographic assessment of myocardial work may
further improve the evaluation of myocardial function. This
non-invasive method combines a two-dimensional strain
analysis and a standardized LV pressure curve adjusted to
brachial cuff pressure (9, 10). The degree of myocardial
deformation is afterload-dependent, especially in patients with
a severely impaired left ventricular myocardial function.
Therefore, assessing global myocardial work is a very
promising tool for evaluating the failing heart and predicting
the prognosis.

Several global indices can be calculated with the pressure
strain analysis. GWI and GCWhave mostly been used to evaluate
myocardial function. GWI assesses the average myocardial work
from mitral valve closure to mitral valve opening, while GCW
measures the work performed during shortening in systole,
adding negative work during lengthening in isovolumetric
relaxation. A comparison in heart failure patients showing a
benefit of one parameter over the other is lacking. We evaluated
both GWI and GCW and did not find a relevant difference
in predictive power (see Figures 1–3). Larger studies may be
required to identify a benefit of one parameter over the other.
Until then, it appears advisable to assess both parameters to make
the results of different studies comparable.

In a previous study we found a correlation between left
ventricular work parameters and peak oxygen uptake (VO2

peak) in patients with advanced heart failure (27). This
correlation has also been described in patients with cardiac
amyloidosis (35). In the current study we were able to reproduce
this finding in a larger population (Figure 1), albeit with a
weak correlation. Interestingly, the correlation was stronger in
patients with heart failure caused by ischemic heart disease
(Supplementary Figure 1). In patients with idiopathic dilated
cardiomyopathy and ICM, most clinical and echocardiographic
parameters were comparable (Supplementary Table 1). Patients
with ICMwere older, which partly explains the poor survival rate,
but also had lower global strain and work parameters, which may
serve as new indicators for a poor prognosis.

There is growing evidence that myocardial work assessment
offers incremental prognostic information in patients with
HFrEF (18, 21, 23). It has also been shown that heart failure
medication and CRT device implantation have an impact not
only on prognosis but also on GCW (18, 20). The patients in our
study were transferred by external centers for an evaluation of

their indication for heart transplantation or LVAD implantation.
At the time of inclusion nearly 80% had a cardiac implantable
electronic device (CRT or ICD). At baseline there was no
significant difference in myocardial work parameters between
the patients with a CRT device and without a CRT device
(Supplementary Table 2). All patients were receiving state-of-
the-art heart failure medication, including beta-blockers (93%),
aldosterone antagonists (86%), ACE inhibitors/angiotensin II
receptor blockers (31%), or sacubitril/valsartan (68%) (Table 1).
The mean GCW in our study was 742± 363 mmHg%, compared
to 1,025 ± 442 mmHg% in the work by Galli et al. and 1,023
± 449 mmHg% in the work by Bouali et al. (18) and Galli et al.
(20). Our GWI was 603 ± 329 mmHg% compared to 731 ± 392
mmHg% in the study byWang et al. (23). Together with a known
duration of heart failure of 48 (IQR: 15-122.5) months, this is
indicative of a population with end-stage chronic heart failure. A
timely decision regarding the further surgical treatment is crucial,
especially in these patients.

In the multivariate Cox regression analysis we focused
on echocardiographic parameters including ejection fraction,
global longitudinal strain (E/é), and end-diastolic volume in
order to assess the additional value of echocardiographic work
indices to predict the outcome in this specific population. We
found that both GCW and GWI were independent predictors
of the combined endpoint (Table 3). GLS and LVEF were
significant predictors of outcome in the univariate but not in
the multivariate analysis. This shows that LV work parameters
may be more robust indicators of high risk in an end-stage heart
failure population than GLS and LVEF.

A cut-off of 455 mmHg% for GWI and of 530 mmHg% for
GCW was found to predict the combined endpoint with an
acceptable sensitivity and specificity (Figure 2). Patients with a
GWI ≤ 455 mmHg% or a GCW ≤530 mmHg% had a poor
prognosis (Figure 3). These results underline the usefulness of
echocardiographic work parameters. They may add additional
information to the established assessment of patients with
advanced heart failure. Further studies and the development
and automated assessment of GCW and GWI during routine
echocardiography may help to identify high-risk patients in
future. This may prompt a referral to a center specialized
in advanced heart failure therapy, with the option of heart
transplantation and mechanical circulatory support.

Limitations
Our study is a single-center, retrospective analysis with a limited
sample size. Only 20% of the patients included were female. This
is not unusual for patients with terminal heart failure undergoing
heart transplantation or LVAD implantation (36, 37). However, it
limits the reliability of the results in relation to female patients.

Many patients had to be excluded because of insufficient image
quality, arrhythmias and/or missing result of blood pressure
measurement during echocardiography. This is important since
it may indicate a limitation of the use of myocardial work
assessment in clinical routine. Furthermore, severe mitral
regurgitation was present in>13% of the patients and it may have
influenced the results of work assessment.
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The study was conducted in a relatively homogeneous
population of patients with advanced heart failure with a high
number of events. This allowed us to perform a clear and
significant outcome analysis. However, the multivariate analysis
was limited to nine selected parameters. A prospective study
including a greater number of patients with advanced heart
failure is therefore highly desirable.

CONCLUSION

Echocardiographic myocardial work analysis is a post-processing
tool to assess myocardial performance. Our study demonstrates
its usefulness as a powerful independent predictor of outcome in
patients with advanced heart failure.
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Far from being historically considered a primary healthcare problem, tricuspid

regurgitation (TR) has recently gained much attention from the scientific community.

In fact, in the last years, robust evidence has emerged regarding the epidemiological

impact of TR, whose prevalence seems to be similar to that of other valvulopathies,

such as aortic stenosis, with an estimated up to 4% of people >75 years affected by

at least moderate TR in the United States, and up to 23% among patients suffering

from heart failure with reduced ejection fraction. This recurrent coexistence of left

ventricular systolic dysfunction (LVSD) and TR is not surprising, considered the multiple

etiologies of tricuspid valve disease. TR can complicate heart failure mostly as a functional

disease, because of pulmonary hypertension (PH), subsequent to elevated left ventricular

end-diastolic pressure, leading to right ventricular dilatation, and valve tethering.

Moreover, the so-called “functional isolated” TR can occur, in the absence of PH, as

a result of right atrial dilatation associated with atrial fibrillation, a common finding in

patients with LVSD. Finally, TR can result as a iatrogenic consequence of transvalvular

lead insertion, another frequent scenario in this cohort of patients. Nonetheless, despite

the significant coincidence of these two conditions, their mutual relation, and the

independent prognostic role of TR is still a matter of debate. Whether significant TR is

just a marker for advanced left-heart disease, or a crucial potential therapeutical target,

remains unclear. Aim of the authors in this review is to present an update concerning

the epidemiological features and the clinical burden of TR in the context of LVSD, its

prognostic value, and the potential benefit for early tricuspid intervention in patients

affected by contemporary TR and LVSD.

Keywords: tricuspid regurgitation, left ventricular dysfunction, heart failure, echocardiography, right heart failure

INTRODUCTION

The long-time accepted idea that tricuspid regurgitation (TR) is a benign valvular condition
has been deeply rebutted by almost one decade of insights into its epidemiological
and clinical implication. While trivial TR is a common finding during routine
echocardiography examination of asymptomatic subjects and is considered almost a
physiological condition (1), most recent data suggest that at least moderate TR is a
frequent condition too, worsening mid and long-term survival, particularly in patients >75
years old, and in those suffering from left ventricular systolic dysfunction (LVSD) (2–5).
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TR coexisting with LVSD has been the most investigated across
all TR subtypes. Recent studies, through the significant help
of modern echocardiographic techniques, have allowed us to
obtain a more detailed evaluation of the many different possible
abnormalities of the TV apparatus in case of concomitant LVSD,
and of their consequences. However, in spite of the increasing
knowledge on the pathological implications of significant TR, its
independent prognostic role, the most appropriate type and time
of treatment are still heavily debated.

The current review analyzes the prevalence, themorphological
types of TR, and its prognostic value in the context of LVSD.

EPIDEMIOLOGY

At least trivial TR is a frequent finding during routine
echocardiographic evaluation (1, 6). This has led to the trusted
concept that TR is a relative benign condition: as a direct
consequence, there has historically been a lack of epidemiological
data regarding the prevalence of TR, both in the general
population and in those suffering from left-heart disease.
Nonetheless, in the recent years, following the dramatic growing
attention to tricuspid valve pathology, several studies, with
reliable systemic echocardiographic evaluation, have focused on
the frequency of hemodynamically relevant TR. In the Olmsted
County community (7), the prevalence of all-cause > moderate
TR, adjusted for the age, and sex distribution of the United States
white population, was of 0.55% [95%, confidence interval (C.I.)
0.50–0.60]. The prevalence was higher in women (p < 0.01) and
strongly linked to age (p < 0.0001), reaching up to 4% in people
older than 75; interestingly, LVSD accounted for 12.9% of all
TR causes. The prevalence of significant (graded >2/4 on Color
Doppler evaluation) TR was 10.2% among 2,054 consecutive
patients with different types of cardiac pathologies evaluated over
a 3-month period (8). In the context of LVSD, the presence of TR
was greatly associated with non-ischemic cardiomyopathy [odds
ratio (OR) 6.2 (1.8–21.3); p = 0.004], ischemic cardiomyopathy
[OR 5.6 (1.5–21.8); p = 0.012], and heart transplantation [OR
10.4 (3.4–31.8); p < 0.001). In a retrospective analysis performed
on 6,309 consecutive patients undergoing echocardiography in a
single tertiary center inMilan, Italy (9), 10.9% of patients suffered
from at least moderate TR: patients with severe TR presented
worse New York Heart Association functional class (III or IV, 19
vs. 40%; p= 0.005), more signs and symptoms of right ventricular
failure (15 vs. 40%; p = 0.0001), and had a lower left ventricular
ejection fraction (LVEF) (52.8 ± 14 vs. 50 ± 15; p = 0.022).
A national United Kingdom cohort (10) reported that TR, at
the time of echocardiographic evaluation for suspected heart
failure (HF), was the most common observed valvular disease
(5% prevalence of moderate or severe TR). In the largest study to
date evaluating the impact of functional TR in a cohort of 13,026
patients affected by HF with reduced LVEF (3), the prevalence
of moderate or severe TR was 23%; again, compared to patients
with milder grade of TR, those affected by moderate or severe
functional TR presented with more severe LVSD (p < 0.0001).

If we agree with Enriquez-Sarano et al. (2) that the definition
of public health crisis relies on a tryptic association based upon

the frequency of the condition, its impact on the outcome
and the limited treatment received by those affected by this
condition, these available epidemiological data strongly support
the opinion of TR being a “public health crisis,” particularly in the
setting of concomitant LVSD. Therefore, indeed TR is a frequent
pathological condition, with a vast majority of patients affected
bymoderate and severe TR who will only receive medical therapy
during their lifetime; the epidemiologic burden of TR with regard
to LVSD is a direct consequence of the different underlying
abnormalities that might involve the tricuspid valve (TV) in this
clinical scenario.

ETIOLOGIES AND MECHANISMS OF TR IN
LVSD

Organic TR, acquired or congenital, is caused by a pathological
process affecting any of the elements of the TV apparatus. Lead-
induced TR is by far the most common subtype of organic
TR among patients with LVSD (Figure 1). The prevalence of
this type of TR is still a matter of debate, but the reported
frequency of TR following lead implantation ranges from 7 up
to 45% (11–13). These conflicting reports are not surprising, as
many studies are based on 2D transthoracic echocardiography
evaluation of the TV, which presents severe limitations on the
assessment of the TV apparatus, on the identification of the
lead crossing the annulus and on the specific mechanism leading
to lead-induced TR (12, 14, 15). The diagnostic complexity of
appropriate lead-induced TR evaluation is of critical relevance:
in fact, TR after lead’s implantation is not always organic, as it
may even result from the progression of the underlying left-heart
disease or from a pacing-induced alteration of the right ventricle
(RV) geometry (16). 3D echocardiography, transthoracic as well
as transesophageal overcome the limitations of the 2D method,
allowing a precise visualization of the TV apparatus and of the
leads from both the atrial, and the ventricular perspective, a
significant help in the evaluation of the underlying mechanism of
TR (14, 17, 18). Lead-induced TR can be the final common result
of different processes: direct lead adherence to the leaflet or to
the subvalvular structures, impingement causing malcoaptation
of the leaflets, leaflet perforation, or direct damage of the TV
apparatus after lead’s extraction (14, 17, 19, 20). Mobile leads
across the center of the valve or placed within the commissures
appear as the most appropriate positions in order to avoid post-
implantation significant TR (14, 17). Whether the number of
leads crossing the TV annulus, the position of the leads within
the RV or the degree of right ventricular pacing are correlated to a
more severe presentation of TR, remains unclear (16, 21–24). The
presence of the leads is in itself associated with the risk of device
endocarditis, predisposing the TV apparatus to a direct damage
(25). Lead’s infection has a significantly high mortality rate when
the TV apparatus is involved (26), and is frequently managed
with lead’s extraction, further increasing the potential harm to
the TV. Despite most of the studies on these subtype of TR don’t
differ between pacemaker (PM) and implantable cardioverter-
defibrillator (ICD), there are inherent differences related to the
presence of an ICD: compared to PM, ICD is often implanted in
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patients with LVSD, raising the suspect of differential diagnosis
with functional TR, and ICD coils present greater stiffness
and thickness compared to PM wires, incrementing the risk of
interference with the TV apparatus, and of weakening the color
doppler signal. Among organic causes of TR, flail leaflets needs a
special mention. It has a wide range of causes, in particular post-
traumatic, caused by endocarditis, following leads extraction, or
is a result of a pure myxomatous degenerated valve (27).

Functional TR is the most common subtype, accounting for
up to 85% of all TR cases (28), and is caused by functional changes
in TV apparatus in the setting of concomitant RV remodeling,
most frequently from PH due to left-heart disease. Functional
TR can be present in the absence of PH (29), and growing
evidence regarding its link with atrial fibrillation (AF) is emerging
(Figure 1). AF is the most common arrhythmia in HF, shares
with LVSD many predisposing risk factors, and an increased
prevalence in the elderly, and most important, often cooperates
with it to sustain each other in a vicious cycle (30, 31). Although
AF has been frequently related to isolated functional TR (32,
33), lately it has been proved to be strongly and independently
linked to the presence of more severe FTR in HF patients with
reduced LVEF, even after multivariate analysis taking PH into
account (3). The leading mechanism of functional atrial TR is
an enlargement of both the tricuspid annulus and the RV basal
diameter (RV conical shape) with normal leaflets length, reduced
systolic annular coverage in the absence of significant valve
tethering. Again, 3D echocardiography facilitates an accurate
evaluation of these specific morphologic abnormalities affecting
the TV apparatus by precisely measuring the tethering height,
area and volume, and the TV annulus area (34). Therefore,
patients with AF and LVSD, in particular if elderly, might be
recognized as a high-risk category for functional TR, even in the
absence of PH.

Mitral regurgitation [MR] (4, 35), severe aortic stenosis (36),
and LVSD (37) are the main causes of functional TR. In patients
surgically treated for MR at least moderate and clinically severe
TR have been reported in up to 37 and 70%, respectively (35),
while in patients with severe AS the long-term prevalence of
moderate or more TR is around 25% (36). It is interesting to
underline that the cardiac damage caused by AS-related pressure
overload may not always be sequential, i.e., from a hypertrophied
LV with increased filling pressure to PH, RV remodeling and TR,
but genetic predisposition and individual susceptibility may play
an important role, although the natural evolution of AS-related
cardiac injury still needs to be fully clarified (36, 38). Chronically
elevated left-ventricle filling pressure frequently results in the
development of PH and subsequent RV structural abnormalities
(39, 40) (Figure 1). In fact, an increase in the RV afterload initially
spurs compensatory remodeling of the myocardium; however,
permanent afterload increase promotes a RV decompensated
phenotype (41), the leading cause of TV remodeling in
functional TR. In particular, the elongation and eccentricity
of the remodeled RV account for tricuspid papillary muscles
lateral and apical displacement, TV leaflets tenting and tethering
and eventual coaptation lost, despite the absence of significant
annular enlargement (42, 43). PH can be subdivided between
precapillary and post-capillary depending on the component of

the affected pulmonary circulation. Precapillary PH [pulmonary
artery wedge pressure (PAWP)≤ 15 mmHg] is caused by arterial
remodeling with increased pulmonary vascular resistance; post-
capillary PH (PAWP > 15 mmHg) is related to an increase in
pulmonary venous pressure among patents affected by left-sided
heart diseases (44). PH causes an increase afterload of RV. Acute
increase of RV afterload, like in pulmonary thromboembolism, is
associated with RV dilatation due to its thinner wall, and lower
volume-to-wall-surface area ratio (44). In the setting of chronic
afterload, the initial adaptation of RV is characterized by quite
preserved volumes and function with wall hypertrophy to match
afterload (44). Afterwards, chronic pressure overload induces
a progressive RV dilatation with increased filling pression. RV
eccentric hypertrophy maintains the appropriate ventricular-
vascular coupling inducing TR through annular dilatation and
TV remodeling and increased metabolic demand. This further
RV remodeling leads to RV failure and clinically decompensated
HF. This remodeling of the RV ventricle presents a direct
therapeutical relevance, as TV leaflet tethering distance and area
predicts significant residual TR after TV annuloplasty. Therefore,
in patients with severe TV remodeling, annuloplasty is not the
surgical therapy of choice (45).

It is mandatory to underline that functional TR can persist
or even progress despite appropriate pharmacological treatment
or interventional resolution of the concomitant left-heart disease
(37, 46, 47).

Considering the extreme heterogeneity of the “TR
population” and the natural progressive history of this
disease, a correct evaluation of the morphologic type of
TR, focusing on the annular dimensions, the subvalvular
apparatus, the tenting area, and the RV function and
dimension, is pivotal at the time of TR diagnosis. Moreover,
we should even aim to assess the independent impact on
the outcome of each subtype of TR, as different subtypes
and different stages of significant TR may imply different
treatment options, varying from isolated TR surgery,
and transcatheter options to palliative procedures only in
selected patients.

THE PATHOPHYSIOLOGY OF ORGAN
IMPAIRMENT IN TR AND LVSD

Although the question concerning the prognostic role of TR in
the natural history of LVSD has been debated for decades, only in
the recent years we have gained a significant amount of evidences,
with well-designed studies across most of the various clinical
scenarios (i.e., organic, functional, isolated, or in the context of
multivalvular heart disease), that could help dealing with our
initial dilemma: does TR represent just a marker for advanced
myocardial disease, or is it an independent cause of the adverse
outcome and a potential therapeutic target? The answer may not
be univocal. Indeed, various features associated with a greater
severity of TR, such as LVSD, PH, and AF, are all independently
associated with a decreased long-term survival; nonetheless, in
case of LVSD, different plausible mechanisms could directly and
indirectly relate TR to a poor outcome.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 June 2021 | Volume 8 | Article 70258971

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Margonato et al. Tricuspid Regurgitation in Ventricular Systolic Dysfunction

FIGURE 1 | Different mechanisms of TR in LV systolic dysfunction. In the panels above, transthoracic echocardiography color-doppler images; below, the main

anatomic features of each related subtype. TA, tricuspid annulus; RV, right ventricle; TV, tricuspid valve; TR, tricuspid regurgitation; LV, left ventricle.

First, albeit volume overload is initially well-tolerated by the
RV, compared to pressure-overload (48), if sustained over time
it can induce dramatic repercussions. In fact, chronic volume-
overload, induced by severe TR, promotes an increase in RV
end-diastolic volume, preload and wall-tension, resulting in RV
ischemia and, accordingly, RV systolic disfunction and increased
overall mortality (49). Another critical direct consequence of
right-heart volume overload is the occurrence or worsening of
simultaneous LVSD, following leftward interventricular septal
displacement and the subsequent reduction in left ventricle
preload and increase in left-ventricle end-diastolic pressures (49,
50); moreover, significant TR reduces RV stroke volume and,
therefore, left ventricle preload and cardiac output (50). Elevated
right-atrial pressure caused by TR can lead to atrial remodeling
and to the development of supraventricular tachyarrhythmias,
compromising cardiac stability and prognosis of patients with
LVSD (51).

Notably, hemodynamically relevant TR is a primary effector
mechanism for the increase in central venous pressure (CVP).
Systemic venous congestion is a main determinant of reduced
renal blood flow and, subsequently, of the decline of glomerular

filtration rate and of the exhaustion of renal autoregulatory
capacity (52–54). A pathological rise in renal venous pressure
is an independent risk factor for renal decreased function in
patients with HF and, therefore, for adverse outcome, even in
the absence of impaired cardiac output, another mechanism by
which TR may reduce renal blood flow (55–57).

Hepatic failure, resulting from both hepatic congestion and
reduced hepatic perfusion, is crucially combined to TR severity
(58). As RV pressure is transmitted straight to the hepatic
veins, TR is particularly susceptible to result in severe passive
congestion (59). This increase in CVP caused by severe TR
leads to atrophy of the hepatocytes and sinusoidal edema that
can directly affect oxygen diffusion to the hepatocyte (60).
Hepatic failure usually is revealed by an increment of the
markers of cholestasis, rather than transaminases, another factor
independently associated with mortality among patients with
LVSD (61), and by a reduction in albumin synthesis, leading to a
vicious cycle that sustains the increase of hydrostatic pressure and
abdominal edema. Finally, the pathological augmentation of CVP
may be primarily responsible for a compromised gastrointestinal
function, a typical occurrence in the advanced stages of
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FIGURE 2 | Different pathophysiological mechanisms that may relate tricuspid regurgitation to an independent prognostic role in the context of LV systolic

dysfunction. RV, right ventricle; LV, left ventricle.

HF (62): visceral edema and intra-abdominal hypertension
can lead to adverse sequelae such as malnutrition through
reduced nutrient absorption (63), protein-losing enteropathy
(64), bacterial translocation from the intestinal gut (65), and
diuretic malabsorption and resistance (66).

In summary, several TR-induced mechanisms can affect the
prognosis of these patients by both reducing left-ventricle pump
function and leading to multiple organs dysfunction in the
context of right-heart failure (Figure 2). We must improve our
ability to recognize andmanage the above-mentioned conditions,
as time is crucial to avoid a stage of end-organ damage that would
waste our effort in treating these patients.

THE PROGNOSTIC IMPACT OF TR: A
REAPPRAISAL

Despite different pathophysiological implications by which TR,
both itself and indirectly, can contribute to a poor prognosis,
uncertainty has long persisted regarding its independent
association with negative outcomes in patients with LVSD.
Four main issues need to be addressed to evaluate the role
of TR in LVSD. First, the hypothesis of severe functional

TR as a marker of end-stage myocardial disease is strongly
supported by the pathophysiological implications of LVSD,
particularly if corroborated by left-valvular disease, PH and
AF, and by the amount of evidence emerged regarding the
poor prognosis of these patients. Second, although it is
unanimously accepted that, in the vicious cycle of a damaged
left ventricle affected by systolic dysfunction, leading to PH
and RV maladaptive remodeling, the appearance of relevant TR
warrants a state of poor long-term survival, to demonstrate its
prognostic role regardless of the multiple co-existing cardiac
comorbidities can be extremely challenging. Third, one could
argue that the impact of TR in this context may depend
upon its grade or the severity of LVSD and PH: this has
a therapeutical relevance, since we lack knowledge on the
appropriate timing of intervention, and different subgroups
of patients would benefit more than others from invasive
treatment of TR. In particular, invasive hemodynamic assessment
through right heart catheterization provide us fundamental
and often underestimated parameters, such as cardiac index,
pulmonary wedge pressure, the subgroup of PH and its eventual
reversibility, that may indeed help us to correctly identify the
candidate patient that would benefit most from TR invasive
treatment (67).
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Finally, if considered a therapeutical target, we eagerly await
for randomized prospective studies demonstrating a safety and
beneficial effect of isolated TR correction in patients with LVSD,
in order to definitely clarify its clinical role.

In the recent years the growing interest from the scientific
community has led to a “Copernican Revolution” on the vision
of TR-related poor outcome and on the need for an appropriate
therapeutical management, a reappraisal that could bring us at
least closer to an answer for our initial question (see Table 1).

Benfari et al. (3), in their analyses from a large cohort of
patients suffering from FTR and HF with reduced ejection
fraction, showed that higher FTR grade was associated with
considerably worse survival at long-term follow up [adjusted
hazard ratios (HR) 1.09 (1.01–1.17) for mild FTR, 1.21 (1.11–
1.33) for moderate FTR, and 1.57 (1.39–1.78) for severe FTR],
independent of LVSD, PH and across all relevant subgroups.
Stratifying for HF stages, moderate and severe FTR was more
common in patients with HF stages C vs. B, and compared
to trivial FTR, was more associated with systolic and diastolic
dysfunction (p < 0.0001 for all), confirming its role as a marker
of advanced myocardial disease.

In a cohort of patients with LVSD and FTR assessed
quantitatively by Topilsky et al. (68), severe FTR (effective
regurgitant orifice >0.4 cm2) resulted in an increased mortality
[HR 1.8 (1.16–2.8), p= 0.009], and cardiac events (mortality, new
AF or HF) [HR 2.2 (1.1–4.6), p= 0.02], both after comprehensive
adjustment for age, sex, comorbidity index, LVEF > moderate
right ventricular dysfunction, renal dysfunction, AF, left atrium
size, and right ventricular systolic pressure. Again, there was a
significant link (p < 0.001) between TR severity and patients in
NYHA class III–IV and with right heart failure.

Chorin et al. (69) have evaluated the role of TR, diagnosed
with semi-quantitative echocardiographic methods, in 23,045
patients analyzed retrospectively. One-year mortality rates were
7.7% for patients with no/trivial TR, 16.8% for patients with
mild TR, 29.5% for moderate TR, and 45.6% for patients
with severe TR (p < 0.001). At least moderate TR was
associated with an increased overall mortality in the proportional
hazard methods [adjusted HR 1.15 for moderate TR (1.02–
1.3), p = 0.024 and adjusted HR 1.43 for severe TR (1.08–
1.88), p =0.011] adjusted for age, gender, major comorbidities,
and echocardiographic parameters (comprehensive of ejection
fraction, PH, and valvular diseases). Ejection fraction and cardiac
output were progressively reduced along with the increase of TR
severity (p < 0.001).

Whether the impact of TR depends on the degree of
LVSD is a current matter of debate and was evaluated by
Neuhold et al. (70). The authors have demonstrated that the
prognostic role of TR may depend upon the stage of HF,
as their prospective long-term observational study on 576
consecutive patients revealed that TR was significantly related
with the combined endpoint of death/heart transplantation/left
ventricular-assist device implantation in patients suffering
from mild or moderate LVSD (HR 1.368, CI 1.070–1.748,
p = 0.0125) but not in those with severe LVSD (ejection
fraction <35%).

Bartko et al. (71) sought to define the natural history of FTR
and the prognostic value of its recommended echocardiographic
quantification among 372 patients with HF and LVSD. While
they confirmed that the severity of FTR increased along
with NYHA class (p = 0.005) and NT-proBNP levels (p <

0.001), surprisingly the thresholds of TR quantitative parameters
associated with an increased mortality (p < 0.001) were
congruent with moderate TR as defined by the present guidelines
(73): EROA > 0.2 cm2, vena contracta >5 mm and regurgitant
volume >20 ml.

The prognostic role of TR in the context of functional MR
and LVSD has been investigated by Agricola et al. (72). Moderate
to severe FTR was an independent determinant of HF (HR 1.4,
95% CI 1.1–2.1, p = 0.01) and of overall mortality (HR 1.6,
95% CI 1.2–2.1, p = 0.01) in 373 consecutive patients with at
least mild functional MR regardless of age, PH, RV function or
ejection fraction.

It’s noteworthy that recent data from the COAPT trial
(74), which evaluated the role of Mitraclip in patients affected
by FMR, HF and LVSD, enlightened that Mitraclip at 2
years follow-up, compared to medical therapy, improved the
composite outcome of death or hospitalization for HF in
patients with as well as in those without > moderate FTR.
However, in the 98 patients with > moderate FTR, 94 were
affected by moderate (2+) TR. These results introduce the
concept of a positive effect of left-percutaneous treatment
despite the presence of TR, if the latter is not in an
advanced stage.

Hoke et al. (11) evaluated the long-term prognostic role of TR
following CIEDs implantation: the subgroup analysis of patients
with baseline LVEF <40% demonstrated that significant lead-
induced TR was associated with poor survival free from all-cause
mortality [HR= 2.184 (95% CI 1.112–4.288)].

Indeed, this significant number of studies enlightening the
prognostic role of TR seems to justify the changing face of our
attention to TR in case of concomitant LVSD. Whether these
studies enforce the call for an early intervention is still unclear.
In particular, the results provided by Neuhold et al. (70) and
Bartko et al. (71) remind us the need for a careful clinical and
echocardiographic evaluation of the severity of both HF, and
TR before any decision-making: in fact, tricuspid surgery can
be done with low-mortality rates only if it is performed before
advanced HF stage (75), and we may even not expect the same
benefits from percutaneous treatment across all the cohort of
these patients.

At last, it is mandatory to underline that TR is a dynamic
entity, whose natural course requires a close follow-up, as
non-severe TR progression conveys a significant risk of
worsening PH, valvular and ventricular remodeling, and long-
term augmented mortality (76, 77). In particular, moderate TR
in patients with LVSD seem to convey a risk for progression
that implies a risk for mortality similar to that of patients
with baseline severe TR (76). This is of outmost importance
for the surgical management of these patients, as a more
aggressive strategy involving TV intervention in patients with
mild to moderate FTR and concomitant MV operation has
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TABLE 1 | Summary of the main studies cited in the text on the prognostic role of TR with LV systolic dysfunction (specific references from the text are mentioned).

References Year n◦ patients Patient population Results (see the text

for HR and p-values)

Comments

Benfari et al. (3) 2019 11,507 At least trivial FTR in an

HFrEF (EF < 50%)

cohort

5 years survival

reduced with increasing

severity of FTR,

independently of

baseline characteristics

Largest study to date

on FTR in HF

Topilsky et al. (68) 2018 291 At least trivial FTR in an

HFrEF (EF < 50%)

cohort

Severe TR (EROA >

0.4 cm2 ) associated

with increased

mortality, even after

comprehensive

adjustment

First study to link the

threshold of EROA >

0.4 cm2 to survival in

patients with systolic

dysfunction

Chorin et al. (69) 2020 33,305 Patients divided

according to TR

severity into

none/trace, mild,

moderate, and severe

At least moderate TR

associated with

increased overall

mortality in the

proportional hazard

methods adjusted for

clinical and

echocardiographic

(included systolic

function) parameters

Largest evidence on

the prognostic role of at

least moderate TR,

assessed with

semi-quantitative

guidelines methods

Neuhold et al. (70) 2013 576 Patients divided

according to TR

severity (significant or

non-significant), LV

systolic function (mild,

moderately, and

severely depressed),

and NTproBNP levels

(below and above the

median)

TR associated with the

combined endpoint of

death, hear

transplantation and

LVAD implantation only

in patients with mild or

moderately LV systolic

dysfunction and

NTproBNP values

below the median

The prognostic impact

of TR on chronic HF

may depend upon the

severity of HF

Bartko et al. (71) 2019 382 HFrEF (EF < 40%) and

TR evaluated by

echocardiographic

quantitative methods

Significant increase in

mortality in patients

with a TR VC ≥ 5mm,

EROA ≥ 0.20 cm2 and

a regurgitant volume

≥20ml

New thresholds for

quantitative

echocardiographic

measures associated

with all-cause mortality

Agricola et al. (72) 2012 373 LV systolic dysfunction

(EF < 50%), at least

mild FMR, with or

without FTR

Moderate to severe

FTR independent

determinant of HF,

overall mortality, and

long-term free of

all-cause mortality

At least moderate FTR

seems to be an

independent marker of

end-stage myocardial

and mitral valve disease

Höke et al. (11) 2014 239 Divided according to

the presence or not of

significant lead-induced

TR (≥2 TR at follow-up

post-implantation)

Significant

lead-induced TR in

patients with a

depressed LVEF

(<40%) at baseline was

associated with

increased all-cause

mortality

First study to evaluate

the impact of significant

lead-induced TR on

cardiac function and on

the long-term

prognosis

Messika-Zeitoun et al. (5) 2020 435,679 HF regardless of EF

and at least 1 year of

medical history

TR, both prevalent and

incident, significantly,

and independently

associated with

all-cause mortality, with

increased mortality

associated with

increased TR severity

Unique insights into the

role of TR in HF from a

very large database

coalescing electronic

health and claim

records from multiple

United States sources

FTR, functional TR; HFrEF, heart failure with reduced ejection fraction; PH, pulmonary hypertension; AF, atrial fibrillation; EROA, effective orifice regurgitant area; VC, vena contracta; LV,

left ventricle; NTproBNP, N-terminal prohormone of brain natriuretic peptide; FMR, functional mitral regurgitation.
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been proven to prevent significant long-term progression of
FTR (78).

THERAPEUTIC OPTIONS

In patients with TR and LVSD, the pharmacological therapy
aims at two targets: the LV and the hemodynamic consequences
of TR. Guidelines medical therapies, such as angiotensin-
converting enzyme inhibitors, beta blockers and angiotensin
receptor neprilysin inhibitor, may reduce TR, particularly in its
early stage, by improving LV systolic and diastolic dysfunction
(31, 79). Loop diuretics and mineralocorticoid antagonist reduce
TR-induced volume overload and, therefore, decrease PH and
systemic venous congestion (31). Nevertheless, medical therapy
alone rarely reverts the natural progression of TR in LVSD.
Cardiac surgery remains the only definitive treatment, but is
rarely performed as in this population, too often too late referred
for invasive treatment, is still affected by significant morbidity
and mortality (80). Recently, Axtell et al. (81) demonstrated that
isolated TV surgery, both repair and replacement, considering
surgery as a time-dependent covariate in a propensity-matched
sample, was not associated to improve long-term survival
compared to medical management alone in a large cohort of
3,276 patients with isolated severe TR. Although single-center
and retrospective, with time from severe TR diagnosis to surgical
referral varying from 1 to 8 years, this recent study, accounting
for remarkable time bias in its analyses, once again underlined
the need for optimal timing of intervention in these cohort of
patients. LVSD (EF <40%) is a significant independent predictor
of mid and long-term more than moderate TR after tricuspid
repair, and reoperation for TV carries a significant higher
mortality risk (31, 82, 83). Therefore, guidelines clearly designate
LVSD as a major determinant of the therapeutical path of these
patients, leading the decision, if present, toward a conservative
treatment (31).

In the last years, transcatheter strategies, despite being in
their initial phase yet, have emerged as a potential therapeutic
option. This interventional strategy is of particular interest
and need, considering the high-surgical risk typical of the
population affected by TR and LVSD. Current treatments include
annuloplasty, improved leaflet co-aptation, edge-to edge repair,
reduction of the reflux in the vena cava, and percutaneous
valve replacement (84–86). The results of the first studies

with different devices revealed that transcatheter treatment of
moderate and severe FTR is effective in reducing TR severity
and, therefore, improving survival and quality of life compared
to medical therapy (87–89). Most of the patients enrolled in these
studies presented a baseline LVEF > 50%. However, subgroup
analyses from the Trivalve registry (89) confirmed the improved
outcomes in the 18 patients with LVEF < 35% out of an overall
treated population of 472. Conversely, a retrospective study
(90) assessing the impact of LV function on the outcomes of
TV percuteanous approach, showed that its prognostic effect
might be limited to the group of patients with EF > 50%. The
authors hypothesized that the pathological hallmarks of HF with
preserved EF, diastolic dysfunction and reduced LV filling, may

be positively influenced by a correction of TR, as opposed to a
compromised LV with systolic impairment.

Up until now, the ideal candidate seems to be a patient with
FTR and partially preserved leaflets co-aptation, in the absence
of significant apical valve tethering, RV dysfunction and PH
(91, 92); in case of extreme left ventricular dysfunction these
devices may eventually be considered, in selected cases, only as
a palliative approach, but we need randomized clinical trials to
address this unmet clinical need.

CONCLUSIONS

Despite being historically recognized only as a surrogate of
advanced heart disease, latest studies have clearly demonstrated
that at least moderate TR, in combination with LVSD, is a
frequent condition, with different etiologies, and associated with
independent excess mortality that increases with the degree of
TR, highly suggesting of a causal effect that relies on different
direct and indirect pathological mechanisms. While we look
forward to randomized trials of transcatheter tricuspid devices in
a selected population with LVSD, we must continue to improve
our awareness of the role of TR in the context of left and right
ventricular disease, in order to comprehend whether to consider
it a surrogate of advanced myocardial disease or, if a potential
target, the most appropriate timing for intervention.
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Primary mitral regurgitation (MR) is the second most common valvular disease,

characterized by a high burden in terms of quality of life, morbidity, and mortality.

Surgical treatment is considered the best therapeutic strategy for patients with severe

MR, especially if they are symptomatic. However, pre-operative echocardiographic

evaluation is an essential step not only for surgical candidate selection but also to avoid

post-operative complications. Therefore, a strong collaboration between cardiologists

and cardiac surgeons is fundamental in this setting. A meticulous pre-operative

echocardiographic exam, both with transthoracic or transesophageal echocardiography,

followed by a precise report containing anatomical information and parameters

should always be performed to optimize surgical planning. Moreover, intraoperative

transesophageal evaluation is often required by cardiac surgeons as it may offer

additive important information with different hemodynamic conditions. Three-dimensional

echocardiography has recently gained higher consideration and availability for the

evaluation of MR, providing more insights into mitral valve geometry and MRmechanism.

This review paper aims to realize a practical overview on the main use of basic and

advanced echocardiography in MR surgical planning and to provide a precise checklist

with reference parameters to follow when performing pre-operative echocardiographic

exam, in order to aid cardiologists to provide a complete echocardiographic evaluation

for MR operation planning from clinical and surgical point-of-view.
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INTRODUCTION

Mitral regurgitation (MR) is the second most common valvular
heart disease (after aortic stenosis), and the secondmost frequent
indications for cardiac surgery. Primary MR consist of a mitral
apparatus anatomic disease, with the most frequent etiology
being degenerative.

The current European Society of Cardiology (ESC) guidelines
recommend surgical treatment for MR in case of symptomatic
patients with severe chronic primary MR, or asymptomatic with
left ventricular (LV) dysfunction [LV enlargement or reduced
ejection fraction (EF)], taking also into account the presence
enlarged left atrium and/or of atrial fibrillation (AF) due to the
risk of embolic events (47) or pulmonary hypertension (PH) (1).

American guidelines recommend mitral valve (MV) surgery
for symptomatic patients with chronic severe primary MR or
asymptomatic patients with LV dysfunction (assessed with LV EF
30–60% and/or LV end-systolic diameter >40mm) (2).

However, when the patient has been referred for surgical
treatment of MR, a meticulous planning of the intervention is
the cornerstone for its success. At this stage, a close collaboration
between the cardiologist and the cardiac surgeon is paramount
to facilitate the surgical procedure and to ensure patient the
best management.

Transthoracic and transesophageal echocardiography play
a key role for the pre-operatory evaluation of MR patients.
Beyond the conventional indices used for the assessment
and quantification of MR (3), there are additional anatomic
and functional measures of mitral valve apparatus which are
highly required from cardiac surgeons before intervention.
Therefore, each cardiac imager should be trained on the
elements and parameters to focus on when evaluating a MR
patient waiting for surgery, in order to operate a complete
echocardiographic assessment and provide all the required
information for this multidisciplinary approach. The present
review aims to describe the pivotal elements for the correct
planning of MR surgery analyzing the echocardiographer and
cardiac surgeons’ points of view, in order to assist clinicians in
the use of traditional and newest echocardiographic techniques
preoperative MR evaluation.

2D ECHOCARDIOGRAPHY: FOCUS ON
MITRAL VALVE

The first task of the echocardiographer is to provide better
insight on mitral valve (MV) anatomy, which can be divided
into 6 scallops: 3 constituting the anterior leaflet, and 3 the
posterior leaflet. Imagers’ attention should be focused on different
anatomic point depending on the various mechanisms of MR.
The mostly known classification of primary MR etiology by
Carpentier includes (4):

• Type 1-normal leaflet motion (leaflet perforation or cleft),
• Type II: excessive leaflet motion (leaflet prolapse),
• Type III-restricted leafletmotion (rheumaticMR, calcification,

drug-induced MR)

Arguably, these primary anomalies of mitral valve anatomy and
function and their different complexity will require different
approaches for surgical treatment (5) (that would be further
explained later). Accordingly, there will be some different
paramount pre-operative information that could be provided by
echocardiography [(6); Table 1].

Beyond these essential parameters, the following
MV anatomic measures are considered useful for
guiding surgical techniques in each type of MR etiology
(Supplementary Figure 1):

Annulus area
• Chordae and leaflet length
• Presence of calcification
• Anterior leaflet-IVS distance
• Mitral-aortic angle
• Interventricular septum (IVS) thickness and presence of

subaortic spur
• Left ventricular outflow tract measure.

Bidimensional Echocardiography:
Overview on Cardiac Function
Left Heart
Transthoracic echocardiography (TTE) is the gold standard
technique to assess LV dimension and function: not only LV
dysfunction could be the cause of a secondary MR, but could
be the consequence of primary MR, due to a chronic volume
overload. For the quantification of LV volumes and function,
both 2D (Simpson method) and 3D echocardiography are
recommended (3).

It is known that LA enlargement is a common consequence
of chronic MR. In fact, LA dimensions are considered in MR
severity assessment since patients with smaller LA are less likely
to have severe MR. LA volume should be measured by 2D
echocardiography, with biplane Simpson disks method at end-
systole (7).

Recent evidence has shown how the use of advanced
deformation imaging could provide early identification of left
heart impairment in chronic MR and additive prognostic
information. This could be easily and reliably assessed by
speckle tracking echocardiography (8), with an offline analysis
of 2D echocardiographic indices providing information on LV
and LA longitudinal deformation all over the cardiac cycle,
quantified as LV and LA longitudinal strain (this could be
divided into LA reservoir; conduit and contractile strain based
on LA deformation phases) (Figure 1). LA strain has been shown
to describe LA worsening function parallel to MR severity in
patients with asymptomatic MR (9), moreover, it correlates with
invasively-assessed myocardial fibrosis caused by severe MR in
patients with MV prolapse (10) and is a strong predictor of
outcome not only in patients with severe MR (11, 12), but also
in patients with moderate MR (13).

In a recent study by Kim et al., preoperative LV global
longitudinal strain (GLS) showed a better prediction of
cardiac outcome after surgery in 506 patients with severe
MR compared to conventional parameters (LV dysfunction,
AF, type of surgery) (14). Furthermore, LV GLS was an
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TABLE 1 | Preferred surgical treatment and necessary echocardiographic information according to Carpentiers’ classification of primary mitral regurgitation, with

representative cases for each type by transoesophageal echocardiography.

Carpentiers’ type Examples Surgical treatment Echocardiographic information

Type 1 Annulus dilation,

Leaflet perforation or cleft

Annuloplasty - Annulus dimensions (to confirm its dilation as

mechanism of MR)

Normal leaflet motion Pericardial patch repair - Tricuspid annulus measure (prediction of

residual functional TR)

Type 2 Chordal rupture Gortex neo-chordae - Accurately identify the scallops involved in

the prolapse (multiplanar TEE)

MV prolapse Chordal elongation Chordal transfer - Coaptation-septum distance and

Papillary rupture Triangular resection Length of PL (to avoid post-operative SAM)

Quadrangular resection

Resection and sliding plasty

(recommended if PL >2 cm)

- LV dimensions and EF

Type 3

Restricted leaflet motion Restricted leaflet opening

Commissural or chordal fusion

Leaflet thickening

Leaflet calcification

Chordal division Identify affected chorda/ae

Coaptation depth

Tenting area

Restricted leaflet closure

Chordal thickening

Chordal shortening

Annuloplasty EROA

EF, ejection fraction; EROA, effective regurgitant orifice area; LV, left ventricular; MR, mitral regurgitation; PL, posterior leaflet; TEE, transesophageal echocardiography; TR,

tricuspid regurgitation.

FIGURE 1 | Left atrial strain in a healthy subject (Left) and in a patient with severe mitral regurgitation (Right). PACS, peak atrial contraction strain; PALS, peak atrial

longitudinal (reservoir) strain.

independent predictor of exercise capacity in 660 asymptomatic
patients with >3 primary MR, preserved LV EF and
non-dilated LV.

Right Heart
As shown in Table 1, the assessment of tricuspid anatomic
properties and of coexisting tricuspid regurgitation (TR) is of
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TABLE 2 | Absolute and relative contraindications to perform transoesophageal

echocardiography [modified from (18)].

Absolute contraindications Relative contraindications

Recent esophageal/gastric surgery History of radiation to neck and

mediastinum

Esophageal obstruction (stricture,

tumor)

History of GI surgery

Esophageal perforation, laceration Recent upper GI bleed

Esophageal diverticulum Barrett’s esophagus

Active upper GI bleed History of dysphagia

Perforated viscus Restriction of neck mobility (severe

cervical arthritis, atlantoaxial joint disease)

Symptomatic hiatal hernia

Esophageal varices

Coagulopathy, thrombocytopenia

Active esophagitis

Active peptic ulcer disease

GI, gastro-intestinal.

outmost importance in pre-surgical evaluation of MR in order
to assess the necessity of concomitant tricuspid annuloplasty
during MV intervention. In fact, it has been demonstrated
(15, 16) that the pre-operative tricuspid annulus measurement
predicts residual functional TR post- MV surgery. Current
recommendations for tricuspid valve surgery state that:

• Surgery is recommended in patients with severe TR who
should undergo left-sided valve surgery regardless of
symptoms (Class I),

• Surgery should be considered (Class IIa) in patients with
mild/moderate secondary TR and/or significant annular
dilatation (≥40mm or 21 mm/m2; Class IIa) (1).

Moreover, a conscious assessment of RV dimensions and
function would be important before MV surgery, since RV
function could be considerably affected by cardiac surgery (15).
On the other hand, pre-existing RV structural and functional
damage could represent a higher risk of worse outcome after
intervention (16) even if more evidence is required in this
field. RV enlargement could be assessed by linear dimensions:
basal diameter >42mm and/or mid-cavity diameter >33mm
indicate RV dilatation; and RV areas (both end-diastolic and
end-systolic area), that could also be used to calculate an index
of RV function, RV fractional area change as (end-diastolic –
end-systolic area)/end diastolic area. Also, M-mode tricuspid
annular plane systolic excursion (<17mm) and tricuspid annular
systolic tissue Doppler velocity (<11 cm/s) are recommended
as markers of RV dysfunction. STE could also be useful in
these cases, in fact, RV strain has demonstrated its superiority
over basic echocardiographic indices for the assessment of RV
function, since, unlike the previous indices which analyze the
annular portion of RV, it provides a more complete assessment
of RV global longitudinal function and has also shown to
correlate with RV pressures and outcome in patients with heart
failure (17).

TABLE 3 | Pre-operative echocardiographic checklist for planning mitral

regurgitation surgery (6, 18, 19).

Pre-operative checklist

Patient : ____________________________

Type of Intervention : _____________________________

Date : _____________________

Bidimensional Echocardiography: transthoracic

transesophageal

Parameter Measure Normal values

Anatomic measures

Mitral annular dimension

- Diameter (PSAX in diastole) <35 mm

- Annulus area 5–11 cm2

Annulus/anterior leaflet ratio <1.3

Number of involved scallops –

Calcification (++++ max.) –

Coaptation point-to-septum distance ≥2.5 cm

Mitral-aortic angle (◦) 136 ± 13 end-diastole

129 ± 11 end-systole

IVS thickness (mm) <11 mm

Subaortic spur (yes/no and mm) No

LVOT measure (mm) 20 ± 2

Leaflet length (mm)

Anterior leaflet (AL) ≥26

Posterior leaflet (PL) <15

AL/PL ratio >1.3

PL angle (◦) <45

Chordae length (mm)

Segments height (P1–P3, cm) <1.5

Tenting area (cm2 ) <2.5

Asymmetric tenting (yes/no)

Functional measures

LV EDD (mm) 42–59

LV EDD/BSA (mm/m2 ) 2.2–3

LV ESV (ml) 21–61

LV ESV/BSA (ml/m2 ) 11–31

LV EF (%) 55–60%

LV GLS (%) ≥-20%

LAVI (ml/m2 ) 16–34

PALS (%) ≥39%

fwRVLS (%) ≥-20%

3D transesophageal echocardiography

VCA (cm2) ≤0.4 (cut-off for severe

MR)

Presence of cleft/indentation No

A2 height (mm) ≤26

P2 height (mm) <20

Inter-trigonal distance (mm) 30 ± 3

BSA, body-surface area; EDD, end-diastolic diameter; EF, ejection fraction; ESV, end-

systolic volume; fwRVLS, free-wall right ventricular longitudinal strain; GLS, global

longitudinal strain; IVS, interventricular septum; LAVI, left atrial volume index; LV, left

ventricular; LVOT, left ventricular outflow tract; PALS, peak atrial longitudinal strain; PSAX,

parasternal short axis; VCA, vena contracta area.
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FIGURE 2 | Degenerative MR due to P2 flail in the context of a complex anatomy. (A) 2D images and relative 3D (on top) showing P2 leaflet flail form the long-axis

view and commissural view. (B) Magnification of the 3D short-axis on the MV (surgeons’ view), where the P2 flail is easily appreciated (red arrow), together with a deep

indentation (cleft- yellow arrow) between P2 and P3, which justify the presence of multiple jets. (C) Color Doppler image of the long-axis view, showing at least 2

regurgitant MR jets.

When a Transesophageal Approach Is
Necessary
Even though TTE could provide enough diagnostic and pre-
operative information for patients with severe MR, multiplane
transesophageal echocardiogram (TEE) is currently required in
almost all cases of MR before surgery, especially in presence
of suboptimal TTE image quality (7), in absence of absolute
contraindications (Table 2). As TTE, TEE may assess all the
required parameters, listed in in Table 3, using 4-chamber,
inter-commissural, and long-axis views, with higher sensitivity
than TTE alone, resulting in deeper insights into the precise
mechanisms of MV disease and the precise definition of the site
responsible forMV dysfunction [(20); Supplementary Figure 1].

Particularly, TEE would be useful to assess the feasibility
of durable repair (21), and the signs of higher probability of
treatment failure:

1. Anatomic characteristics (22):

- Large central regurgitant jet
- Severe annular dilatation (> 50 mm)

- Involvement of ≥3 scallops
- Extensive valve calcification

2. Risk factors for post-operative SAM (with hemodynamic
instability) (7, 18, 19)

- Coaptation-septum distance
- Mitral-aortic angle
- Long anterior leaflet (AL height at A2, middle scallop, to
identify appropriate ring size)

- Length of PLs and ratio between anterior and
PL length

- Non-dilated and hyper-dynamic LV

3. For Type 3 Carpentier severe regurgitant jet associated
with (18):

- MV annulus diameter ≥37 mm
- Coaptation distance >1 cm
- Systolic tenting area >2.5 cm2

- PL angle> 45◦

- Presence of asymmetric tethering
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FIGURE 3 | Example of MV model, used to estimate inter-trigonal distance (T1-T2 distance in the top left panel; orange arrow) and thus MV ring size.

Moreover, in the last years TEE has affirmed its pivotal role
in intraoperative evaluation, in order to obtain a real-time
assessment of the results of MV repair/replacement (e.g., residual
regurgitant jet; presence of SAM), and improve surgical outcome.

However, TEE is not always promptly available, is an invasive
method (sometimes requiring sedation), and has several absolute
and relative contraindications (Table 2), therefore sometimes
TTE should be preferred.

THREE-DIMENSIONAL
ECHOCARDIOGRAPHY

Role in Pre-procedural Planning
The role of 3D echocardiography in the setting of MV surgery for
primary MR can be summarized in 3 main objectives:

1. Assess MR severity by 3D vena contracta area (VCA) and/or
3D reconstruction modeling

2. Define the “reparability” of the MV
3. Sizing of the annuloplasty band or ring

In cases where 2D assessment of MR severity is doubtful, 3D
echocardiography can help obtaining an accurate assessment of
the severity of the regurgitation.

The introduction of 3D echocardiography into clinical
practice has provided direct measurement of VCA. This could
be obtained by multiplanar reconstruction tools to orient
orthogonal imaging planes (x and y) through the long axis of
the MR jet, with the z plane adjusted perpendicularly through

the narrowest cross-sectional area of the vena contracta. VCA
is then measured by manual planimetry of the color Doppler
signal (Supplementary Figure 2). In case of MR characterized by
multiple jets, the imaging plane should be oriented through each
jet separately for tracing. A value of 3D VCA >0.4 cm2 denotes
severe MR (23).

The reparability of a MV depends on two
important considerations:

a. The presence of extensive leaflet or annular calcification;
b. The presence of a complex degenerative anatomy e.g., anterior

MV leaflet prolapse, bileaflet prolapse, or Barlow disease (24).

Significant annular calcification hampers the possibility and/or
the durability of the repair. On the other hand, the presence of
complex degenerative anatomy in the hands of low experienced
surgeons may lead to suboptimal repair or MV replacement
and also affects the durability of repair. The presence of clefts
or indentations is as well very important as it contributes to
the complexity of the disease and thus of the intervention.
3D Echocardiography and in particular 3D TEE are extremely
helpful for the surgeon to identify such complex anatomies as
well as to investigate the presence of indentations and clefts in
the MV leaflets [(22, 24–27); Figure 2].

Secondly, but not less important, quantitative 3D TEE allows
to measure A2 height, inter-trigonal distance, and total annular
perimeter size, which are useful to determine the size of the
annuloplasty ring or band. In fact, A2 height and inter-trigonal
distance are most commonly evaluated by surgeons during the
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operation. Despite the fact that 3D TEE does not replace the final
sizing done by the surgeon in the OR, it does represent a useful
guide as this information, if available before the procedure, could
be useful for the surgeon to make comparisons to intraoperative
sizing, which is done differently by different surgeons (28). The
other quantitative data very helpful to the surgeon is the P2
height; if this is >20mm, the reduction of this measure becomes
essential to prevent post-operative SAM of the MV and LVOT
obstruction [(29); Figure 3].

3D TEE may also have a pivotal role to accurately describing
all MV lesions (e.g., clefts, commissural abnormalities, and
tethering of the anterior MV leaflet) which are essential
when planning chordal implantation, to ensure appropriate
patient selection.

Role in the Operating Room
Procedural guidance for surgical MV repair is developed around
a comprehensive baseline intraoperative TEE to establish (or
confirm) findings in the pre-preprocedural TEE and, above
all, the anatomic basis of the MR. Moreover, assessment of
LV and RV function, the evaluation of the degree of TR and
measurement of the tricuspid annulus specifically are essential.
Post-operative TEE evaluation includes locating and detecting
intracardiac air when coming off cardiopulmonary bypass and
assessment of the integrity of the MV repair. If residual MR
is present, its severity and origin must be investigated. A
post-procedural evaluation of the LV and RV function is also
essential to ensure that there has not been a significant change
from baseline.

FIGURE 4 | Algorithm to follow for preoperative evaluation of mitral regurgitation in order to promote the collaboration between cardiologist and cardiac surgeon and

optimize surgical planning. LA, left atrial; LV, left ventricular; MV, mitral valve; TEE, transesophageal echocardiography; VCA, vena contracta area.
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CONCLUSIONS

The collaboration between cardiologist and cardiac surgeon
is paramount for mitral regurgitation surgical planning and
during intervention. Echocardiography plays a pivotal role
in the evaluation of mitral regurgitation, and the use of
advanced techniques like transesophageal, speckle tracking and
3D echocardiography allows a better definition of anatomical
and functional measures in order to optimize surgical planning.
This review offers an algorithm to follow (Figure 4), a graphical
guide for measurements and a checklist to fulfill to help clinicians
in performing echocardiography for preoperative assessment of
patients undergoing mitral valve surgery.
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Supplementary Figure 1 | Transthoracic and transoesophageal

echocardiographic mitral valve anatomic parameters required for the surgical

planning of mitral regurgitation. EDD, end-diastolic diameters; IVS, interventricular

septum distance; LVOT; left ventricular outflow tract; MV, mitral valve.

Supplementary Figure 2 | Example of Vena Contracta Area (VCA) estimation

from multi-planar reconstruction of MV in a 3D color Doppler dataset. VCA is

obtained by first aligning the blu plane with the vena contracta and then aligning

the red and green planes with the jet direction. VCA area is then manually traced

in the short axis view (blu plane).
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Evgeny A. Ovcharenko 2†

1 Research Laboratory for Processing and Analysis of Big Data, Tomsk Polytechnic University, Tomsk, Russia, 2Department

of Experimental Medicine, Research Institute for Complex Issues of Cardiovascular Diseases, Kemerovo, Russia

Currently, transcatheter aortic valve implantation (TAVI) represents the most efficient

treatment option for patients with aortic stenosis, yet its clinical outcomes largely depend

on the accuracy of valve positioning that is frequently complicated when routine imaging

modalities are applied. Therefore, existing limitations of perioperative imaging underscore

the need for the development of novel visual assistance systems enabling accurate

procedures. In this paper, we propose an original multi-task learning-based algorithm

for tracking the location of anatomical landmarks and labeling critical keypoints on

both aortic valve and delivery system during TAVI. In order to optimize the speed

and precision of labeling, we designed nine neural networks and then tested them

to predict 11 keypoints of interest. These models were based on a variety of neural

network architectures, namely MobileNet V2, ResNet V2, Inception V3, Inception ResNet

V2 and EfficientNet B5. During training and validation, ResNet V2 and MobileNet V2

architectures showed the best prediction accuracy/time ratio, predicting keypoint labels

and coordinates with 97/96% accuracy and 4.7/5.6% mean absolute error, respectively.

Our study provides evidence that neural networks with these architectures are capable

to perform real-time predictions of aortic valve and delivery system location, thereby

contributing to the proper valve positioning during TAVI.

Keywords: keypoint tracking, multi-task learning, transcatheter aortic valve replacement, deep learning—CNN,

medical image analysis, aortography

INTRODUCTION

Transcatheter aortic valve implantation (TAVI) is a relatively novel and highly efficient
treatment option for medium- and high-risk patients with aortic stenosis. Short- and long-term
survival of patients after TAVI is similar to those after surgical aortic valve replacement
(1, 2). The number of TAVI procedures has been steadily growing since the first procedure
performed in 2002, and the indications for TAVI continue to expand (3). Minimally invasive
procedures are associated with lower mortality and fewer postoperative complications such
as atrioventricular block which requires immediate pacing and may cause paraprosthetic leak
affecting survival rates (4, 5). Recent studies have reported that specific complications of
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TAVI are commonly related to a prosthesis-patient mismatch (6–
8) and device malpositioning (4). Most peri- and postprocedural
complications are operator-dependent but physiological
movements of patients during device delivery and deployment
may temporarily interrupt the cardiac cycle, limit blood flow,
and cause respiratory problems (9, 10). These patient-dependent
complications largely depend on the quality of intraoperative
imaging which is necessary for accurate device positioning
(6). However, routine imaging modalities are limited by the
need to reduce the radiologic exposure and to eliminate
repeated contrast injections. Therefore, the development of
visual assistance systems for intraoperative guidance is of
paramount importance.

Several interventional angiography systems integrate
commercially available software to facilitate the navigation
during TAVI for reducing the risk of complications. To date,
such products have been developed by Philips (HeartNavigator),
Siemens Healthcare (syngo Aortic Valve Guide), GE Healthcare
(Innova HeartVision) (11), and Paieon Inc. (C-THV) (12)
and were successfully introduced into clinical practice. The
existing guidance systems align the computed tomography
(CT)-based 3D anatomical model of the aortic root generated
preoperatively and overlay it onto live fluoroscopy images during
valve positioning, ensuring the optimal angiography system
orientation and vascular access (Figure 1).

However, these systems do not allowreal-time tracking of
the keypoints and detailing of the aortic root geometry during
TAVI, as they imply preoperative model reconstruction (13).
Hence, the operator is still responsible for controlling the
position of the device and its deployment by means of the
aortography data and pigtail position tracking. The logical step
forward is to design visual assistance systems providing an
opportunity for the real-time tracking of keypoints and aortic

FIGURE 1 | (A) Typical images provided by the commercially available TAVI guidance system (Siemens) that delineates the aortic root anatomy, performs its

segmentation; (B) overlays onto live fluoroscopy, visualizing the key basal hinge points of the leaflets, coronary ostia, the aortic root contour, and suggesting the

optimal angiography system orientation.

root contour utilizing automated processing of the aortography
images, regardless of the image acquisition equipment. For this
task, neural networks capable of detecting regions of interest
(12, 14) on image series can be employed. Deep learning

is currently becoming widespread in cardiovascular imaging
(15) for examining aortic root hemodynamics (16, 17), aortic
dissection (18), aortic valve biomechanics (19), and coronary
artery occlusion (20). Nevertheless, it has not been applied for
the valve implantation guidance.

Here, we aimed at developing a tracking system and
an algorithm to label the keypoints of the aortic valve
anatomical landmarks and TAVI delivery system by using

original aortography images obtained during the transcatheter
implantation of CoreValve, a self-expanding prosthetic aortic
valve, and by applying the multi-task learning (MTL). Previously,

MTL has been successfully used in medical imaging (21),
computer vision (22, 23), and drug discovery (24). In contrast

to single-task learning (STL), MTL acts as a regularizer by

introducing an inductive bias, thereby reducing the risk of
overfitting as well as the Rademacher complexity of the model,

i.e., its ability to fit random noise (25). The ability of the MTL
model to find an efficient data representation minimizing the

overfitting directly depends on the number of tasks.

MATERIALS AND METHODS

The development of the tracking system and labeling algorithm
consisted of three main stages:

• Stage 1. Data preparation: data labeling for developing
training and validation sets; image annotation by an
interventional cardiologist.

• Stage 2. Data analysis: estimation of the distribution of the
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TABLE 1 | Demographic and clinical data of the patients who underwent TAVI

procedures.

Parameter Value

Total number of procedures 14

Mean age (mean ± SD), years 76.3 ± 5.8

Male patients, n (%) 5 (35.7%)

Female patients, n (%) 9 (64.3%)

Prosthesis size

26mm, n (%) 6 (42.9%)

29mm, n (%) 7 (50%)

31mm, n (%) 1 (7.1%)

Transfemoral access, n (%) 14 (100%)

labels and coordinates of the keypoints.
• Stage 3. Training and screening of neural networks: selection

of available neural network architectures, loss function and
descriptive metrics, assessment of qualitative and quantitative
parameters from the training and validation data.

Source Data
Original aortography imaging series collected during
the implantation of 14 CoreValve self-expanding aortic
valve bioprostheses to patients with aortic valve stenosis
from 2015 to 2018 were used as the source data for
training and validation of neural networks. All TAVI
procedures (Table 1) were performed by the same
operator at the Department of Cardiovascular Surgery
within the Research Institute for Complex Issues of
Cardiovascular Diseases.

During the TAVI, we collected 35 video series of 1,000
× 1,000 pixels with an 8-bit depth (a scale from 0 to
255). The final sample consisted of 3,730 grayscale images,
of which 2,984 (80%) images were used as the training
set and 746 (20%) images were used as the validation
set. TAVI allowed obtaining a series of anonymized images
illustrating three essential steps: positioning of the catheter
and delivery system (Figure 2A); beginning of the capsule
retraction and exposing the prosthesis (Figure 2B); deployment
of the prosthesis (Figure 2C). The maximum of 11 keypoints
of interest (from 1 to 11 over each image) was labeled and
annotated (Figures 2D–H). A brief description of the keypoints
is provided below.

Anatomical Landmarks
• Aortic annulus, a target landmark for TAVI: Aortic root 1

(AA1) and Aortic root 2 (AA2).
• Aortic sinotubular junction, an additional landmark for

correct determination of the aortic annulus plane: Sinotubular
junction 1 (STJ1) and Sinotubular junction 2 (STJ2).

Delivery System Landmarks
• Delivery system anchors, a landmark defining the degree of

prosthesis extraction: Catheter Proximal (CP).

• Bending point of the catheter, a landmark of the sinotubular
portion of the stent: Catheter Middle (CM).

• The radiopaque capsule marker band on the upper shaft
portion to the distal ring, a landmark of the outer shaft bending
degree used for defining the extent of prosthesis extraction:
Catheter Distal (CD).

• Catheter tip, a landmark determining the location of the
catheter and aortic annulus plane: Catheter Tip (CT).

Additional Landmarks
• Distal part, a landmark for the valve implantation indicating

an aortic annulus plane: Pigtail (PT).
• The distal portion of a self-expanding prosthesis determines

the location of the stent during implantation and its deviation
from an aortic root plane: Distal part of the stent: Frame Edge
1 (FE1) and Frame Edge 2 (FE2).

To visualize three sequential steps in Figures 2A–C,
we selected imaging series during the contrast
injection. Data labeling was performed using the
Supervisely AI platform.

Description of the Neural Networks
We usedMTL (26) based on the Hard Parameter Sharing because
of the need to simultaneously predict the labels and coordinates
of the keypoints. To solve this task, the MTL-based model
included three main components (Figure 3):

• Feature Extractor: the component responsible for delineating
features and converting them into the lower dimension, i.e.,
an input image (input tensor) is converted into a vector
of features. This vector (output tensor) is a set of optimal
descriptors. The dimension of the output tensor is much less
than the dimension of the input tensor.

• Classifier: the component responsible for predicting the
labels of the keypoints over the image. The output vector
of the classifier has 11 outputs, reflecting the probabilities
of detecting the keypoints of interest over the image.
Since the images contained a different number of points
independently of each other, the classifier performed multi-
label classification. Thus, the task of the classifier was to
determine the keypoints (from 1 to 11) on the image
and predict their probabilities. Technically, the multi-label
classification task is to find a model that automatically maps
an input example to the correct binary vector rather than
scalar values.

• Regressor: the component responsible for predicting the
coordinates of the keypoints on the image. The output vector
of the regressor has 22 outputs, representing the normalized
(x, y) coordinates of the keypoints of interest on the image.

We applied available neural networks that extract features
and implement the abovementioned approach in image
processing (Table 2). Training of neural networks was
performed with and without fine-tuning. Fine-tuning
implied training all parts of the network (feature extractor,
regressor, and classifier). Without the fine-tuning, training
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FIGURE 2 | Algorithm for labeling intraoperative aortography images and defining the keypoints for the TAVI tracking system. (A) represents the positioning of the

delivery system; (B) represents the transcatheter aortic valve deployment and the actuator rotation; (C) highlights the 1/3 of the valve deployment; (D) shows the

labeling of the keypoints on the catheter; (E) shows the labeling of the keypoints indicative of the aortic root; (F) shows the labeling of the keypoints on the valve stent

at the stage of its 1/3 deployment; (G) is a visualization of the keypoints on the distal part of the delivery system according to the segmented aortograms; (H) is a 3D

model of the target aortic valve structure.

was performed exclusively for regressor and classifier. Fine-
tuning significantly increased the number of weights and the
training time.

Neural Network Training
Since the MTL-based models solve several tasks (e.g., multi-
label classification and regression), their training requires
the optimization of multiple loss functions. In our study,

the generic loss function was the weighted sum of binary
cross-entropy (multi-label classification loss function)
and Log-Cosh (regression loss function). It was calculated
as follows:

Loss = w1 · Loss1 + w2 · Loss2 (1)

Loss1 = −
1

N

N
∑

i=1

yi · log ŷi + (1− yi) · log (1− ŷi) (2)
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FIGURE 3 | An illustration of the proposed MTL model predicting the labels and coordinates of the keypoints.

Loss2 =

N
∑

i=1

log[cosh(ŷi − yi)] =

N
∑

i=1

log(
e(ŷi − yi) + e−(ŷi − yi)

2
)

(3)

where yi is the ground-truth value, ŷi is themodel prediction,N is
the number of classes/points. Since the contribution of Log-Cosh
to the generic loss function is much less, the value of the weight
w2 was chosen equal to 10, and the value of the weight w1 was
chosen equal to 1 to maintain the balance.

We have chosen Log-Cosh because it combines the advantages
of both Mean Absolute Error (MAE) and Mean Squared Error
(MSE) loss functions. This loss function is approximately
equal to

∣

∣ŷi − yi
∣

∣ − log(2) for large values of the prediction

error and (ŷi − yi)
2

/ 2 for small values of the prediction
error. Unlike MSE, Log-Cosh is less sensitive to random
incorrect predictions or outliers. It also has all the advantages
of Huber loss. Importantly, Log-Cosh is twice differentiable
and may be used in several specific machine learning
models [e.g., many ML solutions like XGBoost use Newton’s
method to find the optimum, where the second derivative
(Hessian) is needed].

Early Stopping, a form of regularization, was used to
avoid the model overfitting. The training of the model was

terminated once the model performance stopped improving
at least 0.005 during 5 epochs on a hold-out validation
set. To train the models, we used the Rectified Adam

(33) with a learning rate of 0.00001 and a batch size
of 64.

All neural networks were trained using Intel Core i7-4820K
3.7 GHzCPU, 32Gb RAM,NVIDIAGeForce RTX 2080 Ti 11Gb,
Ubuntu 18.04.4 LTS (Bionic Beaver). We selected the following
metrics to assess classification and regression components of the
neural networks:

Classification Metrics

Precision =
TP

TP + FP
(4)

Recall =
TP

TP + FN
(5)

F1 =
2 · TP

2 · TP + FN + FP
(6)

Accuracy =
TP + TN

TP + FN + TN + FP
(7)

Regression Metrics

MAE =
1

N

N
∑

i=1

∣

∣yi − ŷi
∣

∣ (8)

MSE =
1

N

N
∑

i=1

(

yi − ŷi
)2

(9)

RMSE =

√

√

√

√

1

N

N
∑

i=1

(

yi − ŷi
)2

(10)
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TABLE 2 | Description of the neural networks.

Model Fine-tuning Size of the

input tensor

Size of the

output

tensor

Number of

trainable

parameters

Number of

non-trainable

parameters

Total number of

parameters

Model size,

Mb

References

MobileNet V2 Yes 224 × 224 × 3 1280 4,881,185 34,112 4,915,297 58 (27)

No 2,657,313 2,257,984 40

ResNet V2 Yes 224 × 224 × 3 2048 27,749,537 45,440 27,794,977 326 (28, 29)

No 4,230,177 23,564,800 142

Inception V3 Yes 299 × 299 × 3 2048 25,905,322 34,432 25,939,754 305 (30)

No 2,085,921 23,853,833 118

Inception

ResNet V2

Yes 299 × 299 × 3 1536 57,900,650 60,544 57,961,194 681 (31)

No 2,085,921 55,875,273 244

EfficientNet B5 No 456 × 456 × 3 2048 4,230,177 28,513,520 32,743,697 162 (32)

FIGURE 4 | Distribution of the number of keypoints in the initial dataset.

FIGURE 5 | The total number of images for the studied keypoints.
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FIGURE 6 | Scatter plots of the keypoints in the source images.

where TP is the number of true positives, TN is the number
of true negatives, FP is the number of false positives, FN is the
number of false negatives, yi is the ground-truth value, ŷi is the
predicted value, N is the number of samples.

We use the general method for computing the F1-score (Eq.
6). The micro-F1 represented the total number of TP, FN, and
FP. The macro-F1 was a weighted average of the F1 scores of
each class.

Software Used in the Study
During the performance of our study, we used several key
libraries, packages, and frameworks such as:

• Python Version 3.6.9 (RRID:SCR_008394) and PyCharm
Version 2020.1 (RRID:SCR_018221) were used as the
main programming language and integrated development
environment for performing data processing/wrangling and
neural networks development;

• R Version 3.6.3 (RRID:SCR_001905) and RStudio Version
1.2.5001 (RRID:SCR_000432) were used as an additional
programming language and integrated development
environment for performing statistical analysis;

• TensorFlow (RRID:SCR_016345) is an open-
source software library used for the development

of the deep learning networks trained using the
MTL approach;

• Scikit-learn Version 0.20.3 (RRID:SCR_002577) is an open-
source software machine learning library for the Python
programming language;

• SciPy Version 1.4.1 (RRID:SCR_008058) is an open-source
library for the scientific computing including numerical
integration, interpolation, optimization, linear algebra,
and statistics;

• NumPy Version 1.18.2 (RRID:SCR_008633) is a numerical
computing tool used for processing multi-dimensional arrays
and matrices;

• Pandas Version 0.24.2 (RRID:SCR_018214) is a software
library for data manipulation and analysis of different data
structures including numerical tables and time series;

• OpenCV Version 4.0.1.23 (RRID:SCR_018214) is a computer
vision library used for image processing and visualization;

• Seaborn Version 0.10.0 (RRID:SCR_018132) and Matplotlib
3.0.3 (RRID:SCR_008624) are comprehensive libraries for
creating static, animated, and interactive visualizations
in Python;

• ggplot2 Version 3.2.1 (RRID:SCR_014601) is a data
visualization package for the statistical programming
language R.
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FIGURE 7 | Dynamic changes in the loss function for the studied neural networks.
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FIGURE 8 | Prediction of the keypoint labels and coordinates. Dots are the ground-truth keypoints defined by the expert. Crosses are the predictions of neural

networks. Ideally, the number and the coordinates of the ground-truth and predicted keypoints should coincide. (A) Beginning of the training (epoch 1), (B) middle of

the training, and (C) end of the training (the last epoch).

RESULTS

Analysis of the Source Data
We first analyzed the distribution of the keypoint number

using exploratory data analysis. Figure 4 shows that the number

of keypoints on images has a normal distribution. However,
we noticed the imbalance of the initial dataset due to a
small number of images where the keypoints of the aortic
valve landmarks and TAVI delivery system were visualized
during contrasting. This imbalance could affect the predictive
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TABLE 3 | Model comparison according to the classification metrics*.

Model Precision Recall Macro F1 Micro F1 Accuracy

Train Valid Train Valid Train Valid Train Valid Train Valid

ResNet V2 FT 0.99 0.97 1.00 0.97 0.99 0.93 1.00 0.97 0.99 0.97

ResNet V2 0.97 0.96 0.95 0.95 0.89 0.89 0.96 0.95 0.96 0.95

MobileNet V2 FT 0.99 0.96 0.99 0.97 0.98 0.92 0.99 0.96 0.99 0.96

MobileNet V2 0.96 0.95 0.94 0.93 0.86 0.84 0.95 0.94 0.95 0.93

Inception V3 FT 0.99 0.96 1.00 0.97 0.99 0.93 0.99 0.97 0.99 0.96

Inception V3 0.96 0.95 0.94 0.93 0.88 0.85 0.95 0.94 0.95 0.94

Inception ResNet V2 FT 0.99 0.96 0.99 0.97 0.98 0.92 0.99 0.97 0.99 0.96

Inception ResNet V2 0.96 0.95 0.93 0.92 0.85 0.82 0.94 0.94 0.94 0.93

EfficientNet B5 0.96 0.96 0.93 0.93 0.86 0.86 0.95 0.94 0.94 0.94

*The higher the metric value, the better the model predicts the labels of the keypoints.

TABLE 4 | Model comparison according to the regression metrics*.

Model MAE RMSE MSE

Train Valid Train Valid Train Valid

ResNet V2 FT 0.035 0.047 0.049 0.079 0.002 0.006

ResNet V2 0.062 0.067 0.092 0.100 0.009 0.010

MobileNet V2 FT 0.045 0.056 0.066 0.088 0.004 0.008

MobileNet V2 0.070 0.074 0.102 0.109 0.010 0.012

Inception V3 FT 0.049 0.053 0.070 0.086 0.005 0.007

Inception V3 0.068 0.074 0.100 0.108 0.010 0.012

Inception ResNet V2 FT 0.048 0.046 0.070 0.082 0.005 0.007

Inception ResNet V2 0.071 0.073 0.105 0.109 0.011 0.012

EfficientNet B5 0.065 0.067 0.100 0.103 0.010 0.011

*The lower the metric value, the better the model predicts the coordinates of the keypoints.

power of the models but may be eliminated by increasing the
number of images of the minor class. In some cases, images
containing 1, 2, 3, 10, and 11 keypoints of interest can be
predicted incorrectly.

Additionally, we analyzed the distribution of the keypoints
in the images (Figure 5). Most of the keypoints represented
the delivery system (CP, CM, CD, and CT) and pigtail (PT).
There were fewer keypoints of anatomical landmarks (AA2 and
STJ2) and distal portion of the stent (FE1 and FE2) that can be
explained by a limited imaging time during the TAVI procedures.
Most of the analyzed images were made without contrasting that
prohibited the visualization of the keypoints indicating aortic
valve anatomical landmarks (AA1, AA2, STJ1, and STJ2). Since
the valve is pre-attached to the delivery system, FE1 and FE2
were tracked only at the last stage of the procedure. Thus, the
classifier may be biased toward predicting the majority class (PT,
CD, CM, CT, and CP). To assess the distribution of the keypoint
coordinates, scatter plots were used (Figure 6).

Point cloud density and data scatter of the distal portion
of the stent (FE1 and FE2) displayed a small number of
these points, suggesting the presence of the imbalance in
the source dataset. We noted the presence of the statistical
outliers, i.e. single points that are shown in Figure 6 (AA2,

STJ1, STJ2, CD, CM, and CP). In addition, the keypoints
of interest were distributed unevenly over the images and
localized in small areas. The latter, theoretically, can lead to
the memorization of the coordinates by the model, resulting
in poor accuracy on the validation set. In case the model is
overfitting, the augmentation of images using affine or geometric
transformations (image rotation, reflection, translation, etc.) may
be applied.

Neural Network Training
Figure 7 shows the training progress of the studied neural
networks. The graphs present the dynamic changes in the
values of the loss function for both fine-tuned and non-fine-
tuned models. The dashed line shows the dynamic changes in
the loss function on the validation set. Despite the number
of epochs for training was set to 100, none of the models
reached the set number. The largest number of epochs spent
in training was 76 (EfficientNet B5), the smallest was 22
(Inception ResNet V2 FT). According to the loss function
analysis, it was shown that fine-tuned models were more
prone to overfitting (Supplementary Table 1) that is typical
for all fine-tuned models. However, Early Stopping allowed
partial elimination of the model overfitting. Importantly, heavier
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FIGURE 9 | Visualization of the key performance indicators of neural networks. Each circle represents the performance of the model in terms of frames per second on

the validation set (the larger the circle, the higher the model prediction speed).

models (Inception ResNet V2 and EfficientNet B5) were less
likely to overfit.

Figure 8 shows the learning dynamics of three models,
MobileNet V2 FT, ResNet V2 FT, and Inception V3 FT. After the
initial weights were initialized and the models were trained for
one epoch, they predicted the labels and the keypoint coordinates
incorrectly. By the middle of the training, almost all models
performed classification and regression with a high degree of
accuracy, except some models did not reach their optimum in
training [e.g., MobileNet V2 FT still predicted the presence of
STJ1 in the image with a probability of 53% (Figure 8B)]. By the
end of the training, all models predicted the presence of keypoints
and their coordinates over the images with a fairly low error
rate (Figure 8C).

Quantitative Analysis of the Models
After the training process, we compared the selected metrics
described in the Materials and Methods section. Tables 3, 4 show
the results of the comparative analysis. Color scale formatting
reflects the distribution of models by their accuracy, where deep
blue shows a better prediction, and white indicates a worse
prediction. All metrics are normalized in the range [0; 1].

We determined four models (ResNet V2 FT, MobileNet
V2 FT, Inception V3 FT, and Inception ResNet V2 FT) that
were capable of performing both multi-label classification and
regression with high accuracy. Fine-tuning better solved the
set tasks by demonstrating the best performance, F1-score,
and MAE (Figure 9). These models demonstrated a higher
generalization capability than standard models, better extending
the dependencies and patterns found on the training set
to the validation set. However, fine-tuned models are more

prone to overfitting and may require the introduction of
additional regularizers.

Time Analysis of the Models
To assess the efficiency of the selected approach, we assessed the
training time and the prediction time of each model. We found
a strong positive correlation between the number of weights
and the training/prediction time. Importantly, fine-tuned models
trained twofold longer than non-fine-tuned ones. However, fine-
tuned models converged faster, leading to fewer epochs for
training. A detailed comparison of the time metrics in relation
to the selected models is shown in Supplementary Table 2.

DISCUSSION

Our approach to the tracking of the intraoperative data using
a unique labeling algorithm represents a novel software that
may improve clinical outcomes of patients undergoing TAVI. To
better evaluate the reliability of the results, we should distinguish
two primary indicators: precise, real-time operation of the
algorithm and its high accuracy. Theoretically, the performance
of this software can be compared with the previously described
TAVI imaging software solutions (HeartNavigator, syngo Aortic
Valve Guide, etc.). However, this comparison cannot be
conducted in real clinical settings since all commercially available
imaging software solutions are used for the preoperative planning
and vascular access rather than for the intraoperative guidance as
an additional imaging modality. Our tracking software facilitates
the valve implantation, guiding the operator to adequate valve
positioning and deployment. Therefore, it is reasonable to discuss
specific parameters that may prove its efficiency and safety. For
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FIGURE 10 | An illustration of TAVI visual assistance system output generated by the proposed algorithm. (A–C) visualize the catheter location and the target

implantation site, where (A) is a target implantation site tracked by the pigtail location during the contrast injection; (B) is a tracking of catheter location relative to the

aortic annulus plane with an acceptable implantation error in the absence of contrast; (C) is an example of imaging with partial extraction of the valve from

the delivery system.

instance, frame per second indicator is critical for neural network
software solutions but not for routine imaging modalities. Future
research may focus on the validation of the intraoperative
modalities for tracking aortic valve anatomical landmarks using
clinical or mixed data.

In comparison with a hard parameter sharing utilized in our
study, an ensemble of soft parameter sharing MTL-generated
models may reduce coordinate scattering and increase the
generalization capability of the approach. However, surgical
interventions require real-time data processing, limiting the pool
of the models that can be applied. In addition, the use of
time-distributed architecture for our neural network ensemble
permitted involvement of both spatial and temporal components
to reduce oscillations of the keypoint coordinates.

The proposed algorithm and its further optimization will
allow to develop a virtual TAVI assistant capable of providing
relevant information to interventional cardiologists (Figure 10).
Tracking and labeling of 11 keypoints within the aortic root and
TAVI delivery system will support the operator in determining
the intraoperative deviation of the delivery system from the
optimal trajectory recommended by the manufacturer. Further, it
will perform real-time visualization of the target implantation site
and TAVI delivery system based on the algorithmic binding of the
pigtail catheter to the coordinates without the need for repeated
contrasting (Figure 10C).

Another promising research area is the development of a
feedback loop for robotic-assisted TAVI systems that have been
designed for experimental purposes (10, 34). The main concept
of this approach is the use of manipulators compatible with
the commercial TAVI systems that would deliver and position
valves instead of interventional cardiologists, who will then
monitor and control the work of the robotic assistant. The

performance of these systems depends on the input parameters
from the angiography system to control real-time tracking of the
catheter location and aortic valve anatomical landmarks. In this
respect, our neural network ensemble for the real-time tracking
of 11 keypoints is a source of the input data for the hardware
complexes of the robotic assistants that perform semi-automated
TAVI procedures.

The main limitation of the real-time tracking in this study was
the relatively high error in predicting the keypoint coordinates
due to a small number of images with aortic valve anatomical
landmarks (AA2 and STJ2) and the distal portion of the stent
(FE1 and FE2). The pixel distance between predicted and
ground-truth points varied from 40 to 60 pixels with an image
size of 1,000× 1,000 pixels. Therefore, our further studies will be
focused on optimizing the MTL-based algorithm for imbalanced
datasets (Figure 11) that will guide the operator for optimal
valve positioning. The algorithm is based on the tracking of
11 keypoints: the aortic root (AA1, AA2, STJ1, STJ2), pigtail
(PT), delivery system (CP, CM, CD), and transcatheter valve
(FE1, FE2). Tracking the aortic root during contrasting, the
algorithm generates a local orthogonal coordinate system in
two dimensions, where AA1 and AA2 keypoints form the X-
axis (aortic annulus plane) perpendicular to the Y-axis. Once
the contrast injection has passed and these points cannot be
longer tracked, PT acts as a duplicating element suggesting the
origin of coordinates and ensuring the binding of AA1 and
AA2 to PT. Simultaneously, the algorithm tracks and labels
the keypoints of the catheter (CP, CM, CD), providing relevant
information to the TAVI operator for the proper positioning of
the delivery system and starting valve deployment. FE1 and FE2
indicated the outer shaft of the delivery system, suggesting the
accuracy of valve positioning and any potential dislodging from
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FIGURE 11 | An illustration of an updated algorithm for tracking and labeling the keypoints of the aortic valve and TAVI delivery system.

the aortic annulus plane. Thus, our software performs a two-stage
assessment of the errors that may occur during valve positioning
and deployment (i.e., “annulus-catheter” and “annulus-stent”
coordinate difference). In addition, CP-CD keypoints provide
relevant information on the extraction degree of the outer shaft.

Despite relatively small sample size might limit the quality
of neural network training, the selected neural network
architectures and learning approach resulted in <5% mean
absolute error for both classification and regression functions

in training and validation samples. The single-center single-
operator design is another limitation of this investigation. Yet,
we think that it is acceptable in the proof-of-concept study which
suggests a novel experimental tool rather than an instrument for
the direct implementation into cardiovascular surgery. Despite
an extensive search, we could not find any studies regarding
the application of any convolutional neural network algorithm
for the real-time tracking of aortic valve and delivery system
keypoints during TAVI, even for one patient. Further, in
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combination with a single-prosthesis (CoreValve, Medtronic)
study design a single-operator approach minimizes the sample
heterogeneity that is of crucial importance when designing
artificial intelligence tools. Implantation of all prosthetic valves
by a single operator excluded variability of the technique and
increased the precision ofmachine learning, thereby contributing
to the accuracy of the algorithm. Among all commercially
available prosthetic valves, we selected CoreValve with regards
to: (1) a large amount of research regarding this valve prosthesis
model, including those investigating the correlation between its
inadequate positioning and postoperative complications; (2) it
has a self-expanding frame similar to most of prosthetic valves
employed in TAVI; (3) a specific experience of cardiovascular
surgeons in our center. Notwithstanding, we suggest that further
investigations should include several models of prosthetic heart
valves. In addition, the neural networks designed in this study
require validation in a two- or multi-center (and therefore multi-
operator) study.

CONCLUSION

To summarize, we suggest a novel real-time tracking system for
the facilitation of TAVI procedures. Here, we provided a proof of
concept that such a system can recognize and track the keypoints
indicating the location of the aortic root, delivery system,
and heart valve prosthesis during TAVI. Based on the hard
parameter sharing, MTL approach ensured the simultaneous,
real-time prediction of the keypoint labels and coordinates with
an overall accuracy above 95%: fully trained ResNet V2 and
MobileNet V2 networks predicted labels with an F1-score of
97 and 96%, and coordinates with a mean absolute error of
4.6 and 5.6%, respectively. We suggest these neural networks
might be employed both as a supporting tool to optimize valve
positioning and as a component of a robotic-assisted system for
performing TAVI.
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Background:Myocardial efficiency should bemaintained stable under light-to-moderate

stress conditions, but ischemia puts the myocardium at risk for impaired functionality.

Additionally, the measurement of such efficiency typically requires invasive heart

catheterization and exposure to ionizing radiation. In this work, we aimed to

non-invasively assess myocardial power and the resulting efficiency during

pharmacological stress testing and ischemia induction.

Methods: In a cohort of n = 10 healthy Landrace pigs, dobutamine stress testing

was performed, followed by verapamil-induced ischemia alongside cardiac magnetic

resonance (CMR) imaging. External myocardial power, internal myocardial power, and

myocardial efficiency were assessed non-invasively using geometrical and functional

parameters from CMR volumetric as well as blood flow and pressure measurements.

Results: External myocardial power significantly increased under dobutamine stress

[2.3 (1.6–3.1) W/m2 vs. 1.3 (1.1–1.6) W/m2, p= 0.005] and significantly decreased under

verapamil-induced ischemia [0.8 (0.5–0.9) W/m2, p = 0.005]. Internal myocardial power

[baseline: 5.9 (4.6–8.5) W/m2] was not affected by dobutamine [7.5 (6.9–9.0) W/m2, p

= 0.241] nor verapamil [5.8 (4.7–8.8) W/m2, p = 0.878]. Myocardial efficiency did not

change from baseline to dobutamine [21% (15–27) vs. 31% (20–44), p = 0.059] but

decreased significantly during verapamil-induced ischemia [10% (8–13), p = 0.005].

Conclusion: In healthy Landrace pigs, dobutamine stress increased external

myocardial power, whereas myocardial efficiency wasmaintained stable. On the contrary,
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verapamil-induced ischemia substantially decreased external myocardial power and

myocardial efficiency. Non-invasive CMR was able to quantify these efficiency losses and

might be useful for future clinical studies evaluating the effects of therapeutic interventions

on myocardial energetics.

Keywords: myocardial efficiency, myocardial power, landrace pigs, dobutamine stress, myocardial ischaemia

INTRODUCTION

Myocardial efficiency represents the ratio between the external
mechanical power required to maintain blood flow against
systemic vascular resistance and the contraction power required
by the left ventricular (LV) myocardium (1, 2). This mechanical
efficiency proportion has increasingly become the focus of
research, as it is associated to myocardial performance and
myocardial remodeling (3, 4) in patients with cardiac diseases
such as valvular heart disease (5, 6), heart failure (7), and
cardiomyopathy (8).

Changes in myocardial efficiency can be triggered and
altered by several factors, such as medical treatment (9) or
surgical intervention (6), inducing hemodynamic changes in the
cardiovascular system. Furthermore, efficiency can be influenced
by stress and ischemic hemodynamic conditions, which can
be pharmacologically induced by dobutamine (10–12) and
verapamil (13, 14), respectively. The quantification of myocardial
efficiency in such conditions holds the potential for providing
insights into myocardial physiology as well as tolerance for stress
and ischemia.

Nevertheless, even in resting conditions, the quantification
of myocardial efficiency has not been established as a clinical
standard since it is traditionally based on invasive measurements
(3, 4). More recent concepts for its quantification have suggested
the use of positron emission tomography (PET) in combination
with concepts of mechanical external power (5, 6). However, PET
is limited to specific clinical indications and includes exposure to
ionizing radiation. A novel cardiac magnetic resonance (CMR)-
based approach has been introduced to assess alterations in
mechanical myocardial power and myocardial efficiency (15).
The aim of this animal study was to quantify myocardial power
and efficiency under stress and ischemic conditions using this
non-invasive CMR approach.

METHODS

Data from n= 10 (51 ± 10 kg) Landrace pigs were selected from
an already published study cohort from our group (16, 17), where
dobutamine stress testing and verapamil ischemia induction
were performed. Female Landrace swine were fasted overnight
with free access to water and then sedated and intubated on
the day of the experiment. Anesthesia was continued with
fentanyl, midazolam, ketamine, and pancuronium as needed.
The anesthesia regimen included a low-dose isoflurane to
obtain deeper sedation and stabilize the hemodynamics without
impacting much on systemic vascular resistance. Dobutamine
infusion was titrated, aiming at a 25% heart rate (HR) increase

compared to baseline values, while verapamil was given as
a single 2.5-mg bolus, aiming at a 25% decrease of cardiac
index (CI). The experimental protocols were approved by the
local bioethics committee of Berlin, Germany (G0138/17), and
conform to the “European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific
Purposes” (Council of Europe No. 123, Strasbourg 1985). The
corresponding author had full access to all the data in the study
and takes responsibility for its integrity and the data analysis.

Experimental Protocol
The experimental protocol has been already described in two
published papers from our group (16, 17). Briefly, female
Landrace pigs (n = 10, weight = 51 ± 10 kg) were acutely
instrumented, and the animals were transported to the MRI
facility for measurements. The pigs were ventilated with an MRI-
compatible machine (Titus, Dräger Medical, Germany). After the
baseline measurements, two steps were performed as follows:
(I) dobutamine-induced stress (Dob) and (II) verapamil-induced
ischemia (Ver). Dobutamine infusion was titrated, aiming at
a 25% heart rate increase compared to the baseline values,
while verapamil was given at boli of 2.5mg each, aiming at
a 25% decrease of CI. At each protocol, MRI images were
acquired at short axis (SAX), 2Ch, 3Ch, and 4Ch views. After
theMRI measurements, the animals were transported back to the
operating room for sacrifice.

Cardiac Magnetic Resonance
All CMR images were acquired in a supine position using a
3T (Achieva, Philips Healthcare, Best, The Netherlands) MRI
scanner with a flexible anterior and a built-in posterior receive
coil, where up to 30 coil elements were employed depending on
the respective anatomy. All animals were scanned using identical
comprehensive imaging protocols. The study protocol included
initial scouts to determine the cardiac imaging planes. Cine
images were acquired using an ECG-gated balanced steady-state
free precession sequence in three LV long-axis (2Ch, 3Ch, and
4Ch) planes. The ventricular two- and four-chamber planes were
used to plan stack of SAX slices covering the entire LV. The
following imaging parameters were used: repetition time (TR) =
2.9ms, echo time (TE) = 1.45ms, flip angle = 45◦, acquired in-
plane voxel size= 1.9× 1.9 mm2, reconstructed voxel size= 1.0
x 1.0 mm2, slice thickness 8mm, 40 reconstructed cardiac phases,
and number of averages (NSA) 2. Flow was quantified using two-
dimensional phase-contrast MRI: TR 3.9, ms; TE, 2.4ms; flip
angle, 15◦; 30 reconstructed cardiac phases; acquired in-plane
voxel size, 2.1 × 2.1 mm2; reconstructed voxel size, 1.5 × 1.5
mm²; slice thickness, 10mm; velocity encoding, 200 cm/s; and
NSA, 2. The sequences were obtained (a) perpendicular to the
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aorta to assess peak flow and aortic valve regurgitation as well
as (b) between the mitral valve inflow and the left ventricular
outflow tract to quantify the auxobaric contraction time, the
isovolumetric contraction time, and the aortic pressure gradient,
respectively. All images were acquired during normal respiration
with no respiratory motion correction, as respiration-induced
bulk cardiac motion was absent or very small in these animals.
All images were analyzed offline using Medis Suite (version
3.1, Leiden, The Netherlands) and View Forum (R6.3V1L7 SP1,
Philips Medical Systems Nederland B.V) in accordance to the
consensus for quantification function and flow using CMR.

Myocardial Power and Power Efficiency
The clinical imaging and post-processing workflow to obtain
CMR-derived myocardial power and efficiency is described in
Figure 1.

Power is the rate of transferring or converting energy per unit
time. Cardiac power output (CPO) defines the power needed to
pump blood against a given afterload of the systemic circulation.

CPO (W) =
MAP ∗ COtotal

451

FIGURE 1 | Clinical imaging and post-processing workflow. Shown in the figure are the necessary steps needed to obtain the non-invasively measured external

myocardial power, internal myocardial power, and myocardial efficiency.
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with MAP = mean arterial pressure (converted from mmHg to
Pa) measured invasively, 451 = the unit conversion in watt, and
COtotal = total cardiac output (converted from L/min to qm/s).
Cardiac output (CO) was calculated by the Simpson method
to measure LV volumes using SAX MRI images. Simpson’s
technique is based on Simpson’s rules, which for our purposes
were essentially the sum of the cross-sectional areas of each slice
accounting for slice thickness and the interval between slices in
a stack of contiguous slices covering the entire LV. LV contours
in all slices required to measure the cross-sectional areas in each
slice were assessed manually. External myocardial power (EMP)
defines the power needed to pump blood against a given afterload
at the LVOT.

EMP (W) = (MAP +mean△PAV ) ∗ COtotal

The mean△PAV is the mean pressure gradient across the aortic
valve. In our cohort, EMP is nearly equivalent to the concept
of cardiac power output and circulatory power (15), given the
absence of aortic valve stenosis and aortic valve regurgitation.

The power required by the LV myocardium to perform
contraction during systole is defined as internal myocardial
power (IMP) (15, 18):

IMP (W) =
Vwall ∗ σwall

tCS

where Vwall = myocardial wall volume, σwall = peak systolic
wall stress, and tCS = left ventricular systolic contraction time.
EMP and IMP have been indexed to body surface area (BSA) to
allow a better comparison between individuals. Wall stress was
calculated using a simplified approach of the law of Laplace:

σwall = Psys ∗
RBP

2 ∗ Swall

Where PSYS = LV peak systolic pressure, RBP = mean radius of
the blood pool, and Swall =mean myocardial wall thickness. Swall
and RBP during systole were averaged from LV segmentations,
considering LV as a cylindrical geometry for the correction of
potential regional differences. Psys = sum of the systolic blood
pressure measured at the right arm and the maximum pressure
gradient across the aortic valve. The ratio between IMP to the
resulting EMP (IMP/EMP) is defined as myocardial efficiency.

Statistical Analysis
Continuous data are expressed as median and interquartile range
(Q1–Q3) unless stated otherwise. Data distribution was tested
using Shapiro–Wilk and Shapiro–Francia tests. The correlations
between the CMR parameters of indexed IMP, indexed EMP,
myocardial efficiency, and the hemodynamic parameters of CPO,
CI, and left ventricular ejection fraction (LVEF) were assessed by
linear regression analysis.

Wilcoxon signed rank test was used to assess differences
between baseline and the intervention. The significance level
was set at 0.05. Data were analyzed using Stata 15.1 (StataCorp,
College Station, TX, USA) and GraphPad 8.0.2 (GraphPad
Software, Inc., La Jolla, CA, USA).

TABLE 1 | Clinical characteristics, cardiac magneic resonance geometric and

functional parameters, and invasively measured hemodynamic parameters of pigs

at rest, under stress (dobutamine), and under ischemia (verapamil).

Subjects (n = 10) BL Dob Ver p-value

(BL vs.

Dob)

p-value

(BL vs.

Ver)

sBP

(mmHg)

108

(101–117)

136

(127–147)

87

(78–106)

0.007 0.005

dBP

(mmHg)

79

(60–87)

84

(57–97)

58

(50–66)

0.646 0.012

Myocardial

mass/BSA

(g/m2)

41

(34–52)

41

(34–52)

41

(34–52)

– –

Myocardial volume

(ml)

38

(32–50)

38

(32–50)

38

(32–50)

– –

SVflow

(ml)

57

(44–80)

52

(45–78)

42

(47–53)

0.386 0.005

COflow

(L/min)

5.6

(4.8–6.5)

6.0

(4.6–8.0)

3.9

(3.1–4.9)

0.220 0.013

Distensibility aorta

ascendens

(10−3 mmHg−1)

11.2

(7.7–14.8)

9.7

(6.1–14.6)

5.5

(4.2–7.7)

0.721 0.017

Distensibility aorta

descendens

(10−3mmHg−1)

7.0

(4.4–9.6)

6.7

(4.5–8.6)

4.9

(1.5–7.0)

0.721 0.139

External myocardial

power

(W/m2)

1.3

(1.1–1.6)

2.3

(1.6–3.1)

0.8

(0.5–0.9)

0.005 0.005

Internal myocardial

power

(W/m2)

5.9

(4.6–8.5)

7.5

(6.9–9.0)

5.8

(4.7–8.8)

0.241 0.878

Myocardial efficiency

(%)

21

(15–27)

31

(20–44)

10

(8–13)

0.059 0.005

BSA, body surface area; BL, baseline; Dob, dobutamine infusion; Ver, verapamil infusion;

sBP, systolic blood pressure; dBP, diastolic blood pressure; mAOP, mean arterial pressure;

EDV, end-diastolic volume; ESV, end-systolic volume; LVEF, left ventricular ejection

fraction; HR, heart rate; SV, stroke volume; CO, cardiac output.

Data are presented as median and interquartile range.

RESULTS

Power and efficiency analyses were performed in n= 10 pigs. The
hemodynamic and the CMR-based geometrical and functional
parameters of the pigs at rest, under dobutamine and under
verapamil, are reported in Table 1. The following hemodynamic
data have been previously published (17), where a significant
increase of HR, mean aortic pressure, and CPO under Dob and a
respective significant decrease during Ver were observed; stroke
volume and LVEF did not decrease significantly under Dob but
decreased significantly instead during Ver.

Hemodynamic Parameters
Relevant differences for systolic blood pressure were seen
between pigs under stress, whereas no differences were
seen for diastolic blood pressure and mean arterial pressure
between interventions (stress and ischemia) and rest. After
stress induction with dobutamine, the heart rate increased
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FIGURE 2 | Non-invasively measured myocardial power and efficiency at baseline and at dobutamine and verapamil states. Body surface area (BSA)-indexed external

myocardial power (A) was found to be significantly different during both dobutamine-induced stress and verapamil-induced ischemia. No difference between states

was found for BSA-indexed internal myocardial power (B). Myocardial efficiency (C) was found to be significantly different only during verapamil-induced ischemia.

EMP, external myocardial power; IMP, internal myocardial power. *p < 0.05 vs. baseline.

significantly, while HR did not change after ischemia induction
with verapamil.

CO, calculated by the Simpson method, significantly
increased during stress with dobutamine and also significantly
decreased vs. baseline during ischemia. Invasively measured
CPO significantly increased during dobutamine stress, and
a significant decrease was observed during ischemia with
verapamil. LVEF increased non-significantly during dobutamine
but significantly decreased during verapamil.

Heart Power Analysis
EMP, IMP, and myocardial efficiency were assessed in all groups
using CMR. EMP changed significantly during both dobutamine-
induced stress and also after ischemia induction (Figure 2A).
There were instead no significant differences in IMP after
stress with dobutamine or ischemia with verapamil (Figure 2B).
Myocardial efficiency changed significantly from baseline to
verapamil, but only a decreasing trend was observed between
baseline and dobutamine (Figure 2C).

Comparison With Hemodynamic
Parameters (Left Ventricular Ejection
Fraction, Cardiac Index, and Cardiac
Power Output)
The linear regression analysis showed a good correlation between
EMP and CPO (Figure 3A) and between external myocardial
power and LVEF (Figure 3D). No correlation was observed
between IMP and CPO (Figure 3B) and vs. LVEF (Figure 3E). A
moderate correlation was observed instead between myocardial
efficiency and CPO (Figure 3C) and LVEF (Figure 3F).

DISCUSSION

Summary of Main Findings
The results of our non-invasive MRI approach show that
myocardial efficiency was not altered during dobutamine stress

testing, whereas efficiency was decreased during verapamil-
induced ischemia. While external myocardial power directly
reflects the resulting hemodynamic responses under both stress
and ischemic conditions, myocardial efficiency reveals the
coupling between the left ventricle and the circulatory system.

External Myocardial Power
External power has been shown to predict mortality in patients
with cardiogenic shock or outcome in chronic heart failure
patients better than LVEF (19, 20). In a study from our
group, we were able to show that CPO, as an external power
measure, accurately reflects left ventricular stroke work per
minute over a wide range of inotropic states (21). The area
of the pressure–volume loop reflecting the external work of
the heart is also called left ventricular stroke work (LV SW).
Through an invasive pressure–volume analysis, this represents
themost comprehensive way to describe ventricular performance
(22). While LVEF provides a load-dependent measurement of
heart function, LV SW and, in turn, CPO offer load-independent
information extremely relevant in patients with altered inotropy
due to heart failure (21).

Internal Myocardial Power and Myocardial
Efficiency
The energy that the myocardium needs to generate external
power and the resulting efficiency have been of particular interest
from a clinical and a research standpoint, respectively. In the
diseased myocardium, this efficiency is known to be reduced
(3), and it has long been discussed whether this energy loss can
help to describe the pathophysiology in the diseased state (8).
In line with these concepts, Güçlü et al. (6) have demonstrated
that myocardial efficiency plays a crucial role in myocardial
remodeling processes in aortic valve stenosis and improvements
can be measured after surgical valve replacement. These changes
in external myocardial efficiency were shown to correlate to the
changes in myocardial oxygen consumption (VO2). A surrogate
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FIGURE 3 | Correlation between external myocardial power, internal myocardial power, and myocardial efficiency vs. different invasive parameters of hemodynamics.

Linear regression analysis showing a good correlation between external myocardial power vs. CPO (A) and LVEF (D). No correlation is instead observed for internal

myocardial power and CPO (B) or LVEF (E). A moderate correlation is observed for myocardial efficiency vs. CPO (C) and LVEF (F). Blue dots represent baseline,

green dots represent dobutamine, and red dots represent verapamil. BSA, body surface area; CPO, cardiac power output; LVEF, left ventricular ejection fraction.

for the mechanical internal power that does not require exposure
to ionizing radiation and that can be related to the resulting
external power (external myocardial efficiency) has been recently
introduced (15). Similar to the findings by Güçlü et al. (6),
internal myocardial power was found to be increased with
a resulting reduced efficiency in patients with aortic valve
stenosis compared to controls as what would be expected under
conditions of increased afterload. While external myocardial
power was not different between aortic stenosis patients and
controls as long as the EF was preserved, circulatory efficiency
was found below control levels, even in patients with normal
EF (15).

Within this animal cohort, when the myocardium was not
impaired, its efficiency was found to be at human control
levels under resting conditions (15). During a dobutamine-
induced stress response, the efficiency did not change. Based
on previous concepts of myocardial energy (3), losses would
not be expected under healthy conditions. In line with these
concepts, an impaired myocardial efficiency was found under
ischemic conditions when the LV contraction power resulted in
less external myocardial power. The internal myocardial power
already includes aspects of cardiac morphology, and future
research is required to assess whether myocardial fibrosis and
histological changes will be reflected in power measurements
(23). Note that IMP did not changed significantly between the
three conditions. We suppose that this is due to a healthy heart,
which is able to cover drug-simulated changes in afterload (stress
and ischemia). A decrease in IMP means better heart work
efficiency that we cannot expect in a healthy heart. An increase

in IMP means lower efficiency in heart work, which should be
associated with pathological changes of the heart which, however,
require time. Short-time changes in heart work conditions, as
investigated in the current study, cannot be associated with
such a pathological change. In a recently published work
which investigated myocardial power and efficiency before and
after treatment of the aortic valve, a significant decrease in
IMP and a respective increase in efficiency due to treatment
of the aortic valve were shown (24). Hence, IMP is not a
constant value.

Invasively Measured CPO Against External
Myocardial Power
In our study, we were able to show that external myocardial
power measured with CMR is a feasible technique able
to correlate CPO, measured invasively. This represents an
advancement in CMR-based assessment of heart function, adding
a potential new parameter that can be utilized in patients with
compromised LV function.

Limitations
The calculation of myocardial power and efficiency focuses on
systole as it accounts for most of the energy expenditure of the
heart. Myocardial energetics were not considered in diastole even
though diastolic relaxation is an active energy-requiring process
involving ATP and oxygen consumption. Diastolic dysfunction
plays a major role in the pathophysiology of several cardiac
diseases such as heart failure, but the role of myocardial efficiency
regarding its pathophysiology is still unknown. Hence, novel
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concepts are required to quantify myocardial efficiency in the
diastolic phase of the heart to get a deeper understanding of the
pathophysiology of diastolic heart failure. Our approach did not
include metabolic measures of myocardial energy consumption
which traditionally had to be assessed with the use of an invasive
conductance catheter. Modern concepts use PET, which allows
measuring of myocardial energy consumption by indirectly
quantifying metabolic oxygen consumption from the coronaries
with the disadvantage of using ionizing radiation. This study was
a pure mechanical MRI-only approach calculating the internal
myocardial power with the assumption that internal power
is the mechanical potential power generated by myocardial
contraction. Furthermore, LV wall stress was calculated using a
simplified approach of the law of Laplace. The geometrical shape
of the LV as well as regional strain both determine LV wall stress
and, subsequently, impact internal myocardial power. Hence,
more precise models should be applied to calculate internal
myocardial powermore accurately in future projects. The current
study was limited to testing of dobutamine and verapamil drugs.
The effect of other drugs such as dypiridamole, adenosine, or
levosimendan should be investigated in frames of future studies.
This study was an animal study with a small cohort of n= 10. As
animal studies can be an imprecise predictor of the reactions and
physiology of humans, future clinical trials need to be carried out
to prove our results in patients under various disease states.

CONCLUSIONS

This study underlines the concept of assessing internal and
external myocardial power and their resulting efficiency in
a completely non-invasive CMR-based approach. Efficiency
measures were shown to maintain stability during stress testing
as long as the myocardium is not impaired. Under ischemic
conditions, however, quantifiable efficiency losses occurred. This
study underlines the promising potential of the non-invasive
approach in human subjects, in particular in those with altered
myocardial performance.
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In past cardiovascular medicine, the attention to the left ventricle-identified as the only

indicator and determinant of healthy or unhealthy cardiac conditions- has systematically

hidden the role of the left atrium (LA). The recent advances in cardiovascular imaging have

provided a better understanding of LA anatomy, physiology, and pathology, making us

realize that this functional structure is far from being an innocent spectator. We now know

that the LA’s mechanical and neuro-hormonal properties play a relevant part in several

cardiovascular diseases, including atrial fibrillation, ischemic heart disease, valvular heart

disease, and heart failure. The present review aims to describe the role of LA in the

specific setting of heart failure. We provide currently available information on LA structure

and function and summarize its role as a determinant of symptoms, prognosis, and

potential therapeutic target in heart failure patients.

Keywords: left atrium, heart failure, speckle-tracking echocardiography, left atrial strain, cardiovascular disease,

left atrial function

INTRODUCTION

Heart failure (HF) with preserved ejection fraction (HFpEF) and reduced left ventricular (LV)
ejection fraction (HFrEF) is associated with several structural and functional changes in the left
atrium (LA). Until recently, the role of the LA in the development of HF was unclear. Traditionally,
it was thought that this chamber modulated LV filling and cardiac output. New non-invasive
imaging modalities have improved our understanding of the function and clinical impact of the LA
(1, 2). Furthermore, the LA plays endocrine and regulatory roles closely related to its mechanical
function (3), making it a potential treatment target and a predictor of cardiovascular events in a
broad range of patient populations.

ASSESSMENT OF LA SIZE AND FUNCTION

Measurement of LA size is a crucial element of a multiparametric assessment of patients with
HF. LA size is measured with M-mode and two-dimensional transthoracic echocardiography
(2DE) by evaluating the anteroposterior diameter (4). However, this has proven inaccurate, as
the LA does not dilate uniformly. The maximal left atrial volume indexed to the body surface
area (LAVi) is the method of choice as it is considered the most accurate. In fact, it is strongly
associated with cardiac outcomes (5) and enables risk stratification. The predictive power of LAVi
has been enhanced by the advent of three-dimensional echocardiography (3DE) (6, 7), which allows
a more precise evaluation of the left atrial volume (LAV) without geometric assumptions and
foreshortening (8) (Figure 1). Values from 3DE better correlate with the volume obtained with

112

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.704762
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.704762&domain=pdf&date_stamp=2021-08-13
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:m.carpenito@unicampus.it
https://doi.org/10.3389/fcvm.2021.704762
https://www.frontiersin.org/articles/10.3389/fcvm.2021.704762/full


Carpenito et al. Left Atrium in Heart Failure

FIGURE 1 | 3D echo reconstruction of the left atrium (LA) and left ventricle

(LV). LA is shown at its end-diastolic phase in order to appreciate left maximal

atrial volume.

cardiac magnetic resonance imaging (CMR) or cardiac computed
tomography (CCT) (9). However, since CMR provides an
adequate definition of the inner wall of the endocardium, and
is able to detect pathological characteristics of the myocardial
tissues, it is considered the gold standard in LAV measurement
(10, 11).

The LA is a dynamic structure, and its mechanical function
consists of three phases. It acts as a reservoir of oxygenated blood
from the pulmonary veins, and its function depends on both the
LV filling pressure and LV end-systolic volume; thus, any LV
dysfunction will inevitably impact the atrial reservoir function
(12). In early diastole, the LA acts as a conduit between the
pulmonary veins and the left ventricle. The compliance of the
atrial and ventricular chambers influences the conduit function
of the LA, which is mutually related to the reservoir function (13).
Usually, this phase makes a minor contribution to ventricular
stroke volume but predominates in advanced stages of diastolic
dysfunction, when the reservoir function upon atrial contraction
is impaired (14, 15). Finally, the atrial booster pump function
reflects atrial contractile function. It is dependent on intrinsic LA
contractility, the degree of venous return, and LV end-diastolic
pressures (16). Growing evidence suggests that the assessment of

Abbreviations: AF, atrial fibrillationcANP, atrial natriuretic peptide; AS, aortic

stenosis; ASE, American Society of Echocardiography; BNP, B-type natriuretic

peptide; CCT-cardiac computed tomography; CMR, cardiac magnetic resonance;

CRT, cardiac resynchronization therapy; EACVI, European Association of

Cardiovascular Imaging; EF, ejection fraction; GLS, global longitudinal strain;

HF, heart failure; HFmEF, heart failure with mid-range ejection fraction; HFpEF,

heart failure with preserved ejection fraction; HFrEF, heart failure with reduced

ejection fraction; LA, left atrium; LAEF, left atrial ejection fraction; LAV, left

atrial volume; LAVi, left atrial volume indexed to body surface area; LV,

left ventricle/ventricular; LVDD, left ventricle diastolic dysfunction; LVEF, left

ventricular ejection fraction; MR, mitral regurgitation; MVP, mitral valve prolapse;

NYHA, New York Heart Association; PACS, peak of atrial contraction strain;

PALS, peak of atrial longitudinal strain; PCWP, pulmonary capillary wedge

pressure; PH, pulmonary hypertension; TDI, tissue Doppler imaging; 2DSTE,

2D speckle-tracking echocardiography; 2DE, two dimensional echocardiography;

3DE, three dimensional echocardiography.

LA function provides more prognostic information than LA size
in HF patients (17). The LA function can be evaluated through
3DE volumetric analysis by measuring all volumes from a single
volume trace. Data relative to emptying volumes and fractions
can be obtained by assessing the maximum, minimum, and pre-
atrial contraction (immediately before) volumes. The transmitral
spectral Doppler, pulmonary venous, and left atrial appendix
flows also reflect phasic function but are currently rarely used
(18). Alternatively, the phasic LA function can be derived from
either tissue Doppler imaging (TDI) or 2D speckle-tracking
echocardiography (2DSTE) (19, 20). Among these, 2DSTE is the
most accurate method due to its ability to analyze myocardial
deformation without angle dependency using frame-by-frame
tracking of the speckles pattern generated by the interactions
between ultrasound and myocardial tissue. The measurement of
LA strain depends on whether the P wave (P-LASr) or the QRS
(left atrial strain during reservoir phase, QRS-LASr) complex
is used as the zero references. However, the recent European
Association of Cardiovascular Imaging/American Society of
Echocardiography recommends the use of QRS onset as the
preferredmethod (21)mainly due to the impossibility of applying
the P wave method to all patients, especially those with atrial
fibrillation (AF) (22). The reservoir function is determined by the
positive peak of atrial longitudinal strain (PALS), which indicates
the LA’s maximum elongation during LV systole (23). Hence,
PALS also reflects the longitudinal contraction of the LV due to
the interdependence between the LA and LV chambers (24). At
the end of LA diastasis, there is a progressive shortening of the
LA until the first negative peak of atrial contraction strain (PACS)
or late diastolic strain. This event reflects the LA booster pump
function (Figure 2).

LA REMODELING AND MECHANICAL
FAILURE

LA dilatation is a compensatory mechanism required to maintain
an average stroke volume, at least in the early stages of
LV diastolic dysfunction (LVDD). LA dilatation reflects the
chronicity and the severity of longstanding elevated LA pressure
and LV high filling pressure (25, 26). It enhances conduit
filling and initial improvement of its contractile function via
the Frank-Starling effect. Modification of diastolic properties
allows the LV to operate at a higher filling pressure during
diastole; therefore, the relative contribution of the LA booster
pump to LV filling increases until the LA preload reserve
limits are reached. In this phase, LA behaves mainly like a
conduit, and mechanical failure occurs (27). When the LA
becomes dysfunctional, it loses its buffering effect, which leads
to pulmonary congestion (28). Chronic exposure to elevated
pressure leads to structural alterations of the LA (29), followed
by myocyte hypertrophy, necrosis, apoptosis, and fibrosis.
These events, along with altered ionic channel expression (30),
contribute to electrical remodeling and the development of AF.
LA dilatation is usually associated with annular dilatation and
subsequent development of functional mitral regurgitation (MR),
which even in the low range, contributes to the impairment
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FIGURE 2 | LA strain curve with R-R gating method in apical four-chamber view with zoom-in focus. The patient is an 83-year-old female with chronic heart failure.

The patient is in sinus rhythm with reservoir function reduced. Zoomed image is used to increase the frame rate to enhance strain analysis accuracy.

of pulmonary hemodynamics (31) and the development of HF
symptoms (32–34). LAV may also increase in some conditions
characterized by normal diastolic function, such as in those
with bradycardia, high-output states, atrial arrhythmias, and
significant mitral valve disease, as well as trained athletes (35).
The use of LA strain as a functional adaptive marker may provide
valuable information on LA stiffness and indirectly estimate the
LV end-diastolic pressure. It may identify atrial impairment at
an early stage before dilatation occurs. Nevertheless, PALS needs
to be employed with caution to identify isolated LA dysfunction
(36) due to a close relationship between PALS and downward
displacement of the LV base toward the apex and LV global
longitudinal strain (GLS) (37).

PATHOPHYSIOLOGY OF LA MECHANICS
IN HF

HFpEF
HFpEF is the most prevalent type of HF in the outpatient
setting, accounting for more than half of all hospitalizations
with decompensated HF (38). It is associated with elevated
morbidity and high cardiovascular and non-cardiovascular
mortality (39). Additionally, in contrast to HFrEF, there are no
definitive therapies that improve outcomes in HFpEF (40). For

the diagnosis of HFpEF, signs or symptoms of HF must be
present. These include preserved ejection fraction (EF), elevated
biohumoral markers with concomitant structural changes in the
myocardium, and/or increased filling pressure (40). The LA
is responsible for ∼30% of physiological stroke volume, and
functional impairment is a significant contributor to HF (41).
However, it is still unclear when the transition from LVDD
to HFpEF occurs and whether an alteration in atrial function
contributes to this step. Diagnosis can be challenging because
not all patients with LVDD present with HFpEF. Guidelines
recommend a multiparametric stepwise diagnostic process (42).
Echocardiography plays a central role in the diagnosis of HFpEF.
Some authors suggest that E/e’ and tricuspidal regurgitation
velocity during exercise test may detect HFpEF with increased
sensitivity (43). LA dilatation, which indicates chronically
elevated LA pressure (44), is a predictor of hospitalization and
mortality in HFpEF, particularly when associated with increased
pulmonary pressure (45). Recent studies have proposed that the
minimum LAV might better reflect LV end-diastolic pressure
(46), particularly in patients without valvular disease or AF. A
recent study compared atrial function in HFpEF and HFrEF
patients with similar, invasively measured mean LA pressures
(47). Patients with HFrEF presented larger LAVs, while those
withHFpEF had higher pressure pulsatility, withmore significant
wall stress variation. These results may explain the origin
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of AF in patients with HFpEF, where it is more commonly
observed, despite smaller LAVs. Chronically elevated LV filling
pressures cause eccentric hypertrophy of the LA with consequent
atrial endocrine failure (48, 49). LA dysfunction, evaluated
by measurement of the LA ejection fraction (LAEF), is also
associated with HF mortality (47) and B-type natriuretic peptide
(BNP) levels (50).

The introduction of strain imaging provided further
understanding of the role of the LA. Kurt and colleagues (51)
found significantly lower levels of LA systolic strain in patients
with HFpEF than in patients with LVDD without HF. LA
reservoir strain<23%was associated with worse NewYorkHeart
Association (NYHA) functional class and elevated estimated
pulmonary capillary wedge pressure (PCWP), even in the
absence of LA enlargement (52). Reservoir function correlates
well with symptoms (53) and peak oxygen consumption at
cardiopulmonary exercise testing, even after adjustment for
LV and RV longitudinal strain (54). Indeed, a reduction in the
reservoir function was found in patients with hypertension (55)
and diabetes mellitus (56, 57), which are well-known conditions
associated with diastolic dysfunction and HFpEF. A low PALS
value is associated with higher disease burden in terms of a
history of AF and prior HF hospitalizations (58). However,
the interactions between the LV and LA are complex. Some
authors question the ability of LA reservoir strain to predict the
recurrence of hospitalization for HF after adjustment for LV
GLS and E/e’ (59). Few studies have explored HF with mid-range
ejection fraction (HFmEF). This condition presents higher BNP
levels than HFpEF, and worse LA reservoir, conduit, and pump
function without a significant difference in the LA size and LV
diastolic function (60). The study of LA function should lead
to improved therapy management and should not be limited
only to the diagnosis and prognosis stratification in patients with
suspected or confirmed HFpEF. A better understanding of the
reactivity of LA strain parameters to drug treatment may be an
essential future endpoint for determining therapeutic efficacy.

HFrEF
In recent decades, the role of the LA in HFrEF patients has been
ignored, while much effort has been dedicated to understanding
impaired ventricular function and remodeling. The impact of an
enlarged LAV on prognosis has been well-characterized (7, 61),
with a prediction of increased mortality and the need for heart
transplantation in more advanced phases of HF (62–64). In
trials on left ventricular dysfunction (SOLVD) (61), with 1172
HFrEF patients enrolled, the LA dimension was a significant
predictor of mortality and HF hospitalization. In particular, in
a meta-analysis of 18 studies involving 1157 HFrEF patients,
the atrial area was identified as a powerful predictor of death
or hospitalization for HF, independent of age, NYHA functional
class, LVEF, and restrictive filling pattern (65). Moreover, the
maximum LAV was independently associated with death and
transplantation in patients with dilated cardiomyopathy (66).
Diastolic alteration quantified by E/e’ was also associated with
long-term mortality in patients with HFrEF (62). However, LV
fibrosis and restricted mitral annular motion make this method

unreliable for quantifying LV diastolic pressure (67). Tissue-
Doppler velocity during atrial contraction provides information
on atrial contractile function. When related to LAVi, it gives
origin to the left atrial volumetric/mechanical coupling index, a
useful predictor of death in HFrEF patients, and functional MR
(68). The introduction of strain imaging has enabled a deeper
understanding of atrial function. Some authors have proposed
PALS as a better predictor of cardiovascular events than LAEF
and LA function index (69). The reservoir strain is reduced
in HFrEF and HFpEF patients, but HFrEF patients showed
a more significant reduction in LA strain proportional to LV
GLS (70). Moreover, lower PALS values were associated with
adverse events and HF symptoms, and the outcomes remained
significant after adjusting for BNP levels, LAVi, E/e’ ratio, and
LV GLS. Specifically, PALS value <12.9% was correlated with
an augmented risk of 30% per year adverse event rate, which
decreased to only 4.9% when PALS was above 18.6% per year
(71). Cameli et al. (72) demonstrated, in 36 patients with HFrEF
who underwent right heart catheterization, that LA systolic
strain is best correlated to PCWP and provided the highest
diagnostic accuracy in predicting elevated LV end-diastolic
pressure. Interestingly, the lack of reserve in LA contractility
in patients with HFrEF was associated with right ventricular-
to-pulmonary uncoupling during exercise and recovery along
with ventilation inefficiency (73). Furthermore, PALS is strongly
correlated with functional capacity during exertion and is more
depressed in the idiopathic form of dilated cardiomyopathy than
in the ischemic one (74).

Acute HF
In acute HF, PALS is a strong predictor of prognosis regardless
of HF phenotype, sex, age, ventricular function, or LAVi (75).
Similar to a non-acute setting, PALS is associated with GLS
at baseline but decreases disproportionately with congestion;
decongestant therapy is correlated with a prompt reduction in
LA pressure and immediate improvement in the function of
the reservoir, independent of changes in LV GLS, LAV, or MR
severity (76). Themarked improvement in PALS is independently
related to a reduced risk or all-cause or HF readmissions (76).
Furthermore, the booster pump function recovers after 6 weeks.
This demonstrates that increased atrial afterload is not the only
factor that induces atrial dysfunction as concomitant contractile
impairment occurs.

Atrial Fibrillation
HF increases the risk of developing AF by 10–50% in several
ways: dysregulation of intracellular calcium, interstitial fibrosis,
and autonomic and endocrine dysfunction (77). Moreover,
most HF patients (regardless of LVEF) have enlarged LA
and mechanical dysfunction, which secondarily contribute to
pulmonary hypertension (PH) and eventually AF development
(49). Furthermore, worsening of diastolic function is correlated
with a cumulative risk of developing AF, suggesting that the
stretch imposed on the atrial cells by increased LV filling
pressure may be proarrhythmic. MR is also an important
predisposing factor for the onset of arrhythmia due to the
pronounced dilatation of the atrial chamber (78, 79). Thus,
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once established, AF may either contribute to degenerative
MR disease progression or unfavorably influence prognosis on
its own, or both (80). Among the predisposing factors for
the development of AF, advanced age and LA dilation play a
predominant role. When patients with degenerative MR receive
a surgical indication, the degree of enlargement of the atrial
chamber must always be evaluated (81). Therefore, it is crucial
to evaluate echocardiographic parameters to identify structural
and functional alterations that could predict the onset of AF
(82). A large study suggested that echocardiographic parameters
associated with a diastolic function such as transmitral peak E
wave velocity and A wave VTI and the dimension of LA may
predict AF (83). A 43% increase in the risk of developing AF is
associated with a 30% increase in maximum LAV, independent
of clinical risk factors (84), LVEF, and the severity of diastolic
dysfunction (26). Persistent AF forms are associated with higher
fibrosis measured by CMR and more depressed LA function,
as assessed by strain analysis (85). AF is also associated with
an augmented risk of cardiovascular outcomes in HF regardless
of EF baseline. The recent onset of AF in HFpEF patients is
an adverse prognostic indicator that elevates the risk of adverse
events, approaching that of HFrEF patients in sinus rhythm (86).

Aortic Stenosis and Mitral Regurgitation
The assessment of LA function in patients with aortic stenosis
(AS) is of increasing interest. All three LA phasic functions in AS
are significantly lower in patients with severe symptomatic forms
of valvular disease than in asymptomatic ones (87). LA booster
pump function is strictly correlated to the severity of AS and
LVDD (88). Marques-Alves and colleagues (89) demonstrated
that LA reservoir strain was closely associated with the aortic
valve area and mean transvalvular aortic gradient, whereas, LV
GLS was not. This may indicate poor LA compliance, even before
LV dysfunction occurs. LA reservoir function is a recognized
marker of poor prognosis in patients with AS (90). PALS
values of ≤21% are associated with a significant risk of cardiac
hospitalization, worsening HF, and cardiac death (91). Calin et al.
(92) found that LA dysfunction and dilatation were significantly
related to PH in patients with severe AS and preserved ventricular
systolic performance. In particular, LA booster pump function
correlated independently with PH in multivariable analysis. LA
systolic strain, as an indicator of LA reverse remodeling, predicts
postoperative development of AF (93). It also improves after
aortic valve replacement (88), along with reduced LA size.
Interestingly, the most remarkable changes have been reported
during the first 40 days following intervention (94), with a
residual postoperative aortic mean gradient significantly affecting
recovery of atrial function (95).

LA dilatation resulting from volume overload is common in
chronic MR. It reflects the duration of regurgitation and the
severity of valvular disease (96) and has long been considered an
essential predictor of adverse cardiovascular outcomes (97, 98).
The characterization of atrial function through 2DSTE can offer
insights into atrial adaptation to chronic MR. Cameli et al. (99)
demonstrated that in a heterogeneous group of patients with
asymptomatic mitral valvular prolapse (MVP), global PALS was
raised in mild MR due to an increase in LA compliance but

decreased linearly with increasing severity. In contrast, these
decreases in patients with moderate and severe regurgitation
may reflect ultrastructural abnormalities and adverse remodeling.
Evaluation of LA function compared to LA size may provide
further information on the optimal surgery timing and predict
postoperative outcomes. In 87 subjects with degenerative MR
enrolled in the randomized EVEREST II trial (100), LA strain
modification was correlated with baseline LV and LA function.
Changes in LA strain after reduction in regurgitation may
reflect a decrease in LA enlargement but may also be affected
by the degree of pre-existing LA dysfunction (101). Although,
LA volume and function are strongly correlated, modification
of LA function appears earlier than cavity remodeling and
can be present even if LAV is normal (57). This dissociation
between atrial volume and pressure may be explained in the
early phases of acute MR by the lack of extracellular LA
fibrosis. In this phase, the LA is still compliant and can
compensate for atrial volume overload. When compliance is
lost, there is an increase in the pulmonary pressure, reflecting
the complex underlying interaction of right ventricle–pulmonary
circulation uncoupling.

LEFT ATRIAL STRAIN AS A THERAPEUTIC
TARGET

The LA can undergo inverse remodeling after reducing LA
pressure and/or LAV overload (49), leading to subsequent
improvements in ventricular compliance and function due to
LA–LV interdependency (84). Reverse remodeling is possible
after treatment for different diseases, such as MR, AF, and
hypertension, or following cardiac resynchronization therapy
(CRT) (26, 102, 103). In HF patients, administration of
angiotensin receptor inhibitors reduces atrial fibrosis, electrical
remodeling, and the occurrence of the first episode of AF
(104). The secretion of atrial natriuretic peptide (ANP) is
also impaired in HF and is correlated with fibrotic alterations
in the LA, leading to sodium and fluid retention. However,
restoration of endocrine function occurs upon administration of
sacubitril/valsartan. In patients with HFrEF, this treatment may
promote LA reverse remodeling within 9 months, improving
reservoir function and LAEF (105). The degree of recovery
is correlated with improvements in atrial mechanical function
and reduced LAV. Interestingly, a rapid and significant rise
in ANP levels is associated with greater gains in LVEF after
therapy, suggesting that the LA may be an indicator of
responsiveness to HF therapy (106). Reverse remodeling has
been observed even in patients with HFpEF, as demonstrated
by a reduction in LAV and BNP levels during therapy with
carvedilol, angiotensin receptor, and neprilysin inhibitor (3,
107). Although, CRT improves outcomes and overall survival
and is recommended in patients with HFrEF, its efficacy
is limited by a high percentage of non-responders. Those
patients with maximum LAV > 59.4 ml/m2 continue to
have increased mortality despite CRT (108). However, patients
with lower LAV and mild MR show a more significant
response (109).
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CONCLUSION

As shown in the literature, the LA plays a crucial role in
HF. Global LA failure is associated with an increased risk of
incident AF, poor exercise tolerance, and increased morbidity
and mortality. 2DSTE is a promising technique that allows
for the quantification of myocardial deformation and provides
additive information about cardiac function. It can detect subtle
myocardial damage and has excellent clinical diagnostic and
prognostic value for HF evaluation, heart valve disease, and
AF. Furthermore, due to its evident accuracy in predicting
results and the recent standardization of myocardial deformation
imaging, it could be considered as part of risk stratification

protocols. Therefore, the assessment of the LA chamber
becomes of crucial importance for tailored therapies in different
clinical scenarios.
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et al. Small left atrium and mild mitral regurgitation predict super-

response to cardiac resynchronization therapy. Europace. (2012) 14:1608–

14. doi: 10.1093/europace/eus075

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Carpenito, Fanti, Mega, Benfari, Bono, Rossi, Ribichini and

Grigioni. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 August 2021 | Volume 8 | Article 704762120

https://doi.org/10.1016/j.jacc.2006.01.060
https://doi.org/10.1111/echo.12733
https://doi.org/10.1016/j.amjcard.2010.06.029
https://doi.org/10.1186/s12872-019-1204-2
https://doi.org/10.1007/s10741-020-09945-9
https://doi.org/10.1093/ehjci/jev230
https://doi.org/10.1007/s10554-017-1211-2
https://doi.org/10.1007/s10554-013-0323-6
https://doi.org/10.1111/echo.13485
https://doi.org/10.1016/j.ijcard.2012.04.057
https://doi.org/10.1161/01.CIR.41.5.817
https://doi.org/10.1016/j.jacc.2010.02.059
https://doi.org/10.1111/j.1540-8175.2010.01329.x
https://doi.org/10.1056/NEJMoa1009355
https://doi.org/10.1161/CIRCIMAGING.117.006553
https://doi.org/10.1016/j.hrthm.2008.02.043
https://doi.org/10.1016/j.jacc.2003.08.046
https://doi.org/10.1161/01.CIR.0000072793.81076.D4
https://doi.org/10.3390/jcm9040906
https://doi.org/10.1016/j.jchf.2020.09.013
https://doi.org/10.1016/S0140-6736(12)61227-6
https://doi.org/10.1016/j.ijcard.2010.06.016
https://doi.org/10.1093/europace/eus075
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


ORIGINAL RESEARCH
published: 19 August 2021

doi: 10.3389/fcvm.2021.693912

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 August 2021 | Volume 8 | Article 693912

Edited by:

Giovanni Benfari,

University of Verona, Italy

Reviewed by:

Ricardo Ladeiras-Lopes,

Centro Hospitalar de Vila Nova de

Gaia, Portugal

Cristiano Fava,

University of Verona, Italy

*Correspondence:

Luna Gargani

gargani@ifc.cnr.it

Specialty section:

This article was submitted to

Cardiovascular Imaging,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 12 April 2021

Accepted: 20 July 2021

Published: 19 August 2021

Citation:

Mazzola M, Pugliese NR, Zavagli M,

De Biase N, Bandini G, Barbarisi G,

D’Angelo G, Sollazzo M, Piazzai C,

David S, Masi S, Moggi-Pignone A

and Gargani L (2021) Diagnostic and

Prognostic Value of Lung Ultrasound

B-Lines in Acute Heart Failure With

Concomitant Pneumonia.

Front. Cardiovasc. Med. 8:693912.

doi: 10.3389/fcvm.2021.693912

Diagnostic and Prognostic Value of
Lung Ultrasound B-Lines in Acute
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Giulia Bandini 3, Giorgia Barbarisi 3, Gennaro D’Angelo 1, Michela Sollazzo 3,

Chiara Piazzai 3, Simon David 4, Stefano Masi 2, Alberto Moggi-Pignone 3 and

Luna Gargani 1*

1 Institute of Clinical Physiology, National Research Council, Pisa, Italy, 2Department of Clinical and Experimental Medicine,

University of Pisa, Pisa, Italy, 3Department of Experimental and Clinical Medicine, Azienda Ospedaliera Universitaria Careggi,

Florence, Italy, 4 Sheba Medical Center, Ramat Gan, Israel

Purpose: To evaluate the potential confounding effect of concomitant pneumonia (PNM)

on lung ultrasound (LUS) B-lines in acute heart failure (AHF).

Methods: We enrolled 86 AHF patients with (31 pts, AHF/PNM) and without (55 pts,

AHF) concomitant PNM. LUS B-lines were evaluated using a combined antero-lateral

(AL) and posterior (POST) approach at admission (T0), after 24 h from T0 (T1), after 48 h

from T0 (T2) and before discharge (T3). B-lines score was calculated at each time point

on AL and POST chest, dividing the number of B-lines by the number of explorable

scanning sites. The decongestion rate (DR) was calculated as the difference between

the absolute B-lines number at discharge and admission, divided by the number of

days of hospitalization. Patients were followed-up and hospital readmission for AHF was

considered as adverse outcome.

Results: At admission, AHF/PNM patients showed no difference in AL B-lines score

compared with AHF patients [AHF/PNM: 2.00 (IQR: 1.44–2.94) vs. AHF: 1.65 (IQR:

0.50–2.66), p = 0.072], whereas POST B-lines score was higher [AHF/PNM: 3.76 (IQR:

2.70–4.77) vs. AHF= 2.44 (IQR: 1.20–3.60), p< 0.0001]. At discharge, AL B-lines score

[HR: 1.907 (1.097–3.313), p = 0.022] and not POST B-lines score was found to predict

adverse events (AHF rehospitalization) after a median follow-up of 96 days (IQR: 30–265)

in the overall population.

Conclusions: Assessing AL B-lines alone is adequate for diagnosis, pulmonary

congestion (PC) monitoring and prognostic stratification in AHF patients, despite

concomitant PNM.

Keywords: lung ultrasound, B-lines, pulmonary congestion, acute heart failure, pneumonia, prognosis
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INTRODUCTION

Concomitant pneumonia (PNM) is commonly observed in
elderly patients admitted for acute heart failure (AHF) to
Internal Medicine Departments (1, 2) with a high prevalence
of comorbidities (e.g., diabetes mellitus and COPD). This
condition can represent a precipitating factor or a subsequent
complication of AHF with a bidirectional causality link, and is
independently associated with in-hospital mortality (1, 3). As
rales and dyspnea represent cardinal signs and symptoms of
both diseases, the clinical diagnosis of AHF/PNM association
is usually challenging, especially in the elderly population that
displays less often respiratory and non-respiratory symptoms
of PNM (1, 4, 5). The presence of infiltrates demonstrated
by imaging is indeed mandatory for PNM diagnosis according
to the current guidelines (6, 7). Lung ultrasound (LUS) has
demonstrated high sensibility and specificity in PNM, allowing
the identification of parenchymal consolidations (8–10). On
the other hand, being an indirect effect of the increase in
extravascular lung water (EVLW), LUS B-lines provide the
clinician with an accurate, non-invasive and low-cost technique
for pulmonary congestion (PC) evaluation in AHF patients.
Substantial evidence supports this echographic approach as a
useful diagnostic tool and valid prognosticator in emergency
departments and outpatient clinics (11–19). In patients admitted
for AHF, LUS B-lines evaluation at discharge can detect sub-
clinical residual PC, which proved to predict adverse outcome
(e.g., hospitalization for worsening HF) for up to 6 months
(12–14). Presence of PNM in AHF patients could potentially
increase LUS B-lines as a result of the combination between
cardiogenic oedema and inflammatory oedema, but up to date,
little is known about this topic. This study aimed to evaluate
the potential confounding effect of PNM on LUS evaluation of
B-lines in AHF patients. In addition to the traditional antero-
lateral (AL) chest approach, we also performed posterior (POST)
chest LUS, which is usually assessed in patients with non-
cardiogenic B-lines (e.g., in pulmonary fibrosis) (20, 21) and/or
suspected consolidations (e.g., PNM) (8–10). Furthermore, in
critically-ill patients in intensive care units with acute lung
injury/acute respiratory distress syndrome (ALI/ARDS), the
postero-lateral chest is also usually scanned, whenever possible
(22). In previous studies on LUS B-lines in HF management,
only AL areas have been taken into account as scanning sites
and, to the best of our knowledge, this is the first study to
include a comprehensive AL and POST B-lines evaluation in
AHF patients.

MATERIALS AND METHODS

Patients Population
We conducted a prospective, monocentric, observational study
in adults hospitalized for AHF, regardless of left ventricular
ejection fraction (LVEF). Patients were recruited from the
Internal Medicine Department of Careggi University Hospital
in Florence. AHF diagnosis was based on the 2016 European
Guidelines (23). Patients were subdivided, according to LVEF,
in heart failure with reduced ejection fraction (HFrEF) and

heart failure with preserved ejection fraction (HFpEF) (23).
We included AHF patients diagnosed with concomitant PNM
according to current recommendations for diagnosis and
management of community-acquired PNM in adults (6). Patients
were furthermore sub-classified, according to the presence of
concomitant PNM, in AHF and AHF/PNM. We also included
in the analysis 25 patients with a diagnosis of PNM, according to
current recommendations (6), without AHF (PNM group).

Exclusion criteria were: the onset of AHF in the clinical
context of an acute coronary syndrome (ACS), a moderate-to-
severe interstitial chronic lung disease defined by pulmonary
function tests and/or computed tomography scans (pulmonary
fibrosis or known pulmonary malignancy) to avoid potential bias
in LUS findings, dialysis, pregnancy and NT-proBNP below the
age-adjusted cut point in the presence of LVEF >50% (≤900
pg/mL ages 50–75;≤1,800 pg/mL over age 75) (24). Patients with
chronic obstructive pulmonary disease were not excluded from
the study population. The local Ethical Committee approved
the study. All subjects gave informed consent, and the study
was performed in accordance with the ethical standards of the
1964 Helsinki declaration and its later amendments, with local
guidelines for good clinical practice.

Lung Ultrasound
Each patient underwent a complete LUS examination of AL
and POST scanning sites at admission (T0), performed by a
trained investigator (25, 26). AL evaluation was performed with
the patient in a recumbent or semi-recumbent position, using
a standard imaging protocol consisting of 28 scanning sites
(25, 26). Conversely, for POST evaluation, patients were asked
to stay in a seated position with their back facing the operator,
and a 32-scanning sites scheme was performed as previously
described (21). The complete examination was repeated, as
per protocol: within 24 h from T0 (T1), after 48 h from T0
(T2) and before hospital discharge (T3). LUS B-lines have been
quantified as previously described: in clearly distinguishable
B-lines, a one-by-one count was performed; for confluent B-
lines, we visually estimated the percentage of hyperechogenicity
(“white” screen below the pleural line) generated by B-lines,
and the number of B-lines was estimated dividing this value
by 10 (i.e., 70% of white screen below the pleural line equals
to about 7 B-lines) (27). In order to correct for the higher
number of scanning sites in POST chest, a standardized B-
lines score was calculated at each time point on AL and
POST chest dividing the number of B-lines by the number
of explorable scanning sites. The decongestion rate (DR) was
calculated as the difference between the absolute B-lines number
at discharge and at admission, divided by the number of days of
hospitalization. The LUS inter-observer variability was examined
by intraclass correlation coefficient (ICCs) before the enrolment
on 50 previously acquired LUS videos evaluated by an expert
reader (L.G.), using a standardized training protocol (28). The
mean ICC on B-lines number assessment was 0.962 (single
measurements, p < 0.0001) and 0.981 (average measurements,
p < 0.0001) between the expert reader and reader 1 (G.B.),
consistent with previous data (28).
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Clinical and Follow-Up Data
Clinical and demographic data were taken from medical
records. Follow-up data were obtained in all enrolled
patients through phone calls, review of electronic medical
records or by contacting primary care physicians or
cardiologists. We considered rehospitalisation for AHF as
an adverse outcome. The event was defined according to
European Guidelines for Acute and Chronic HF diagnosis
and treatment (23).

Statistical Analysis
Data were analyzed with SPSS version 25.0 (IBM Corp., Armonk,
NY). Continuous measures were expressed as mean value
± standard deviation or median and interquartile range, as
appropriate. Categorical variables were presented as percentages.
Mann-Whitney test and Kruskal-Wallis one way ANOVA test
were used to assess the differential distribution of data among
samples. Cox proportional hazard regression analysis was used
to identify outcome predictors. We excluded collinearity using
variance inflation factor. A p-value of 0.05 was used as cut-
off to determinate statistical significance. To achieve an alpha
value of 0.05 and a beta value of 0.8 to establish a significant
difference in the number of B-lines on AL chest between
AHF and AHF/PNM groups, we calculated that a total sample
size of 66 patients was needed (88 patients for a beta value
of 0.9).

RESULTS

We enrolled a total of 86 consecutive AHF patients: median age
84 (IQR: 79–89) years, 46 (53%) females. Fifty-five patients (64%)
had AHF, and 31 (36%) had AHF/PNM. Thirty-nine patients
(45%) had HFrEF (45%) and 47 (55%) had HFpEF. The main
characteristics of the study population, including demographics,
clinical and bio-humoral data, are reported inTable 1. Compared
to patients with AHF, AHF/PNM patients were more commonly
former or actual smoker and displayed a higher prevalence of
COPD (Table 1). Compared with AHF patients, no difference
in AL B-lines score was observed in AHF/PNM patients at
admission (T0) [AHF/PNM: 2.00 (IQR: 1.44–2.94) vs. AHF: 1.65
(IQR: 0.50–2.66), p = 0.072]. Conversely, at discharge (T3),
AHF/PNMpatients displayed a slightly higher score [AHF/PNM:
0.70 (IQR: 0.19–1.41) vs. AHF: 0.28 (IQR: 0.04–0.96), p =

0.029] (Table 2, Figure 1). Regarding POST B-lines score, the
value at admission (T0) was higher compared to AHF patients
[AHF/PNM: 3.76 (IQR: 2.70–4.77) vs. AHF = 2.44 (IQR: 1.20–
3.60), p < 0.0001], as well as at T1 and T2, whereas no difference
was noted at discharge [AHF/PNM: 1.46 (IQR: 0.73–2.47) vs.
AHF: 1.00 (IQR: 0.60–1.70), p = 0.058] (Table 2, Figure 2). In
the overall population, the absolute number of B-lines was higher
on POST chest compared to AL chest at all time-points [B-lines
AL T0: 37 (IQR: 13.5–60.5) vs. B-lines POST T0: 62 (IQR: 35–
96), p < 0.0001; B-lines AL T1: 32 (IQR: 14–50) vs. B-lines

TABLE 1 | Patient clinical characteristics in the overall population, AHF and AHF/PNM groups.

Variable Total population AHF AHF/PNM p

(n = 86) (n = 55) (n = 31)

Demographics

Age, years 84 (79–89) 84 (79–89) 83 (78–87) 0.26

Female gender 46 (53) 32 (58) 14 (45) 0.31

Family history of CAD 7 (8) 4 (7) 3 (10) 0.66

Diabetes mellitus 27 (31) 15 (27) 12 (39) 0.23

Arterial hypertension 74 (86) 48 (87) 26 (84) 0.62

Dyslipidaemia∧ 26 (30) 16 (29) 10 (32) 0.97

Smoking 41 (47) 20 (36) 21 (68) 0.003

CAD 31 (36) 19 (35) 12 (39) 0.85

Previous MI 30 (35) 19 (35) 11 (35) 0.91

Atrial fibrillation 53 (62) 33 (60) 20 (65) 0.54

COPD 22 (26) 9 (16) 13 (42) 0.007

In-hospital evaluation (admission)

Hb (g/dL) 11.8 (10.4–13.5) 12.3 (10.2–13.5) 11.2 (10.4–12.7) 0.48

Creatinine (mg/dL) 1.26 (0.97–1.50) 1.35 (0.90–1.50) 1.20 (1.00–1.50) 0.89

eGFR (mL/min/1.73m²) 45 (36–68) 44 (35–68) 45 (37–65) 0.67

NT-proBNP (pg/mL) 7,073 (3,843–10,936) 7,087 (2,686–11,116) 6,840 (4,151–11,532) 0.61

LVEF (%) 50 (35–57) 46 (35–56) 48 (35–56) 0.78

Pleural effusion 49 (57) 30 (55) 19 (60) 0.43

Data are presented as n (%), mean and 95% confidence interval if normally distributed, or median and first and third quartile if not normally distributed.
∧total cholesterol ≥200 mg/dL or LDL-C ≥130 mg/dL or lipid-lowering therapy.

CAD, coronary artery disease; Hb, hemoglobin; eGFR, estimated glomerular filtration rate; MI, myocardial infarction; NT-proBNP, N-terminal prohormone of brain natriuretic peptide;

LVEF, left ventricular ejection fraction; COPD, chronic obstructive pulmonary disease. Statistically significant p-values (p < 0.05) are in bold.
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TABLE 2 | Difference in AL and POST B-lines score between AHF and AHF/PNM at each time point.

Time AHF (n = 55) AHF/PNM (n = 31) p

AL

T0 1.65 (0.50–2.66) 2.00 (1.44–2.94) 0.072

T1 1.05 (0.46–2.00) 1.61 (0.94–2.49) 0.054

T2 0.43 (0.21–1.47) 1.22 (0.56–2.47) 0.017

T3 0.28 (0.04–0.96) 0.70 (0.19–1.41) 0.029

POST

T0 2.44 (1.20–3.60) 3.76 (2.70–4.77) <0.0001

T1 1.86 (0.77–2.67) 3.18 (2.06–3.91) 0.001

T2 1.26 (0.72–2.31) 2.78 (1.64–3.49) 0.001

T3 1.00 (0.60–1.70) 1.46 (0.73–2.47) 0.058

Data are presented as n (%), mean and 95% confidence interval if normally distributed, or median and first and third quartile if not normally distributed.

POST, posterior; AHF, acute heart failure; PNM, pneumonia. T0, admission; T1, 24 h from admission; T2, 48 h from admission; T3, discharge. Statistically significant p-values (p < 0.05)

are in bold.

FIGURE 1 | Difference in AL B-lines score at each time point between AHF/PNM and AHF patients. Box and whisker graph describing the difference in AL B-lines

score between AHF/PNM and AHF patients. POST, posterior; AHF, isolated acute heart failure; AHF/PNM, acute heart failure with concomitant pneumonia; PNM,

pneumonia.

POST T1: 44.5 (IQR: 21–76), p = 0.007; B-lines AL T2: 15 (IQR:
7–40) vs. B-lines POST T2: 36 (IQR: 14–61.3), p < 0.0001; B-
lines AL T3: 8 (IQR: 3–20) vs. B-lines POST T3: 26 (IQR: 15.5–
46.5), p < 0.0001]. Comparing AL and POST B-lines score, we
observed that, even after indexing the number of B-lines for the
number of scanning sites, POST scanning sites displayed a higher
number of B-lines than AL [score AL T0: 1.80 (IQR: 0.59–2.79)
vs. score POST T0: 3.08 (IQR: 1.94–4.03), p < 0.0001; score
AL T1: 1.32 (IQR: 0.64–2.08) vs. score POST T1: 2.23 (IQR:
1.15–3.34), p = 0.001; score AL T2: 0.75 (IQR: 0.25–2.00) vs.
score POST T2: 1.65 (IQR: 0.87–2.92), p < 0.0001; score AL T3:
0.40 (IQR: 0.13–1.00) vs. score POST T3: 1.21 (IQR: 0.60–1.85),

p < 0.0001] (Table 3, Figure 3). When considering patients
according to LVEF, no difference was found either in AL or in
POST B-lines score at each time point (Supplementary Table 1).
To further investigate the effect of PNM on AL and POST B-
lines, we also enrolled 25 patients with a primary diagnosis
of PNM without AHF (PNM group). Compared to AHF and
AHF/PNM groups, PNM patients displayed the lowest values
of AL and POST B-lines score (Supplementary Table 2). The
comparison among the three groups demonstrated that the
presence of PNM significantly affects only POST B-lines score
at admission in AHF/PNM patients (Supplementary Table 2).
Conversely, AL B-lines score at both admission and discharge
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FIGURE 2 | Difference in POST B-lines score at each time point between AHF/PNM and AHF patients. Box and whisker graph describing the difference in POST

B-lines score between AHF/PNM and AHF patients. POST, posterior; AHF: isolated acute heart failure; AHF/PNM, acute heart failure with concomitant pneumonia;

PNM, pneumonia.

TABLE 3 | AL and POST B-lines score at each time point.

Time AL B-Lines Scores POST B-Lines Score P

T0 1.80 (0.59–2.70) 3.08 (1.94–4.03) <0.0001

T1 1.32 (0.64–2.08) 2.23 (1.15–3.34) 0.001

T2 0.75 (0.25–2.00) 1.65 (0.87–2.92) <0.0001

T3 0.40 (0.13–1.00) 1.21 (0.60–1.85) <0.0001

Data are presented as n (%), mean and 95% confidence interval if normally distributed, or

median and first and third quartile if not normally distributed.

AL,antero-lateral; POST, posterior. T0, admission; T1, 24 h from admission; T2, 48 h from

admission; T3, discharge. Statistically significant p-values (p < 0.05) are in bold.

andAL decongestion rates did not show any significant difference
between AHF and AHF/PNM groups (Supplementary Table 2).
Patients with AHF/PNM showed the highest POST decongestion
rates compared to the other groups. We then stratified the
analysis of left and right B-lines score according to the site of
PNM (Supplementary Table 3). Almost 40% of our patients had
a bilateral PNM and the site of PNM didn’t affect left and right
B-lines scores (Supplementary Table 3).

During monitoring between admission and discharge, AL
and POST chest DR were comparable [DR-AL: −3.17 (IQR:
−6.63 to −1.27) vs. DR-POST: −5.07 (−7.3 to −1.17), p =

0.167]. During follow-up (median length: 96 days; IQR: 30–265),
12 readmissions for AHF occurred. Only AL B-lines score at
discharge and creatinine levels were found to predict adverse
events at univariate and multivariate analysis [HR AL B-Lines
score T3: 2.95 (1.21–7.18), p = 0.02; HR creatinine: 9.1 (1.67–
49.6), p= 0.01] (Table 4).

DISCUSSION

We found that although POST B-lines score is different at
admission between AHF and AHF/PNM patients, AL B-lines
score is not significantly different in the two populations.
Moreover, during monitoring DR were similar on AL and POST
chest, and at follow-up, only AL B-lines score and not POST
B-lines score is able to predict rehospitalization for AHF at 3
months. Overall, these data suggest that a limited AL sonographic
evaluation of the chest is enough for the diagnosis, monitoring
and prognostic stratification of AHF, and that LUS value in AHF
assessment is valid regardless of the presence of concomitant
pneumonia. Patients with HF display a higher risk of PNM, as
the increase in EVLW reduces microbial lung clearance (5, 29).
On the other hand, PNM affects the cardiovascular system at
different levels. Non-ischemic myocardial injury is observed
as a direct effect of the pathogen and/or as a result of high

levels of circulating inflammatory cytokines (30). The effect of
systemic inflammation is further related to both endothelial
dysfunction and acute kidney injury, causing an increase in
afterload and preload, respectively (30). A concomitant PNM
represents a possible confounding factor for LUS evaluation of
PC in AHF patients due to the association of hemodynamic
and inflammatory oedema. PC is one of the main features of
patients with HF and the main pathophysiological reason of
AHF hospitalizations and readmissions (31–33). The sensibility
and specificity of LUS B-lines in detecting PC support the use
of B-lines as “point-of-care” ultrasound approach in different
relevant settings, from emergency departments to outpatients
clinics, for the differential diagnosis of dyspnea of unclear origin,
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FIGURE 3 | AL and POST B-lines score at each time point. Box and whisker graph describing AL and POST B-lines score at each time point. AL, antero-lateral;

POST, posterior.

to rule in or rule out AHF (11–19). According to our results,
there is no difference in AL B-lines score at admission between
AHF and AHF/PNM group. Therefore, the presence of PNM
does not seem to significantly affect AL B-lines evaluation for
AHF diagnosis. Conversely, AHF/PNM displayed higher POST
B-lines score at admission compared to AHF patients, likely
as a direct confounding effect of PNM, which is indeed more
frequently located in the posterior chest. We evaluated B-lines
at different time points during AHF hospitalization, to check
the potential confounding effect of concomitant PNM on the
decrease in B-lines number. We found no significant difference
in the DR between AL and POST chest, thus confirming that LUS
is able to monitor pulmonary decongestion in both populations,
irrespective of the presence of PNM. This can be relevant in
therapy titration, especially to monitor the effects of diuretics
which are the cornerstone of AHF treatment, but should be
used with caution especially in older patients with comorbidities
and pulmonary conditions. Even when introducing a “control”
group of patients with only PNM, B-lines scores are not
significantly different at admission on the AL chest in patients
with AHF/PNM compared to patients with only AHF, whereas
they are significantly increased on the POST chest. Therefore,
LUS can be used to diagnose AHF also in patients with
concomitant PNM, because the AL picture at admission is not
significantly different in terms of B-lines; only the assessment of
the POST chest would introduce an additional number of B-lines,
likely due to the inflammatory oedema.

Concerning prognostic stratification, up to 50% patients
admitted with AHF are discharged with residual PC, which in
turn is associated with an increased risk of rehospitalization and
death within 6 months (12–14). Clinical evaluation and other
non-invasive tools display a low sensitivity and poor predictive

TABLE 4 | Univariate analysis of AHF hospitalization during follow-up (median

length: 96 days; IQR: 30–265).

Parameter Overall population (n = 86)

HR (95% CI) p-value

Univariate

AL B-lines score T3 1.907 (1.097–3.313) 0.022

POST B-lines score T3 1.14 (0.688–1.913) 0.59

AL B-lines score T0 1.098 (0.749–1.609) 0.63

POST B-lines score T0 0.878 (0.617–1.250) 0.47

POST DR 1.092 (0.954–1.251) 0.20

AL DR 1.090 (0.921–1.290) 0.32

Age (0,1) 1.02 (0.92–1.14) 0.67

Sex (0,1) 0.015 (0.00–10.8) 0.21

NTproBNP at admission (pg/mL) (1.00–1.00) 0.15

LVFE (%) 0.97 (0.88–1.07) 0.63

Creatinine (mg/dL) 12.6 (2.8–56.3) <0.001

Multivariate

AL B-lines score T3 2.95 (1.21–7.18) 0.02

Creatinine (mg/dL) 9.1 (1.67–49.6) 0.01

AHF, acute heart failure; AL, antero-lateral; POST, posterior; DR, decongestion rate; T0,

admission; T3, discharge. Statistically significant p-values (p < 0.05) are in bold.

value (34, 35) and the evidence supporting the role of B-lines
evaluation in monitoring AHF therapy has been increasing.
Indeed, we observed that AL B-lines score at discharge was able
to predict AHF rehospitalization in patients with and without
PNM. Interestingly, AHF/PNM patients displayed higher AL B-
lines score at discharge compared to AHF patients. This may
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be related to the inhibition of the hypoxia-induced pulmonary
vasoconstriction (HPV) that has been observed in animal models
with PNM (36, 37), which can in part limit the effect of diuretics
(38). However, the difference we observed between AHF and
AHF/PNM patients was not associated with a different outcome
(AHF re-hospitalization) during the follow-up. Therefore, it
might be conceivable that the discharge difference in AL B-lines
was too small to maintain a significant impact on prognosis later
on. The current pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can represent a further
pathophysiological model to test this hypothesis and confirm
our findings.

There are some limitations to be acknowledged. The sample
size is relatively small, and the study was conducted in a
single center. For AL chest evaluation, we used a 28 scanning
sites imaging protocol, which is more time-consuming than
the simplified protocols involving 4 or 8 scanning sites (12,
39). The protocol was not designed to evaluate pulmonary
consolidations that are the main LUS sign to rule in PNM,
given the large amount of literature on this topic, and PNM
was not defined according to LUS, therefore we reported
only data about B-lines. We did not report any other
echocardiographic parameter than LVEF because data were
not available in the whole population. LUS operators were
not completely blinded to the group stratification, although
the final correct diagnosis was adjudicated only at the end
of the hospitalization, whereas LUS exams were performed at
admission, when there could have been only a clinical suspicion
for a certain condition.

Our findings confirm the role of LUS B-lines evaluation in
the management of AHF patients, and suggest that an approach
limited to AL scanning sites can be sufficient both in the diagnosis
and risk stratification of AHF patients during hospitalization,
despite the presence of concomitant PNM.
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1 Shanghai Institute of Cardiovascular Disease, Fudan University, Shanghai, China, 2Department of Echocardiography,
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China, 4Department of Cardiology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 5Department
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Background: Little is known about the efficacy of permanent left bundle branch area

pacing (LBBAP) in delivering cardiac resynchronization therapy (CRT). This study aimed

to evaluate the effect of LBBAP on mechanical synchronization and myocardial work

(MW) in heart failure (HF) patients and to compare LBBAP with biventricular pacing (BVP).

Methods: This is a multicenter, prospective cohort study. From February 2018 to

January 2021, 62 consecutive HF patients with reduced ejection fraction (LVEF ≤35%)

and complete left bundle branch block (CLBBB) who underwent LBBAP or BVP were

enrolled in this study. Echocardiograms and electrocardiograms and were conducted

before and 3–6months after implantation. Intra- and interventricular synchronization were

assessed using two-dimensional speckle tracking imaging (2D-STI). The left ventricular

pressure-strain loop was obtained by combining left ventricular strain with non-invasive

blood pressure to evaluate mechanical efficiency.

Results: The echocardiographic response rates were 68.6 and 88.9% in the BVP and

LBBAP groups, respectively. Left bundle branch area pacing resulted in significant QRS

narrowing (from 177.1 ± 16.7 to 113.0 ± 18.4ms, P < 0.001) and improvement in

LVEF (from 29.9 ± 4.8 to 47.1 ± 8.3%, P < 0.001). The global wasted work (GWW)

(410.3 ± 166.6 vs. 283.0 ± 129.6 mmHg%, P = 0.001) and global work efficiency

(GWE) (64.6 ± 7.8 vs. 80.5 ± 5.7%, P < 0.001) were significantly improved along with

shorter peak strain dispersion (PSD) (143.4 ± 45.2 vs. 92.6 ± 35.1ms, P < 0.001)

and interventricular mechanical delay (IVMD) (56.4 ± 28.5 vs. 28.9 ± 19.0ms, P <

0.001), indicating its efficiency in improving mechanical synchronization. In comparison

with BVP, LBBAP delivered greater improvement of QRS narrowing (−64.1 ± 18.9 vs.

−32.5 ± 22.3ms, P < 0.001) and better mechanical synchronization and efficiency.
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Conclusions: Left bundle branch area pacing was effective in improving cardiac

function, mechanical synchronization, and mechanical efficiency and may be a promising

alternative cardiac resynchronization therapy.

Keywords: cardiac resynchronization therapy, heart failure, left bundle branch block, myocardial work, mechanical

synchronization

INTRODUCTION

Biventricular pacing (BVP) is a traditional method of cardiac
resynchronization therapy (CRT), and long-term studies have
shown a significant reduction in mortality in heart failure (HF)
patients with complete left bundle branch block (CLBBB) (1, 2).
However, BVP causes non-physiological ventricular activation
patterns with a prolonged paced QRS duration (QRSd) and up
to 30% of patients appear to achieve no clinical benefit (3, 4).

As first published in 2017 (5), Huang et al. reported
that permanent left bundle branch area pacing (LBBAP) can
effectively normalize the left bundle branch block (LBBB) with
a stable pacing threshold and improve cardiac function in HF
patients during follow-up (6), serving as a promising alternative
to BVP. To date, several clinical studies have demonstrated the
feasibility of LBBAP in HF patients (7, 8). However, the existing
data are not sufficient, and little is known about the effect on
mechanical synchronization and myocardial work (MW).

Previous studies have proven the role of two-dimensional
speckle tracking imaging (2D-STI) in evaluating intra- and
interventricular dyssynchrony (9, 10). The pressure-strain
loop, which has emerged as a novel non-invasive method
developed from STI, is more effective in quantitatively assessing
mechanical synchrony and mechanical efficiency associated with
left ventricular pressure (11, 12). Therefore, we designed this
study to evaluate the efficacy of LBBAP in advanced HF patients
with CLBBB using 2D-STI combined with MW. A preliminary
comparison between LBBAP and BVP was also performed in
our study.

MATERIALS AND METHODS

Study Design
This study is a multicenter, prospective cohort study. Sixty-
two consecutive patients referred for CRT according to the
2016 European Society of Cardiology (ESC) guidelines (13)
were recruited from February 2018 to January 2021 at
Zhongshan Hospital of Fudan University, Sun Yat-Sen Memorial
Hospital and the First Affiliated Hospital of Wenzhou Medical
University. Informed written consent was obtained from all
participants under the approval of the ethics committees of
participating hospitals.

The inclusion criteria were as follows: (a) symptomatic
patients with LVEF ≤35% despite optimal medical treatment for
at least 3 months; (b) CLBBB morphology and QRSd ≥130ms;
and (c) age ≥18 years old. The exclusion criteria were as follows:
(a) narrowQRS or non-LBBBmorphology; (b) absence of clinical
follow-up or poor condition of the acoustic window; and (c) life
expectancy <1 year. An echocardiographic response was defined

as a≥10% absolute increase in LVEF compared with the baseline,
and a super-response was defined as an absolute increase ≥20%
in LVEF compared with the baseline or LVEF≥50% at follow-up.

Implantation Procedure and Programming
Left Bundle Branch Area Pacing
Left bundle branch area pacing was performed with an
LBBAP pacing lead (Model 3830; SelectSecure, Medtronic, Inc.,
Minneapolis, MN) supported by a delivery catheter (C315His;
Medtronic, Inc.) under a 30◦ right anterior oblique (RAO)
fluoroscopic view. The left bundle branch was located between
the tricuspid valve, non-coronal sinus, and right coronary sinus.
When the pacing lead was first applied on the right side
of the interventricular septum, the paced QRS morphology
demonstrated a “w” shape with a notch at the nadir of the
QRS in lead V1. The sheath with the LBBAP pacing lead was
then screwed counterclockwise into the interventricular septum,
usually 10–20mm away from the His bundle region. Twelve-
lead ECG and intracardiac electrograms were simultaneously
recorded and applied to identify the ideal pacing site. During
the advancement process, the notch at the nadir of the QRS
gradually moves up to the end of the QRS wave. Once
the R wave appears at the terminal of QRS in surface lead
V1, indicating the right bundle branch block (RBBB) pacing
morphology, the lead advancement process should cease. The
position was reconfirmed by intra-sheath radiography or trans-
thoracic echocardiography. The ideal pacing site should meet
the following criteria: (1) the QRSd narrows significantly, and
the LBBB can be partly or completely normalized; and (2) the
fast peak left ventricular activation time (LVAT) measured in
leads V4–V6 is constant regardless of high or low output. The
coronary sinus-left ventricular (CS-LV) lead was implanted as a
backup for resynchronization therapy. If LBBAP could effectively
normalize LBBB or narrow QRS ≤140ms, devices were set in
LBBAP only. Otherwise, sequential pacing of the LBBAP and CS-
LV lead was programmed, and optimal narrowQRS was obtained
by adjusting the LV–RV (V–V) interval. The right atrial leads
(Boston 4480) were implanted into the right atrial appendage.
The AV interval was optimized according to surface ECG in full
consideration of the conduction delay between the left bundle
branch pacing pulse and the QRS wave (20–30 ms).

Biventricular Pacing
The left ventricular lead (Boston 4675) was inserted into
the lateral, posterolateral, or posterior veins, preferably after
retrograde coronary venography. The right ventricular (Boston
0693) and atrial leads (Boston 7736) were fixed on the right
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ventricular septum or apex and right atrium, respectively. The A–
V and V–V intervals were routinely adjusted during the follow-
up to achieve optimized narrowing of the QRSd.

Clinical Evaluation and Follow-Up
Clinical Data
Medical history, physical examinations, New York Heart
Association (NYHA) functional classification, 12-lead
electrocardiogram, and echocardiograph were evaluated at
baseline and at 3–6 months during follow-up. QRS duration was
measured by a standard 12-lead electrocardiogram (ECG) from
the starting point of the Q wave to the end point of the S wave,
while paced QRSd was measured from the pacing stimulus to the
end point of the S wave.

Echocardiographic Parameters
Echocardiography was performed using GE Vivid E9 or E95
ultrasound equipment (GE Company, USA) by experienced
senior echocardiography physicians. Standard echocardiogram
indices, including left atrial diameter (LAD), left ventricular end
systolic/diastolic diameter (LVESD/LVEDD), and left ventricular
end-systolic/diastolic volume (LVEDV/LVESV), were acquired.
Left ventricular ejection fraction (LVEF) was evaluated by
two-dimensional biplane Simpson’s method. Echocardiographic
images of the apical two-, three-, and four-chamber views were
collected continuously for at least five cardiac cycles, and the
mean frame rate of images was 60 ± 5 frames/s. Non-invasive
blood pressure recordings representing left ventricular pressure
were taken by a brachial artery sphygmomanometer at the
same time.

The qualification of MWwas conducted by software (Echopac
V.202, GE) using the AFI package and analyzed according to the
following steps. First, the duration of isovolumic and ejection
phases was defined by valvular timing (the opening and closing
time of mitral and aortic valve) according to pulse wave Doppler
imaging. Then, global myocardial longitudinal peak strain (GLS)
was calculated by speckle tracking analysis using standard apical
views (long-axis, two-chamber, and four-chamber) (14). Finally,
the LV pressure-strain loop was constructed automatically with
a combination of LV strain and non-invasive blood pressure
measurements adjusted by the duration of the isovolumic and
ejection phases (15). Global constructive work (GCW, work
performed by systolic shortening and myocardial lengthening
in the isovolumetric relaxation phase); global wasted work
(GWW, work performed by systolic lengthening and myocardial
shortening in the isovolumetric relaxation phase); global work
efficiency (GWE, the ratio between constructive work and the
sum of wasted and constructive work); and the global work
index (GWI, work performed during the period from mitral
valve closure to mitral valve opening) were acquired. Myocardial
work (MW), myocardial work efficiency (MWE), wasted work
(WW) were calculated for each LV segment. Segmental work
was calculated as the average of basal and mid segments in the
apical four-chamber view. The lateral–septal MW difference was
acquired to evaluate distribution of regional MW.

Segment systolic time to peak longitudinal systolic strain
was assessed for every participant. The difference in systolic

times to peak 2-D strain between segments was calculated
to reflect intraventricular mechanical synchronization. Peak
strain dispersion (PSD) is defined as the standard deviation
of time to peak longitudinal systolic strain of LV segments.
Interventricular mechanical delay (IVMD) was measured to
reflect the mechanical synchronization between the left and right
ventricles evaluated by pulse wave Doppler imaging.

Statistics Analysis
Statistical analysis was performed with SPSS 13.0 software (SPSS
Inc., Chicago, Illinois). Continuous variables are presented as the
mean ± standard deviation. Categorical variables are expressed
as percentages. Differences between groups were assessed with
chi-square analysis for categorical variables and t-tests or non-
parametric tests for continuous data at baseline. Paired samples
t-tests or non-parametric tests were used to compare the
echocardiographic parameters at baseline and follow-up. A linear
mixed-effects model was used to investigate the independent
association between different pacing strategies and changes in
echocardiographic outcomes. A P-value <0.05 was indicative of
statistical significance.

RESULTS

Study Population
A total of 62 advanced HF patients (mean age, 64.8 ± 8.5 years;
54.8% male) with CLBBB were enrolled between February
2018 and January 2021 at the three centers. The clinical
characteristics of all patients are summarized in Table 1.
Among them, 35 patients (mean age, 64.3 ± 8.4 years; 57.1%
male) underwent BVP, 27 patients (mean age, 65.5 ± 8.8
years; 51.9% male) received LBBAP. Medical treatment was
optimized for at least 3 months before implantation. There was
no significant difference between the LBBAP and BVP groups
in baseline demographics, medical history, comorbidities,
electrocardiography, or echocardiography parameters and
myocardial work indices (Tables 1, 4).

Procedure Outcomes of LBBAP
Left bundle branch area pacing implantation was successful in
27 of the 34 patients (79.4%), with full correction of LBBB or
narrow QRS ≤140ms. Sequential pacing of the LBBAP and CS-
LV was programmed to achieve further narrowing QRSd in 5 of
34 patients (14.7%). Left bundle branch area pacing implantation
failed in 5.9% (2/34) because of an inability to achieve conduction
system capture. During the implantation process, 4 of 32 (12.5%)
patients had transient III◦ atrioventricular conduction blocks,
but all recovered after their operations. No ventricular septal
ruptures were observed during the procedures.

Cardiac Function of LBBAP
During a short-term follow-up (mean, 4.0 ± 1.4 months; range
from 3 to 6 months), the NYHA functional class was improved
from 3.0 ± 0.5 at baseline to 1.6 ± 0.6 (P < 0.001), with
significantly improved cardiac function (LVEF: from 29.9 ± 4.8
to 47.1± 8.3%, P < 0.001; GLS: from−5.6± 1.9 to−9.9± 2.3%,
P < 0.001). An echocardiographic response, defined as ≥10%
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TABLE 1 | Baseline characteristics of the patients.

Variables BVP (n = 35) LBBAP (n = 27) P-value

Male gender, n (%) 20 (57.1%) 14 (51.9%) 0.678

Age (years) 64.3 ± 8.4 65.5 ± 8.8 0.606

follow-up (months) 4.4 ± 1.4 4.0 ± 1.4 0.220

Heart rate (beats/min) 73.7 ± 14.6 72.9 ± 12.0 0.805

Intrinsic QRSd (ms) 168.8 ± 16.8 177.1 ± 16.7 0.057

NYHA functional class 2.8 ± 0.6 3.0 ± 0.5 0.326

NYHA II, n (%) 9 (25.7%) 4 (14.8%)

NYHA III, n (%) 23 (65.7%) 20 (74.1%)

NYHA IV, n (%) 3 (8.6%) 3 (11.1%)

NT-proBNP (pg/ml) 2602.0 ± 3245.1 2220.5 ± 3712.5 0.848

LVEF (%) 29.5 ± 4.9 29.9 ± 4.8 0.689

SBP (mmHg) 120.3 ± 14.7 121.7 ± 15.6 0.680

DBP (mmHg) 72.2 ± 7.4 71.2 ± 10.5 0.666

Comorbidity

Renal insufficiency, n (%) 1 (2.9%) 2 (7.4%) 0.817

Diabetes, n (%) 8 (22.9%) 9 (33.3%) 0.359

Hypertension, n (%) 16 (45.7%) 11 (40.7%) 0.695

Ischemic Etiology n (%) 8 (22.9%) 7 (25.9%) 0.735

Paroxysmal Af or AF n (%) 4 (11.4%) 3 (11.1%) 1.000

Medication

aldactone, n (%) 33 (94.3%) 20 (74.1%) 0.061

ACEI/ARB/ARNI, n (%) 33 (94.3%) 24 (88.9%) 0.762

Beta-blockers, n (%) 32 (91.4%) 24 (88.9%) 1.000

amiodarone, n (%) 4 (11.4%) 2 (7.4%) 0.922

NYHA, New York heart association; LVEF, left ventricular ejection fraction; SBP, systolic

blood pressure; DBP, diastolic blood pressure; Af, atrial fibrillation; AF, atrial flutter; ACEI,

angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARNI,

angiotensin receptor neprilysin inhibitor.

*p < 0.05.

absolute improvement in LVEF compared with the baseline was
observed in 24 of 27 patients (88.9%). Super-response (absolute
increase ≥20% of LVEF or LVEF ≥50%) was identified in 12 of
27 patients (44.4%). The echocardiographic response rate in non-
ischemic cardiomyopathy patients and ischemic patients was
90.0% (18/ 20), 85.7% (6/7), respectively. There was a significant
reduction in left ventricular end-systolic diameter and volume
(LVESD: from 56.6 ± 7.8 to 45.0 ± 7.5mm, P < 0.001; LVESV:
from 141.4 ± 40.6 to 72.6 ± 31.5ml, P < 0.001) (Table 2;
Figure 1).

Mechanical Synchronization of LBBAP
As shown in Table 3, the QRSd was significantly shortened after
LBBAP implantation compared with that at baseline (177.1 ±

16.7 vs. 113.0 ± 18.4ms, P < 0.001). Left bundle branch area
pacing significantly shortened the duration of IVMD (from 56.4
± 28.5 to 28.9 ± 19.0ms, p < 0.001) and PSD (from 143.4
± 45.2 to 92.6 ± 35.1ms, p < 0.001) during the follow-up.
Postoperatively, the 17-segment maximum time difference to
peak 2-D strain (from 436.3 ± 166.2 to 284.1 ± 164.2ms, p <

0.001) was significantly shortened in the LBBAP group. There
was significant improvement in the time difference to peak 2-D

TABLE 2 | Echocardiographic data in the LBBAP group at baseline and follow-up.

Variables Baseline Follow-up P-value

NYHA functional class 3.0 ± 0.5 1.6 ± 0.6 <0.001*

GLS (%) −5.6 ± 1.9 −9.9 ± 2.3 <0.001*

LVEF (%) 29.9 ± 4.8 47.1 ± 8.3 <0.001*

LVEDD (mm) 67.9 ± 6.6 57.7 ± 4.9 <0.001*

LVESD (mm) 56.6 ± 7.8 45.0 ± 7.5 <0.001*

LVEDV (ml) 200.8 ± 49.6 133.6 ± 45.8 <0.001*

LVESV (ml) 141.4 ± 40.6 72.6 ± 31.5 <0.001*

LAD (mm) 46.5 ± 5.1 41.7 ± 5.9 <0.001*

PASP (mmHg) 41.6 ± 13.5 34.5 ± 6.3 0.010*

TAPSE (mm) 16.3 ± 2.4 17.9 ± 1.7 0.013*

NYHA, New York heart association; GLS, global longitudinal strain; LVEF, left ventricular

ejection fraction; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular

end-systolic diameter; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular

end-systolic volume; PASP, pulmonary arterial systolic pressure; TAPSE, Tricuspid annulus

systolic displacement; LAD, left atrial diameter.

*p < 0.05.

strain between basal anteroseptal vs. posterior segments (143.0
± 113.7 vs. 104.0 ± 94.7ms, P = 0.038) and basal anterior vs.
inferior segments (131.6± 129.5 vs. 117.7± 110.3ms, P= 0.016)
(Table 3; Figure 2).

Myocardial Work of LBBAP
During the follow-up, GWE was improved from 64.6 ± 7.8% at
baseline to 80.5 ± 5.7% (P < 0.001), with a significant reduction
in GWW (from 410.3 ± 166.6 to 283.0 ± 129.6 mmHg%, P <

0.001). Global constructive work and GWI were also significantly
ameliorated (from 836.0 ± 198.4 to 1321.6 ± 371.4 mmHg%, P
< 0.001; from 485.0 ± 200.7 to 1093.3 ± 343.2 mmHg%, P <

0.001) (Table 4; Figure 3). As with segmental myocardial work,
segmental MWE was significantly improved in the septal (from
35.3 ± 17.8 to 69.6 ± 19.0%, P = 0.001), inferior (from 57.9
± 21.7 to 83.6 ± 13.7 %, P = 0.001), posterior (from 76.7 ±

13.0 to 80.6 ± 17.1%, P = 0.045), anterior (from 77.3 ± 13.7
to 83.8 ± 10.7%, P = 0.027), and anteroseptal (from 59.2 ±

22.8 to 73.3 ± 15.3%, P = 0.016) segments. There was a trend
toward a reduction in mean segmental WW in every segment
and it was significantly reduced in the septal (from 607.1± 276.5
to 330.8 ± 254.3 mmHg%, P <0.001), inferior (from 333.7 ±

199.8 to 198.6 ± 169.8 mmHg%, P = 0.009) segments compared
with the baseline. The MW differences between the lateral and
septal segments were significantly reduced at the time of follow-
up (from 1172.2 ± 563.5 to 633.1 ± 596.6 mmHg%, P = 0.001)
(Table 4; Figure 4).

Comparison Between LBBAP and BVP
A linearmixed-effectsmodel was used to compare the parameters
between LBBAP and BVPwith consideration of baseline variables
and follow-up duration. The echocardiographic response rate,
defined as a ≥10% absolute increase in LVEF compared with the
baseline, was 68.6 and 88.9% in the BVP and LBBAP groups,
respectively. A relatively low no-response rate was observed in
the LBBAP (11.1 vs. 31.4%) group compared with the BVP group.
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FIGURE 1 | QRS duration and cardiac function at baseline and follow-up in the BVP and LBBAP groups. (A) Twelve-lead ECG from baseline to follow-up; (B) left

ventricular ejection fraction (LVEF) from baseline to follow-up; (C) QRS duration (QRSd) from baseline to follow-up.

TABLE 3 | Asynchronization status in the LBBAP group at baseline and follow-up.

Variables Baseline Follow -up P-value

QRSd (ms) 177.1 ± 16.7 113.0 ± 18.4 <0.001*

IVMD (ms) 56.4 ± 28.5 28.9 ± 19.0 <0.001*

PSD (ms) 143.4 ± 45.2 92.6 ± 35.1 <0.001*

Segment maximum time difference to peak 2-D strain (ms) 436.3 ± 166.2 284.1 ± 164.2 <0.001*

Basal anteroseptal vs. posterior segments (ms) 143.0 ± 113.7 104.0 ± 94.7 0.038*

Basal anterior vs. inferior segments (ms) 131.6 ± 129.5 117.7 ± 110.3 0.016*

Basal septal vs. lateral segments (ms) 178.0 ± 119.0 129.0 ± 139.7 0.174

IVMD, interventricular mechanical delay; PSD, peak strain dispersion.

*p < 0.05.

During the short-term follow-up, improvement of overall NYHA
functional class in LBBAP was greater than that in BVP group
(−1.6 ± 0.6 vs. −0.9 ± 0.8, P = 0.001). Although the degree
of LVEF improvement did not achieve any significant difference,
GLS was better ameliorated in the LBBAP (−4.3 ± 2.2 vs. −2.3

± 2.6%, P < 0.001) group than in the BVP group (Table 5).
Significantly narrowed QRSd were achieved in the LBBAP group
(−64.1 ± 18.9 vs. −32.5 ± 22.3ms, p < 0.001) than in the BVP
group. The IVMD and PSD, which reflect interventricular and
intraventricular mechanical synchrony, were better improved in
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FIGURE 2 | Mechanical synchronization at baseline and follow-up in the BVP and LBBAP groups. (A) Peak strain dispersion (PSD) from baseline to follow-up; (B)

interventricular mechanical delay (IVMD) from baseline to follow-up; (C) global work efficiency (GWE) from baseline to follow-up; (D) global wasted work (GWW) from

baseline to follow-up.

the LBBAP group than in the BVP group (−27.4 ± 28.7 vs.
−18.6 ± 27.9ms, p = 0.013; −50.9 ± 56.8 vs. −26.9 ± 63.9ms,
p= 0.036).

Compared with those in the BVP group, patients who received
LBBAP had greater improvements in GWE (15.9 ± 8.9 vs. 11.1
± 10.6%, P = 0.028), GWI (608.3 ± 353.0 vs. 350.7 ± 352.4
mmHg%, P = 0.007), and GCW (485.5 ± 359.5 vs. 279.6 ±

388.8 mmHg%, P = 0.031). As with segmental myocardial work,
segmental MWE was significantly improved in all LV segments
except for the lateral segment in the LBBAP group. Biventricular
pacing was poor at improving MWE in the posterior (from
71.6 ± 18.3 to 71.2 ± 18.9%, P = 0.889), lateral (from 74.7 ±

13.6 to 68.4 ± 20.7%, P = 0.109), and anterior segments (from
75.5 ± 18.0 to 80.1 ± 16.6%, P = 0.252). Wasted work was
significantly ameliorated in the septal (LBBAP: from 607.1 ±

276.5 to 330.8 ± 254.3 mmHg%, P < 0.001; BVP: from 657.3
± 324.6to 317.6 ± 342.5 mmHg%, P = 0.001), and inferior
(LBBAP: from 333.7 ± 199.8 to 198.6 ± 169.8 mmHg%, P =

0.009; BVP: from 414.0 ± 241.5 to 291.8 ± 317.4 mmHg%, P
= 0.005) segments in both groups. Myocardial Work differences
between the lateral and septal segments was significantly reduced
in both groups (LBBAP: from 1172.2 ± 563.5 to 633.1 ± 596.6

mmHg%, P = 0.001; BVP: from 877.4 ± 687.4 to −365.2 ±

644.9 mmHg%, P< 0.001) (Table 4). Compared with BVP, lateral
segment MWE showed more improvement in the LBBAP group
(3.5 ± 15.7 vs. −6.4 ± 22.9 mmHg% P = 0.006). Although it
did not reach statistical significance, the MWE improvement in
posterior segment was greater than that in the BVP group (3.8±
18.0 vs.−0.4± 17.5 mmHg%, P = 0.068) (Table 5).

DISCUSSION

This multicenter study evaluated the efficacy of LBBAP
in advanced HF patients, focused mainly on mechanical
synchronization andMW, and compared LBBAPwith traditional
BVP from an echocardiographic view. The major findings in
our study cohort are as follows: (1) during the short-term
observation, LBBAP was efficient in improving cardiac function,
mechanical efficiency, and mechanical synchronization. (2) Our
preliminary comparison between LBBAP and BVP showed
that LBBAP resulted in greater improvement of mechanical
synchronization and MW. To our knowledge, this is the
first report which demonstrated the effects on mechanical
synchronization and MW in patients with LBBAP.
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TABLE 4 | Global and segmental myocardial work in the LBBAP and BVP groups at baseline and follow-up.

BVP P-value LBBAP P-value P-value

Baseline Follow-up (BVP baseline Baseline Follow-up (LBBAP baseline (Baseline BVP

vs. follow-up) vs. follow-up) vs. LBBAP)

GWE (%) 65.0 ± 7.9 76.1 ± 9.1 <0.001* 64.6 ± 7.8 80.5 ± 5.7 <0.001* 0.826

GWI (mmHg%) 526.5 ± 311.4 877.2 ± 388.1 <0.001* 485.0 ± 200.7 1093.3 ± 343.2 <0.001* 0.938

GCW (mmHg%) 897.3 ± 386.6 1176.9 ± 421.3 <0.001* 836.0 ± 198.4 1321.6 ± 371.4 <0.001* 0.870

GWW (mmHg%) 445.1 ± 222.0 340.5 ± 182.7 0.018 * 410.3 ± 166.6 283.0 ± 129.6 0.001* 0.938

MWE (%)

Septal segment 42.9 ± 17.1 77.2 ± 17.4 0.001* 35.3 ± 17.8 69.6 ± 19.0 0.001* 0.093

inferior segment 53.9 ± 22.8 78.7 ± 15.3 0.001* 57.9 ± 21.7 83.6 ± 13.7 0.001* 0.485

Posterior segment 71.6 ± 18.3 71.2 ± 18.9 0.889 76.7 ± 13.0 80.6 ± 17.1 0.045* 0.341

Lateral segment 74.7 ± 13.6 68.4 ± 20.7 0.109 79.1 ± 11.2 82.7 ± 15.1 0.254 0.173

Anterior segment 75.5 ± 18.0 80.1 ± 16.6 0.252 77.3 ± 13.7 83.8 ± 10.7 0.027* 0.932

Anteroseptal segment 61.6 ± 19.5 76.5 ± 12.8 0.001* 59.2 ± 22.8 73.3 ± 15.3 0.016* 0.662

WW (mmHg%)

Septal segment 657.3 ± 324.6 317.6 ± 342.5 0.001* 607.1 ± 276.5 330.8 ± 254.3 <0.001* 0.522

Inferior segment 414.0 ± 241.5 291.8 ± 317.4 0.005* 333.7 ± 199.8 198.6 ± 169.8 0.009* 0.110

Posterior segment 394.1 ± 219.3 402.4 ± 370.9 0.888 345.9 ± 212.6 304.3 ± 236.8 0.212 0.262

Lateral segment 395.0 ± 293.8 397.0 ± 359.8 0.974 283.1 ± 175.7 255.4 ± 222.4 0.479 0.110

Anterior segment 277.1 ± 177.4 270.0 ± 252.4 0.900 246.4 ± 166.7 214.4 ± 145.4 0.337 0.491

Anteroseptal segment 472.3 ± 385.5 378.0 ± 284.9 0.207 436.0 ± 327.3 368.2 ± 263.6 0.319 0.848

Segmental MW (mmHg%)

Septal MW −42.9 ± 377.5 886.8 ± 522.6 <0.001* −151.0 ± 294.0 695.9 ± 510.6 <0.001* 0.225

Lateral MW 834.5 ± 555.5 521.6 ± 521.3 0.005* 1021.2 ± 466.5 1329.0 ± 535.2 0.007* 0.165

Lateral-septal difference 877.4 ± 687.4 −365.2 ± 644.9 <0.001* 1172.2 ± 563.5 633.1 ± 596.6 0.001* 0.076

GWE, global work efficiency; GWI, global work index; GCW, global constructive work; GWW, global wasted work; MWE, myocardial work efficiency; WW, wasted work; MW,

myocardial work.

*p < 0.05.

The Dilemma of CRT
Biventricular pacing is a well-established therapy for HF patients,
but the non-response rate remains high. Although great efforts
have been made to improve the response rate, the effect is
far from satisfactory. This is partly due to limited mechanical
dyssynchrony and MW (16). Permanent LBBAP was first
reported by Huang et al. as a rescue pacing strategy after failure of
CS-LV lead implantation, and significant improvement of LVEF
and the clinical outcome was detected in their study during
the 1-year follow-up (5). Recently, Zhang et al. reported that
LBBAP induced great improvement of LVEF and LVESD in
11 consecutive HF patients during a short-term follow-up (17).
An observational study conducted at Fuwai Hospital further
demonstrated greater improvement in LVEF and electrical
synchronization in the LBBAP group than in the BVP group
(18). However, the study cohort was small, and little is known
about the effect on mechanical synchronization and mechanical
efficiency. It is not sufficient to draw the conclusion that LBBAP
is superior to BVP in HF patients. Mechanical synchronization,
which is quite important for cardiac pumping function, is not the
same as electrical synchronization (19). Mechanical asynchrony
and decreased mechanical efficiency will eventually result in HF
and arrhythmia. Therefore, further study is needed to investigate
its effect on mechanical synchronization and efficiency.

The Efficacy of LBBAP in HF Patients
The duration of QRS has been accepted as a surrogate for
predicting electrical synchronization (20). Salden et al. reported
hemodynamic improvement and electrical resynchronization
of LBBAP during short-term observation (21). A great
reduction in QRSd was also detected in 61 LBBAP cases
during the 1-year follow-up, in which the QRSd was improved
from 169 ± 16ms at baseline to 118 ± 12ms (22). As
shown in our study, the QRSd was significantly shortened
in the LBBAP group compared with the baseline (from
177.1 ± 16.7 to 113.0 ± 18.4ms), which reconfirmed that
LBBAP can induce electrical synchrony. Furthermore, we
evaluated mechanical synchrony using 2D-STI. The PSD was
effectively shortened along with a shorter segment maximum
time difference to peak 2-D strain in the LBBAP group
during the observation, indicating its efficacy in improving
interventricular mechanical synchronization in HF patients.
Since LBBAP mainly activates the left bundle branch and
results in right bundle branch conduction delay, there
might be mechanical dyssynchrony between the ventricles.
However, in our study, IVMD, which reflects intraventricular
mechanical synchronization, was also effectively improved
in the LBBAP group. This may be due to LBBAP being
synchronized with intrinsic right bundle branch conduction and
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FIGURE 3 | Myocardial work at baseline and follow-up in the BVP and LBBAP groups. (A) BVP at baseline; (B) BVP at follow-up; (C) LBBAP at baseline; (D) LBBAP

at follow-up; (Top Panel) Seventeen-segment bull’s-eye of myocardial work index (negative work in blue, normal in green, and areas of high myocardial work coded in

red); (Middle Panel) Seventeen-segment bull’s-eye of myocardial work efficiency (high efficiency in green, low efficiency in red); (Bottom panel) Pressure-strain loops.

leading to further QRS narrowing and better intraventricular
mechanical synchronization.

Mechanical efficiency was also evaluated in our study. The
pressure-strain loop, which has emerged as a novel non-
invasive method developed from STI, is efficient in quantitatively
assessing mechanical synchrony and mechanical efficiency
associated with LV pressure (11). As shown by Chan et al. (15),
GWE was significantly reduced in HF patients, while GWE was
high in normal hearts (23). Reduced GWE and excessive GWW
may add an additional burden and contribute to myocardial
remodeling. Galli et al. revealed that CRT responders have a
significant improvement in LV synchrony along with a great
increase in GWE and a reduction in GWW (24). Russell et al.
validated its efficiency in evaluating the mechanical impact of
dyssynchrony (12). In our study, LBBAP induced significant
improvement in GWE and reduction in GWW. The increase
in GWE and reduction in GWW might qualify for the restored
ventricular systolic synchrony delivered by LBBAP. According
to the European Association of Cardiovascular Imaging Normal
Reference Ranges for Echocardiography (EACVI NORRE) study,
the highest value for GWW among healthy subjects was 238

mmHg% in men and 239 mmHg% in women (25). In our study,
the GWW in the LBBAP group was restored to 283.0 ± 129.6
mmHg%, which was close to normal.

In HF patients with CLBBB, abnormal electrical conduction
leads to dyssynchronous ventricular contraction. Early
contraction of the septum and systolic lengthening of the
LV lateral wall may cause energy waste, which leads to inefficient
mechanical wall motion (26). In previous research, significantly
impaired septal wall MW was observed in HF patients with
CLBBB, which may seriously impact LV functioning. Lateral
wall MW was increased at the first stage of HF, and caused
discordant LV contraction (27). Thus, restoring septum work
and reducing septal-lateral work differences played an important
role in patients’ responses to CRT (28, 29). Prior to LBBAP,
patients had inefficient septal function with markedly low
MWE (35.3 ± 17.8%) and high WW (607.1 ± 276.5 mmHg%)
compared with global LV (GWE:64.6 ± 7.8%;GWW: 410.3 ±

166.6 mmHg%).Regional analysis of MW revealed that LBBAP
leads to significant MWE increases (from 35.3 ± 17.8 to 69.6
± 19.0%, P = 0.001) and WW reductions (from 607.1 ± 276.5
to 330.8 ± 254.3 mmHg%, <0.001) in the septum, indicating
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FIGURE 4 | Segmental myocardial work at baseline and follow-up in the BVP and LBBAP groups. (A) Segmental myocardial work (MWE) and segmental wasted

work (WW) at baseline and follow-up in the BVP group; (B) Segmental myocardial work (MWE) and segmental wasted work (WW) at baseline and follow-up in the

LBBAP group. *p < 0.05.

major improvement in LV function. Reducing septal-lateral
work differences in the LV is an important determinant of
reverse remodeling after CRT implantation (28, 30, 31). This
study showed that LBBAP could reduce the regional differences
in myocardial performance between the septal and lateral
segments, which leads to more homogeneous regional MW
distribution. From the perspective of MW, LBBAP induced great
improvement in wall motion synchronization, which may result
in better prognoses during long-term follow-up.

Comparison Between LBBAP and BVP
A preliminary comparison between LBBAP and BVP
revealed that LBBAP induced better improvement in
specific echocardiographic parameters reflecting mechanical
synchronization and MW and resulted in a relatively high
echocardiographic response rate. Although the baseline MW in
the groups was comparable and we used a linear mixed-effects
model to reduce bias, this non-randomized study did not
provide sufficient data to draw the conclusion that LBBAP
is superior to BVP. However, analysis of segmental MW
led to a better view of left ventricular motion patterns and
mechanical synchronization. Biventricular pacing achieves
ventricular mechanical synchronization by sequential RV and

CS-LV lead pacing. This is not physiological, and the CS-LV
lead is hard to implant in the region with the most delayed
activation due to anatomical variability in coronary veins in
clinical practice. In our study, BVP showed less efficacy in
improving MWE and reducing WW in posterior and anterior
segments, indicating its limited efficacy in achieving optimal
synchronization of wall motion. This might be the reason why
the non-response rate of BVP in our study was high. In the
LBBAP group, the MWE tended to improve in every LV segment
except for the lateral segment. Compared with BVP, LBBAP
lead to better improvement of MWE in specific segments.
Overall improvement of segmental MWE result in better GWE
and better mechanical coordination. Moreover, LBBAP could
activate the left bundle branch area. Thus, electrical stimulation
passes down through the intrinsic conduction system instead
of the intercellular electrical conduction, which may better
maintain left ventricular systolic synchronization in HF patients.

CONCLUSIONS

Left bundle branch area pacing was effective in improving cardiac
function, mechanical synchrony and efficiency and may be a
promising alternative CRT.
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TABLE 5 | Comparison between BVP and LBBAP groups.

Variables Change Difference P-value for linear

(95% CI) mixed-effects model #

BVP LBBAP

Cardiac function

1NYHA functional class −0.9 ± 0.8 −1.6 ± 0.6 −0.7 (−1.1,−0.3) 0.001*

1GLS (%) −2.3 ± 2.6 −4.3 ± 2.2 −2.0 (−3.2,−0.7) <0.001*

1LVEF (%) 13.7 ± 11.5 17.2 ± 9.3 3.6 (−1.9,9.0) 0.113*

Synchronization

1QRSd (ms) −32.5 ± 22.3 −64.1 ± 18.9 −31.6 (−42.3,−20.9) <0.001*

1 IVMD (ms) −18.6 ± 27.9 −27.4 ± 28.7 −8.9 (−23.3,5.6) 0.013*

1PSD (ms) −26.9 ± 63.9 −50.9 ± 56.8 −23.9 (−55.2,7.3) 0.036*

Global myocardial work

1GWE (%) 11.1 ± 10.6 15.9 ± 8.9 4.8 (−0.3,9.8) 0.028*

1GWW (mmHg%) −104.6 ± 248.9 −127.3 ± 181.8 −22.7 (−136.6,91.2) 0.185

1GWI (mmHg%) 350.7 ± 352.4 608.3 ± 353.0 257.5 (76.8,438.2) 0.007*

1GCW (mmHg%) 279.6 ± 388.8 485.5 ± 359.5 205.9 (13.1,398.8) 0.031*

Segmental MWE (%)

1Septal segment 34.3 ± 26.7 34.4 ± 23.9 0.0 (−13.1,13.1) 0.121

1 Inferior segment 24.8 ± 23.1 25.7 ± 26.3 0.9 (−11.7,13.5) 0.238

1Posterior segment −0.4 ± 17.5 3.8 ± 18.0 4.2 (−4.8,13.3) 0.068

1Lateral segment −6.4 ± 22.9 3.5 ± 15.7 9.9 (0.1,19.7) 0.006*

1Anterior segment 4.6 ± 23.1 6.5 ± 14.5 2.0 (−7.6,11.6) 0.351

1Anteroseptal segment 14.9 ± 20.8 14.1 ± 25.8 −0.8 (−12.7,11.0) 0.433

Abbreviations see Tables 2–4.
#Adjusted by baseline QRSd, baseline LVEF, baseline self-parameter, and follow-up duration.

*p < 0.05.

STUDY LIMITATIONS

This is an observational study involving a limited number of
participants. The follow-up period was short, and the long-
term effects of LBBAP on cardiac function and mechanical
synchronization need to be validated by more patients with
longer follow-up periods. Although the clinical characteristics
were comparable at baseline and we used a linear mixed-effects
model with consideration of clinically relevant parameters to
reduce the bias, this non-randomized study did not provide
sufficient data to draw the conclusion that LBBAP is superior
to BVP.
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Background: Although left atrial (LA) and left ventricular (LV) structural and functional

parameters have independent prognostic value as predictors of heart failure (HF), the

close physiological relationship between the LA and LV suggest that the assessment

of LA/LV coupling could better reflect left atrioventricular dysfunction and be a better

predictor of HF.

Aim: We investigated the prognostic value of a left atrioventricular coupling index (LACI),

measured by cardiovascular magnetic resonance (CMR), as well as change in LACI to

predict incident HF in the Multi-Ethnic Study of Atherosclerosis (MESA).

Materials and Methods: In the MESA, 2,250 study participants, free of clinically

recognized HF and cardiovascular disease (CVD) at baseline, had LACI assessed by CMR

imaging at baseline (Exam 1, 2000–2002), and 10 years later (Exam 5, 2010–2012). Left

atrioventricular coupling index was defined as the ratio of LA to LV end-diastolic volumes.

Univariable and multivariable Cox proportional hazard models were used to evaluate the

associations of LACI and average annualized change in LACI (1LACI) with incident HF

after adjustment for traditional MESA-HF risk factors. The incremental risk prediction was

calculated using C-statistic, categorical net reclassification index (NRI) and integrative

discrimination index (IDI).

Results: Among the 2,250 participants (mean age 59.3 ± 9.3 years and 47.6% male

participants), 50 incident HF events occurred over 6.8 ± 1.3 years after the second

CMR exam. After adjustment, greater LACI and 1LACI were independently associated

with HF (adjusted HR 1.44, 95% CI [1.25–1.66] and adjusted HR 1.55, 95% CI [1.30–

1.85], respectively; both p < 0.0001). Adjusted models for LACI showed significant

improvement in model discrimination and reclassification compared to currently used

HF risk score model for predicting HF incidence (C-statistic: 0.81 vs. 0.77; NRI =

0.411; IDI = 0.043). After adjustment, 1LACI showed also significant improvement in

model discrimination compared to the multivariable model with traditional MESA-HF risk

factors for predicting incident HF (C-statistic: 0.82 vs. 0.77; NRI = 0.491; IDI = 0.058).
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Conclusions: In a multi-ethnic population, atrioventricular coupling (LACI), and coupling

change (1LACI) are independently associated with incident HF. Both have incremental

prognostic value for predicting HF events over traditional HF risk factors.

Keywords: heart failure, cardiac magnetic resonance image, coupling, prognosis, left atria, left ventricle, multi-

ethnic study of atherosclerosis

INTRODUCTION

Heart failure (HF) is a leading cause of mortality worldwide
and a major public health issue especially in older individuals
(1). The prevalence of HF is approximately 1–2% of the adult
population in developed countries, rising to ≥10% among
people >70 years of age (1, 2). Given the important medico-
economic burden associated with HF, the American College of
Cardiology/American Heart Association (ACC/AHA) guidelines
reclassified HF to include stage A which includes individuals
with risk factors but no structural heart disease (3). Therefore,
early detection of these high-risk individuals is imperative for
primary prevention. To address the need for early detection
of individuals at risk for HF, several studies have assessed left
atrial (LA) and left ventricular (LV) structure and function
by cardiovascular magnetic resonance (CMR) (4). Several LV
structural and functional parameters, such as left ventricular
ejection fraction (LVEF), LV mass index, LV mass to volume
ratio (LVMVR), or LV global function index (LVGFI) have
shown prognostic value in predicting the occurrence of HF (5–
8). However, many studies emphasize the fact that HF does not
occur exclusively because of impaired LV structure and function
(9, 10). Left atrial structural and functional parameters, such as
LA volumes and peak LA reservoir strain have been established
as an independent predictors of HF (9, 11, 12). Therefore, even
with preserved LV systolic function, LA dysfunction may impair
global heart performance and uncoupling between functional
performance of the two chambers can also contribute to cardiac
dysfunction and HF (13). These findings suggest that the LA
parameters could allow earlier detection of HF risk than LV
parameters. Interestingly, a study using speckle-tracking by
echocardiography recently suggested a potential interest of a
global atrioventricular strain in asymptomatic individuals with
subclinical heart dysfunction beyond the isolated use of the LA
or LV strain (14). In line with these findings, although LV and
LA parameters have independent prognostic values for predicting
HF, the inherently connected physiological relationship between
the LA and the LV (15, 16) suggests that the assessment of
left atrioventricular coupling alterations could better reflect left
heart dysfunction (17). Indeed, our working group has recently
demonstrated the prognostic value of a novel left atrioventricular

Abbreviations: CMR, cardiovascular magnetic resonance; CVD, cardiovascular

disease; HF, heart failure; LV, left ventricle; LVEF, left ventricular ejection fraction;

LVMVR, LV mass to volume ratio; LA, left atrium; LACI, left atrioventricular

coupling index; LACIBaseline, left atrioventricular coupling index measured at

baseline (MESA Exam 1); LACI10−years, left atrioventricular coupling index

measured after 10-years (MESA Exam 5); 1LACI, average annualized change in

left atrioventricular coupling index; MESA, multi-ethnic study of atherosclerosis.

coupling index (LACI), defined by the ratio of the LA end-
diastolic volume divided by the LV end-diastolic volume by
CMR, the increase of which is independently associated with
cardiovascular events in MESA (18).

Previous studies have also shown the superiority of
longitudinal evaluations of change in LA and LV parameters to
predict HF (19–21). Therefore, we theorized that longitudinal
assessment of atrioventricular coupling could be complementary
to the cross-sectional evaluation to stratify the risk of incident HF
among healthy individuals. Based on this rationale, we designed
an analysis to examine the associations of the LACI and change
in LACI with incident HF in a prospective population study of
individuals without a history of clinical heart disease at baseline.
Specifically, we aim to investigate the prognostic value of LACI
and the average annualized change in LACI (1LACI) measured
by CMR, for predicting incident HF in the Multi-Ethnic Study of
Atherosclerosis (MESA).

MATERIALS AND METHODS

Study Population
The MESA is a prospective, population-based multi-ethnic
(White, African American, Chinese, and Hispanic) cohort study
of subclinical cardiovascular disease (CVD). The details of the
study design was previously described (22). In summary, between
2000 and 2002 (Exam 1), 6,814 men and women aged from 45
to 84 years, free of clinical CVD at enrollment, were recruited
from six US field centers (Baltimore, MD; Chicago, IL; Forsyth
County, NC; Los Angeles County, CA; Northern Manhattan,
NY; and St Paul, MN). Exam 1 was followed by Exam 2
(2002–2004), Exam 3 (2004–2005), Exam 4 (2005–2007), and
Exam 5 (2010–2012). Participants with cardiovascular risk factors
were not excluded. Participants with any significant valvular
disease (stenosis or regurgitation) at baseline were excluded. The
methodology of baseline characteristics and outcome collection
is detailed in Supplementary File 1. All participants provided
written informed consent. All study protocols were approved by
the institutional review boards of each participating field center.

A flowchart of the MESA population investigated in the
current study is depicted in Figure 1. Participants were excluded
if: (i) they did not have the second CMR exam, (ii) their images
were missing or not of sufficient quality to allow measurement
of LA and LV volumes, or (iii) they developed incident HF,
myocardial infarction, or atrial fibrillation, including patients
who had HF during AF, between Exam 1 and Exam 5 (Figure 1).
Of note, incident HF between Exam 1 and Exam 5 was
defined as any episode of acute HF irrespective of its etiology,
including acute HF secondary to other cardiac conditions. Of the
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FIGURE 1 | Flowchart of the study. (1) Mean time between baseline and second CMR exams: 9.6 ± 0.6 years. (2). Mean time of HF follow-up: 6.8 ± 1.3 years after

the second CMR exam. AF, atrial fibrillation; CMR, cardiovascular magnetic resonance; HF, heart failure; MI, myocardial infarction.

4,859 participants with baseline CMR that included LA volume
assessment (Exam 1), 2,250 participants returned for a second
CMR exam at Exam 5 after a mean time of 9.6 ± 0.6 years and
were included in the study.

CMR Protocol and Image Analysis
Cardiovascular magnetic resonance was performed with 1.5 T
MR scanners, either Signa LX or CVi (GE Medical Systems,
Waukesha, WI, USA) or Symphony or Sonata (Siemens
Medical Systems, Erlangen, Germany). Long-axis cine images
were obtained from 2-chamber and 4-chamber views, using
electrocardiogram-gated fast gradient-echo pulse sequences. A
stack of short-axis cine images was acquired to encompass both
ventricles, and LV end-diastolic volume was measured using
cardiac image modeler software (CIM version 6.0, University of
Auckland, New Zealand). All the cine images were acquired with
a temporal resolution of∼50ms. The complete CMR protocol, as
well as details on image analysis, data quality control, calculations
for LVEF, LV mass and volumes, LA volumes, and measurement
reproducibility, have been published previously (23).

Multimodality tissue tracking software (MTT version 6.0,
Toshiba Medical Systems Corporation, Tokyo, Japan) was used
to quantify LA volume and strain from 2- and 4-chamber cine
CMR images (Supplementary File 2). This method has been
validated previously with good to excellent intra- and inter-
reader reproducibility with intraclass correlation (ICC) of 0.88
to 0.98 (p < 0.001), and good inter-study reproducibility with
ICC of 0.44 to 0.82 (p < 0.05 to 0.001) (24–26). A single
experienced operator, blinded to the participant’s case status,

defined endocardial and epicardial borders of the LA at end-
systole. Using themarked points, the software creates endocardial
and epicardial borders, then tracks LA tissue in subsequent
frames. The endocardial and epicardial contours generated by
the software are then followed by the operator during the cardiac
cycle for quality control.

Left Atrioventricular Coupling Index
The LACI was defined by CMR for each participant by the LA
end-diastolic volume divided by the LV end-diastolic volume.
The LV volume was measured from the stack of short-axis cine
images, while the LA volume was measured from the 2-chamber
and 4-chamber views, as previously described (Figure 2). The LA
and LV volumes were measured in the same end-diastolic phase
defined by mitral valve closure.

The LACI value is expressed as a percentage, and a
higher LACI indicates greater disproportion between the LA
and LF volumes at ventricular end-diastole, reflecting greater
impairment of left atrioventricular coupling. Moreover, the
1LACI is defined by the annual difference in the LACI value
measured at baseline, at Exam 1 (LACIBaseline) and the LACI
value measured after 10-years, at Exam 5 (LACI10−years), and the
1LACI value is expressed as a percentage per year.

Incident Heart Failure
The MESA outcome event ascertainment protocols
have been described in detail and are available online
(www.mesa-nhlbi.org). In addition to MESA follow-up
examinations, a telephone interviewer contacted each participant
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FIGURE 2 | Method to assess the Left Atrio-ventricular Coupling Index (LACI)

by CMR. The LACI was defined by the ratio between the LA end-diastolic

volume and the LV end-diastolic volume. A stack of short-axis cine images

was acquired to encompass both ventricles and LV end-diastolic volume was

measured using cardiac image modeler (CIM) software (green volume, left

panel). LA end-diastolic volume was measured using multimodality

tissue-tracking (MTT) software to track LA wall motion during the end-diastole

in the 4-chamber and 2-chamber views (pink borders, right panel). CMR,

cardiovascular magnetic resonance; LA, left atrial; LACI, left atrioventricular

coupling index; LV, left ventricle.

(or representative) every 9–12 months to inquire about interim
hospital admissions, CV outpatient diagnoses, and mortality.

Medical records were reviewed and diagnoses of HF events,
including HF with preserved or reduced ejection fraction, were
adjudicated by a panel of MESA physicians using standardized
criteria. We used both probable and definite HF events for
analysis. Probable HF was defined as a physician diagnosis and
a receipt of HF medical treatment with intravenous diuretics.
Definite HF required an additional criterion; such as evidence
of pulmonary congestion on chest radiography, reduced LV
function by echocardiography or ventriculography, or evidence
of LV diastolic dysfunction. Ejection fraction (EF) measures were
recorded from clinical echocardiography for events diagnosed
as HF by MESA cardiac reviewers. The last HF events data was
followed-up to December 2017. To avoid any competitive risk
between HF events and AF, we excluded all patients experienced
AF during the follow-up.

Statistical Analyses
The baseline and after 10-year participant characteristics are
presented as mean ± standard deviation (SD) for continuous
variables and as counts and percentages for categorical variables
inTable 1. Comparisons employed theχ

2 or Fisher’s exact test for

categorical variables and the Student’s t-test or Mann–Whitney–
Wilcoxon test, as appropriate, for continuous variables. We used
Cox regression models to study the associations between the
LACI, or 1LACI, and incident HF events. The assumption of
proportionality of hazards was confirmed for each model. The
cumulative risk of incident HF over the follow-up years for the
cohort, stratified by the LACI terciles, or 1LACI terciles, was
determined using Kaplan–Meier curves, censored at the most
recent follow-up. Differences across terciles were compared using
the log-rank test.

The HF risk prediction model used was the MESA-HF risk
model already described (27). Two models were proposed to
assess the associations between the1LACI, or average annualized
change in all other LA and LV parameters, and incident HF. In
Model 1, we adjusted for the following traditional MESA-HF risk
factors (27) at the second CMR exam after 10-year (Exam 5):
age, sex, race, heart rate, bodymass index, hypertension, diabetes,
smoking status, dyslipidemia, and N-terminal prohormone of
brain natriuretic peptide (NT-proBNP). Model 2 included the
model 1 plus the baseline value of the parameter assessed,
measure to account for baseline differences when measuring
change, and potential measurement error bias (28).

Model discrimination was assessed with Harrell’s C-statistic.
Incremental risk prediction was calculated using categorical net
reclassification index (NRI) and integrative discrimination index
(IDI) for 7-year follow-up. Risk categories for NRI were defined
a priori (<5%, 5–10%, and >10%), similar to that used in other
studies (27).

The survival tree method was used to determine the cut-off
to transform the LACI and 1LACI into a binary variable with
the best predictive value for HF. A two-tailed p-value <0.05 was
considered statistically significant. All data were analyzed using R
software, version 3.6.1 (R Project for Statistical Computing).

RESULTS

Study Population
Among the 4,859 MESA participants with baseline CMR studies
including LA volume assessment, 2,250 (46.3%) had at least two
CMR exams (baseline and after 10-year follow-up) with LA, LV,
and outcome data available (mean age 59.3 ± 9.3 years and
46.7% male participants). Among those, 37.3% had hypertension
with 31.2% on antihypertensive therapy, 11.3% were current
smokers, 9.6% had diabetes mellitus, and the mean body mass
index was 27.8 ± 5.0 kg/m2. The baseline characteristics of the
study population at Exam 5 after a mean time of 9.6 ± 0.6 years,
divided into those who developed HF or not, are presented in
Table 1. Among the patients excluded due to atrial fibrillation
during the follow-up, only 12 patients had incident HF during
atrial fibrillation. After a mean follow-up time of 6.8 ± 1.3 years
after the second CMR exam, 50 participants had incident HF
events. Among these 50 incident HF events, there were 39 definite
HF (78%) and 11 probable HF (22%). Of these 50 incident HF
events, there were 29 HF with preserved LVEF (58%) and 21 with
reduced LVEF (42%).

Participants with HF were older (p < 0.001) and had more
frequently hypertension (p < 0.001) with a higher systolic blood
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TABLE 1 | Population characteristics of participants at baseline and at second examination (n = 2,250).

Parameters Baseline (Exam 1)

(n = 2,250)

Second study (Exam 5), 9.6 ± 0.6 years after baseline

No HF (n = 2,200) HF (n = 50) p-Values

Age, years 59.3 ± 9.3 68.6 ± 9.1 76.0 ± 8.9 <0.001

Male, n (%) 1,050 (46.7) 1,026 (46.6) 24 (48.0) 0.962

Ethnicity (Ca/Ch/AA/Hi), % 43/122/24/21 43/12/24/21 25/1/12/12 0.171

Hypertension, n (%) 840 (37.3) 1,226 (55.7) 45 (90.0) <0.001

Systolic blood pressure, mmHg 123 ± 20 123 ± 20 135 ± 24 0.001

Diastolic blood pressure, mmHg 72 ± 10 68 ± 10 69 ± 11 0.839

Hypertension medication, n (%) 701 (31.2) 1,130 (51.4) 40 (80.0) <0.001

Body mass index, kg/m2 27.8 ± 5.0 28.1 ± 5.2 28.7 ± 5.3 0.399

Glycemic status, n (%) 0.021

Normal 1,781 (79.2) 1,381 (62.8) 23 (46.0)

Impaired fasting glucose 254 (11.3) 443 (20.1) 13 (26.0)

Diabetes mellitus 215 (9.6) 376 (15.7) 14 (28.0)

Smoking status, n (%)

Never 1,178 (52.4) 1,023 (46.5) 14 (28.0)

Former 817 (36.3) 1,013 (46.0) 33 (66.0)

Current 255 (11.3) 164 (7.5) 3 (6.0)

LDL cholesterol, mg/dl 118 ± 31 107 ± 32 91 ± 32 0.001

HDL cholesterol, mg/dl 51 ± 15 56 ± 16 56.4 ± 18 0.877

Lipid-lowering medication, n (%) 331 (14.7) 811 (36.9) 24 (48.0) 0.143

NT-proBNP, pg/ml 73.6 ± 108.2 117.7 ± 122.0 463.4 ± 232.2 <0.001

Framingham CVD risk, % 12.3 ± 8.9 15.2 ± 9.0 20.6 ± 8.5 <0.001

Heart rate, bpm 62 ± 8.9 64.2 ± 10.4 66.8 ± 10.4 0.092

LA parameters

LAVImin, ml/m2 11.9 ± 6.2 16.3 ± 8.3 26.1 ± 16.3 <0.001

LAVImax, ml/m2 30.0 ± 9.4 35.1 ± 11.2 43.9 ± 16.4 <0.001

Peak LA reservoir strain, % 37.0 ± 11.0 31.7 ± 13.7 23.9 ± 16.5 0.002

LV parameters

LV EDVi, ml/m2 70.9 ± 12.1 64.4 ± 13.2 67.0 ± 17.3 0.295

LVEF, % 62.6 ± 5.7 62.1 ± 7.1 59.1 ± 9.16 0.027

LV mass index, g/m2 65.0 ± 11.6 65.7 ± 13.4 76.2 ± 16.3 <0.001

LV MVR, g/ml 0.93 ± 0.17 1.04 ± 0.22 1.20 ± 0.35 0.005

LVGFI, % 40.4 ± 6.1 37.6 ± 6.7 33.0 ± 7.4 <0.001

LACI, % 17.0 ± 8.0 26.1 ± 10.2 41.2 ± 12.1 <0.001

AA, African American; Ca, Caucasian; Ch, Chinese American; Hi, Hispanic; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; CVD, cardiovascular disease; HDL, high-

density lipoprotein; HF, heart failure; LA, left atrium; LACI, left atrioventricular coupling index; LAVI, left atrium volume indexed; LDL, low-density lipoprotein; EDVi, end-diastolic volume

indexed; LV, left ventricle; LVEF, left ventricle ejection fraction; LVGFI, LV global function index; LVMVR, LV mass/LV volume. Bolded p-values correspond to statistically significant results

with p < 0.05.

pressure level (p = 0.001) compared to participants without HF.
LA and LV functional parameters were lower (all p < 0.001), and
LV mass/LV volume higher (p = 0.005) in participants with HF
compared to those without AF.

LACI and Annualized Change in LACI
For the entire study population, mean baseline LACI was 17.0
± 8.0% and at follow up, LACI10−years was 26.3 ± 10.5%, with
a mean 1LACI of 1.3 ± 1.0%/year (Supplementary File 3).
Change in LACI (1LACI) and individual LA and LV parameters
over 9.6 ± 0.6 years are shown in Supplementary File 4. While
participants who developed HF had greater increase in LA
volume (1LAVImin 1.29 ± 1.28 vs. 0.47 ± 0.81 ml/m2/year,
p < 0.001) than those who did not, LV end-diastolic volumes
decreased similarly with aging in both groups. Of note,
correlations between LA and LV end-diastolic volumes were

weak at both baseline and follow up (R2 = 0.15 and R2
= 0.10)

(Supplementary File 5).
There was no significant difference in mean LACI between

women and men at baseline (LACIBaseline = 16.7 ± 8.2 vs. 16.8
± 7.6%, p= 0.66, respectively), but at follow up, mean LACI was
higher in women than in men (LACI10−years = 26.3 ± 12.0 vs.
24.7 ± 11.2%, p = 0.010, respectively). Consistently, 1LACI was
higher in women than in men (1.03± 1.10 vs. 0.83± 1.00%/year,
p < 0.001, respectively) (Supplementary File 6).

LACI and Incident HF
The results of unadjusted and adjusted Cox proportional hazard
models for LACI as well as LA and LV parameters measured after
10-years are presented in Table 2. LACI10−years was positively
associated with incident HF before and after adjustment for risk
factors (adjusted hazard ratio [HR] 1.44; 95%CI [1.25–1.66] per 1
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TABLE 2 | Univariable and multivariable analysis of incident HF according to LACI and other LA or LV parameters after 10 years.

Univariable analysis Model 1*

HF risk factors

Hazard ratio p-Values Hazard ratio p-Values

(95% CI) (95% CI)

LACI†10−years 1.69 (1.50–1.90) <0.001 1.44 (1.25–1.66) <0.001

LACI10−years cut-off >30%‡ 4.47 (2.57–7.79) <0.001 2.05 (1.14–3.68) 0.011

LAVImin 1.67 (1.47–1.88) <0.001 1.40 (1.28–1.68) <0.001

LAVImax 1.64 (1.36–1.98) <0.001 1.35 (1.08–1.69) 0.023

Peak LA reservoir strain 0.75 (0.58–0.88) 0.003 0.79 (0.65–0.92) 0.012

LV EDVi 1.20 (0.92–1.57) 0.174 0.95 (0.78–1.16) 0.619

LVEF 0.65 (0.50–0.85) 0.002 0.70 (0.55–0.89) 0.008

LV mass index 1.58 (1.30–1.97) <0.001 1.44 (1.25–1.66) <0.001

LACI10−years cut-off >30%‡ 4.47 (2.57–7.79) <0.001 2.05 (1.14–3.68) 0.011

LAVImin 1.67 (1.47–1.88) <0.001 1.40 (1.28–1.68) <0.001

LAVImax 1.64 (1.36–1.98) <0.001 1.35 (1.08–1.69) 0.023

Peak LA reservoir strain 0.75 (0.58–0.88) 0.003 0.79 (0.65–0.92) 0.012

LV EDVi 1.20 (0.92–1.57) 0.174 0.95 (0.78–1.16) 0.619

LVEF 0.65 (0.50–0.85) 0.002 0.70 (0.55–0.89) 0.008

LV mass index 1.58 (1.30–1.97) <0.001 1.22 (1.03–1.52) 0.032

LV MVR 1.64 (1.34–2.02) <0.001 1.37 (1.07–1.74) 0.016

LVGFI 0.49 (0.37–0.65) <0.001 0.54 (0.40–0.74) <0.001

Framingham CVD risk 1.84 (1.39–2.43) <0.001 1.00 (0.64–1.57) 0.984

tbf<0.001 1.22 (1.03–1.52) 0.032

LV MVR 1.64 (1.34–2.02) <0.001 1.37 (1.07–1.74) 0.016

LVGFI 0.49 (0.37–0.65) <0.001 0.54 (0.40–0.74) <0.001

Framingham CVD risk 1.84 (1.39–2.43) <0.001 1.00 (0.64–1.57) 0.984

Of note, each line of this table corresponds to the addition one by one of the LV or LA parameters to the model 1. All LV parameters, LA parameters and LACI values were normalized

according to the following formula: (parameter – mean value)/standard deviation. CI, confidence interval; CVD, cardiovascular disease; EDVi, end-diastolic volume indexed; EF, emptying

fractions; HF, heart failure; Indexed volumes, maximum (VImax), minimum (VImin); LA, left atrial; LACI, left atrioventricular coupling index; LAVI, left atrium volume indexed; LV, left ventricle;

LVEF, left ventricle ejection fraction; LVGFI, LV global function index; MVR, mass-to-volume ratio.

*Multivariable model 1 (HF risk model) included: age, gender, race, body mass index, hypertension, diabetes, smoking status dyslipidemia, and NT-proBNP.
†
LACI10−years used as continuous variable.

‡LACI10−years used as binary variable defined by a cut-off >30%. Bolded p-values correspond to statistically significant results with p < 0.05.

SD increment; p < 0.001). LACI10−years top tercile (LACI10−years

>28.9%) was more strongly associated with HF incidence than
the bottom tercile (<19.7%) (log-rank p < 0.001) (Figure 3A).
Using an optimal cut off point to predict incident HF defined
by survival tree method (Supplementary File 7), LACI10−years

>30% was independently associated with incident HF before
(HR 4.47; 95% CI [2.57–7.79], p < 0.001) and after adjustment
(adjusted HR 2.05; 95% CI [1.14–3.68], p= 0.011) (Figure 3B).

Annualized Change in LACI and Incident
HF
Bivariable and multivariable analyses results for 1LACI and
main LA and LV parameters are presented in Table 3. Annual
change in LACI was positively associated with HF after
adjustment on LACIBaseline (bivariable analysis), (HR 1.77; 95%
CI [1.49–2.09], p < 0.001). After adjusting for traditional MESA-
HF risk factors (Model 1) plus LACIBaseline (Model 2), 1LACI
remained independently associated with incident HF (adjusted
Model 1 HR 1.56; 95% CI [1.32–1.85] per 1 SD increment;

adjusted Model 2 HR 1.55; 95% CI [1.30–1.85] per 1 SD
increment; respectively, p < 0.001 for both). 1LACI top tercile
(>1.3%/year) was more strongly associated with incident HF
than the bottom tercile (<0.4%/year) (log-rank p < 0.001)
(Figure 4A).

Using an optimal 1LACI cut-off of >1.5%/year to
predict incident HF defined by survival tree method
(Supplementary File 8), an increase in 1LACI of >1.5%/year
remained independently associated with greater HF occurrence
(adjusted Model 1 HR 2.53; 95% CI [1.44–4.46] per 1 SD
increment; adjusted Model 2 HR 2.68; 95% CI [1.51–4.75] per 1
SD increment, respectively, p < 0.001 for both) (Figure 4B).

Atrioventricular Coupling Improvement of
HF Risk Prediction
The multivariable model with the LACI10−years showed
significant improvement in model discrimination compared
to the multivariable model with traditional MESA-HF risk
factors for predicting incident HF (C-statistic: 0.81 vs. 0.77;
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FIGURE 3 | Kaplan-Meier survival curves for incident HF stratified by LACI terciles (A) and by a LACI cut-off of 30% (B). (A) The cumulative hazard was significantly

greater in the 3th LACI10−years tercile compared with the other terciles for incident HF (log-rank for difference; p < 0.001). (B) The cumulative hazard was significantly

greater for patients with LACI10−years >30% compared with patients with LACI10−years ≤30% for incident HF (log-rank for difference; p < 0.001). HF, heart failure;

LACI, left atrioventricular coupling index.

NRI = 0.411; IDI = 0.043). Follow up exam LACI10−years also
demonstrated better discrimination for incident HF than the
multivariable model with individual LA or LV parameter plus
the traditional MESA-HF risk factors (Table 4).

Improvement in Risk Prediction With
Addition of Average Annualized Change in
LACI
After adjustment, 1LACI showed significant improvement in
model discrimination compared to the multivariable model with
traditional MESA-HF risk factors for predicting incident HF (C-
statistic: 0.82 vs. 0.77; NRI = 0.491; IDI = 0.058). 1LACI also

demonstrated better discrimination for incident HF than the
multivariable model with average annualized changes in LA or
LV parameters (Table 5).

DISCUSSION

In this multi-ethnic population of participants, aged from 45 to
84 years, and free of clinical CVD at enrollment, our findings
suggest the predictive value of both a novel LACI and the
average annualized change in LACI, 1LACI, for predicting
incident HF. Indeed, LACI and 1LACI were independently
associated with incident HF, improving model discrimination
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TABLE 3 | Bivariable and multivariable analysis of incident HF according to Annual change in LACI and Annual change in other LA or LV parameters.

Bivariable analysis* Model 1† Model 2‡

HF risk factors Model 1 + Baseline LA/LV variables

Hazard ratio p-Values Hazard ratio p-Values Hazard ratio p-Values

(95% CI) (95% CI) (95% CI)

1LACI§ 1.77 (1.49–2.09) <0.001 1.56 (1.32–1.85) <0.001 1.55 (1.30–1.85) <0.001

1LACI cut-off>1.5%/year|| 3.74 (2.14–6.55) <0.001 2.53 (1.44–4.46) <0.001 2.68 (1.51–4.75) <0.001

1LAVImin 1.69 (1.47–1.93) <0.001 1.50 (1.25–1.80) <0.001 1.48 (1.22–1.79) <0.001

1LAVImax 1.52 (1.31–2.02) <0.001 1.45 (1.11–1.90) <0.001 1.52 (0.97–1.62) 0.064

1Peak LA reservoir strain 0.72 (0.56–0.87) 0.002 0.88 (0.62–1.04) 0.078 0.70 (0.52–0.85) 0.019

1LV EDVi 1.17 (0.87–1.58) 0.293 1.15 (0.89–1.47) 0.279 1.14 (0.87–1.46) 0.291

1LVEF 0.68 (0.51–0.91) 0.009 0.78 (0.60–1.01) 0.055 0.67 (0.50–0.88) 0.004

1LV mass index 1.59 (1.39–2.10) <0.001 1.27 (0.99–1.61) 0.065 1.51 (1.26–1.82) <0.001

1LV MVR 1.48 (1.19–1.85) <0.001 1.24 (0.98–1.57) 0.071 1.32 (1.04–1.67) 0.020

1LVGFI 0.51 (0.37–0.70) <0.001 0.77 (0.59–1.00) 0.051 0.75 (0.56–1.05) 0.065

1Framingham CVD risk 1.20 (0.89–1.60) 0.228 1.01 (0.79–1.29) 0.920 1.02 (0.74–1.40) 0.912

Of note, each line of this table corresponds to the addition one by one of the changes in LV or LA parameters to the models 1 or 2. All variables values were expressed per 1-SD/year

and normalized according to the following formula: (Variable measured – mean value)/standard deviation. 1, Annual change; CI, confidence interval; CVD, cardiovascular disease; EDVi,

end-diastolic volume indexed; EF, emptying fractions; HF, heart failure; Indexed volumes, maximum (VImax), minimum (VImin); LA, left atrial; LACI, left atrioventricular coupling index; LV,

left ventricle; LVEF, left ventricle ejection fraction; LVGFI, LV global function index; MVR, mass-to-volume ratio.

*Bivariable model included both the annual change in the variable and the value of the variable measured at baseline.
†
Multivariable model 1 (HF risk model) included: age, gender, race, body mass index, hypertension, diabetes, smoking status dyslipidemia and NT-proBNP.

‡Multivariable model 2 included: model 1 + baseline value measured at Exam 1 for each LA or LV parameters.
§
1LACI used as continuous variable.

||
1LACI used as binary variable defined by a cut-off >1.5%/year. Bolded p-values correspond to statistically significant results with p < 0.05.

and reclassification beyond traditional MESA-HF risk factors.
To our knowledge, the prognostic value of this index and its
incremental prognostic value over and above traditional MESA-
HF risk factors have not been previously reported.

In our study, LACI and 1LACI were stronger independent
predictors of incident HF than the Framingham score and
individual LA or LV parameters, resulting in improved
discrimination and reclassification for incident HF. The increase
in LA volume relative to that of the LV at end-diastole
reflects impaired LV compliance, leading to a reduction of LA
reservoir function, which have been described as significant
predictors of incident HF (9). Using the survival tree method,
we also investigated the best LACI and 1LACI cut-off points to
predict incident HF, and found that LACI >30% and 1LACI
>1.5%/years were also independently associated with incident
HF. Therefore, LACI appears to reflect an earlier stage of LA
remodeling than individual LA parameters, having stronger
prognostic value for predicting incident HF before and after
adjustment for traditional MESA-HF risk factors. In line with
previous reports (9), these findings suggest that HF may not
occur exclusively because of impaired LV structure or function,
but may also be susceptible to uncoupling of LA and LV structure
and function as markers of early LV diastolic dysfunction.
Interestingly, although the multivariable model with the peak
LA reservoir strain showed significant improvement in model
discrimination and reclassification compared to themultivariable
model with traditional MESA-HF risk factors for predicting
incident HF, this study did not show an incremental prognostic

value of the annual change in peak LA reservoir strain to predict
incident HF.

A previous CMR study performed in 40 healthy individuals
has described that the oldest individuals had larger LA and
smaller LV volumes with larger LA/LV end-diastolic volume ratio
(27 ± 6 vs. 19 ± 3%; p < 0.001) and preserved LVEF (29).
These effects of aging on left atrioventricular coupling and LV
filling are consistent with our findings. Consistently, in a canine
model of early-stage hypertensive HF with preserved LVEF, left
atrioventricular coupling assessed by CMR was impaired and the
curvilinear LA end-reservoir pressure-volume relationship was
shifted upward and leftward, indicating reduced LA compliance
(30). Consistently, a recent study described a LACI measured
by echocardiography as a prognosticator of death in patients
with HF with reduced LVEF or degenerative mitral disease
and regurgitation (31). Thus, all these findings emphasize the
prognostic importance of atrioventricular coupling reflected by
intricate hemodynamic interactions between LA and LV during
LV diastole (32).

Regarding the question of the optimal time of the cardiac cycle
to assess this LACI, some reports have described the important
interaction between the performance of LA and LV, in the absence
of mitral valve disease, particularly at the end of LV diastole
(15, 16). Furthermore, a recent study has consistently suggested
that both LA end-diastolic volume (33, 34) and LA end-diastolic
volume change (35, 36) are more closely correlated with LV filling
pressure and the occurrence of CV events, including HF, than
these same measurements measured in systole (16).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 September 2021 | Volume 8 | Article 704611148

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Pezel et al. LACI to Predict Incident HF

FIGURE 4 | Kaplan-Meier survival curves for incident HF stratified by terciles of 1LACI (A) and by 1LACI with a cut-off of 1.5%/year (B). (A) The cumulative hazard

was significantly greater in the 3th tercile compared with the other terciles for incident HF (log-rank for difference; p < 0.001). (B) The cumulative hazard was

significantly greater for patients with 1LACI >1.5%/year compared with patients with 1LACI ≤1.5%/year for incident HF (log-rank for difference; p < 0.001). 1,

annual change; HF, heart failure; LACI, left atrioventricular coupling index.

To investigate the important interaction between LA and
LV performance during the LV end-diastole some studies have
evaluated in detail the ventricular filling mechanism. During the
LV diastole, the passive filling creates an early blood flow vortex
inside the LV at the beginning of LV diastole (17). This diastolic
blood flow vortex generates an important kinetic energy and
redirects the incoming LA inflow toward the LV outflow tract,
priming the LV by stretching cardiomyocytes and maximizing
pre-load before the onset of LV systolic contraction (37). All
of these mechanisms emphasize the important hemodynamic
diastolic interactions between LA and LV, possibly in part
explaining the prognostic value of left atrioventricular coupling
measured at that moment (LACI).

Finally, early detection of a subclinical left atrioventricular
coupling impairment could pave the way to new therapeutic
strategies that might slow or change their clinical history,
impacting on their quality of life and mortality. Further studies
could be proposed, evaluating early pharmacologic effects on left
atrioventricular coupling.

Study Limitations
In this study, LACI was investigated as a diagnostic tool for
early detection of HF risk in asymptomatic participants without
known CVD. Because LACI may not be regarded as an ideal
assessment tool for individuals with pronounced LA and LV
enlargement in case of advanced structural heart disease, the
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TABLE 4 | Discrimination and reclassification associated with LACI to different LA and LV parameters at 10-years of follow-up to predict incident HF.

Incident HF

C-index NRI IDI

(95%CI) (95%CI) (95%CI)

Model 1* (HF risk factors) 0.77 (0.73–0.82) Reference Reference

Model 1 + LACI†10−years 0.81 (0.74–0.87) 0.411 (0.042–0.780) 0.043 (0.016–0.106)

Model 1 + LACI10−years cut-off >30%‡ 0.80 (0.73–0.86) 0.607 (0.063–0.843) 0.039 (0.011–0.107)

Model 1 + LAVImin 0.80 (0.73–0.86) 0.201 (-0.219–0.486) 0.038 (0.010–0.104)

Model 1 + LAVImax 0.78 (0.74–0.82) 0.328 (0.050–0.573) 0.015 (0.004–0.041)

Model 1 + Peak LA reservoir strain 0.79 (0.73–0.85) 0.312 (0.047–0.599) 0.017 (0.006–0.044)

Model 1 + LV EDVi 0.77 (0.73–0.82) 0.075 (−0.222–0.372) 0.000 (−0.001–0.010)

Model 1 + LVEF 0.80 (0.74–0.86) 0.369 (0.158–0.580) 0.039 (0.010–0.109)

Model 1 + LV mass index 0.79 (0.72–0.85) 0.248 (0.137–0.398) 0.018 (0.009–0.067)

Model 1 + LV MVR 0.79 (0.73–0.85) 0.259 (0.143–0.402) 0.020 (0.012–0.069)

Model 1 + LVGFI 0.80 (0.74–0.85) 0.382 (0.157–0.607) 0.031 (0.015–0.085)

Model 1 + Framingham CVD risk 0.77 (0.73–0.82) 0.065 (−0.192–0.337) 0.001 (−0.001–0.012)

All LV parameter, LA parameter and LACI values were normalized according to the following formula: (parameter–mean value)/standard deviation. For each model, discrimination and

reclassification were based on net reclassification improvement (NRI) and integrated discrimination improvement (IDI). Results are for 7-year follow-up. CI, confidence interval; CVD,

cardiovascular disease; EDVi, end-diastolic volume indexed; EF, emptying fractions; HF, heart failure; Indexed volumes, maximum (VImax), minimum (VImin); LA, left atrial; LACI, left

atrioventricular coupling index; LV, left ventricle; LVEF, left ventricle ejection fraction; MVR, mass-to-volume ratio.

*Multivariable model 1 (HF risk model) included: age, gender, race, body mass index, hypertension, diabetes, smoking status, dyslipidemia, and NT-proBNP.
†
LACI10−years used as continuous variable.

‡LACI10−years used as binary variable defined by a cut-off > 30%.

TABLE 5 | Discrimination and reclassification associated with Annual change in LACI to change in different LA and LV parameters to predict incident HF.

Incident HF

C-index NRI IDI

(95%CI) (95%CI) (95%CI)

Model 1* (HF risk factors) 0.77 (0.73–0.82) Reference Reference

Model 2† + 1LACI‡ 0.82 (0.76–0.89) 0.491 (0.048–0.934) 0.058 (0.028–0.096)

Model 2† + 1LACI cut-off>1.5%/year§ 0.81 (0.75–0.87) 0.536 (0.050–0.998) 0.045 (0.024–0.083)

Model 2† + 1LAVImin 0.80 (0.75–0.85) 0.455 (0.003–0.907) 0.031 (0.008–0.076)

Model 2† + 1LAVImax 0.79 (0.74–0.83) 0.270 (−0.010–0.482) 0.019 (0.002–0.072)

Model 2† + 1Peak LA reservoir strain 0.77 (0.73–0.82) 0.009 (−0.178–0.281) 0 (-0.002–0.007)

Model 2† + 1LV EDVi 0.77 (0.73–0.82) −0.013 (−0.172–0.198) 0 (-0.002–0.009)

Model 2† + 1LVEF 0.77 (0.73–0.82) 0.010 (−0.182–0.278) 0 (-0.001–0.008)

Model 2† + 1LV mass index 0.80 (0.75–0.84) 0.428 (0.002–0.876) 0.030 (0.007–0.075)

Model 2† + 1LV MVR 0.79 (0.73–0.85) 0.251 (−0.030–0.532) 0.016 (0.002–0.053)

Model 2† + 1LVGFI 0.80 (0.74–0.86) 0.466 (0.006–0.926) 0.033 (0.011–0.080)

Model 2† + 1 Framingham CVD risk 0.77 (0.73–0.82) −0.052 (−0.246–0.262) 0 (−0.001–0.008)

All variables values were expressed per 1-SD/year and normalized according to the following formula: (Variable measured –mean value)/standard deviation. For eachmodel, discrimination

and reclassification were based on net reclassification improvement (NRI) and integrated discrimination improvement (IDI). Results are for 7-year follow-up. 1, Annual change; CI,

confidence interval; CVD, cardiovascular disease; EDVi, end-diastolic volume indexed; EF, emptying fractions; Indexed volumes, maximum (VImax), minimum (VImin); LA, left atrial; LACI,

left atrioventricular coupling index; LV, left ventricle; LVEF, left ventricle ejection fraction; MVR, mass-to-volume ratio.

*Multivariable model 1 (HF risk model) included: age, gender, race, body mass index, hypertension, diabetes, smoking status dyslipidemia and NT-proBNP.
†
Multivariable model 2 included: model 1 + baseline value measured at Exam 1 for each LA or LV parameters.

‡
1LACI used as continuous variable.

§
1LACI used as binary variable defined by a cut-off>1.5%/year.

extension of our findings to populations with established CVD
require additional evaluation. Due to the relatively low incidence
of HF, the current findings should be analyzed with precaution.
However, the exclusion of all participants with significant
valvular disease, myocardial infarction, or atrial fibrillation at the

starting time of the time-dependent analysis reduces the risk of
confounding bias. In addition, HF was not differentiated into
HF with preserved or reduced LVEF, due to the limited power
for sub-analysis given the low number of events. Moreover,
the main cause of HF was not adjudicated in all patients.
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This study allowed to assess the incremental value of LACI
and 1LACI beyond traditional MESA-HF risk factors but not
beyond LV parameters such as LVEF because due to a risk of
collinearity in the model. Because the distribution of LACI and
1LACI were not exactly normal, the time-dependent analyses
used scaled LACI (LACI-mean value/SD) and scaled 1LACI
(1LACI-mean value/SD), which makes its clinical interpretation
less easy. 1LACI was averaged across ten years, thus assuming
linearity over time. This method may not have fully captured
the variation in year-to-year measurements thus providing
additional precedence for further investigation. In this regard,
the concept of dynamic change in risk profile, as participants
age and accumulate exposure to risk factors, has been explored
using other prediction models in cardiology, suggesting that risk
profile change may be superior to single baseline assessments
(38–40). We also used two instead of three dimensional methods
to measure LA volumes, which may have underestimated true
volumes by 11.5–20% (41). However, this method has been
widely used and validated in clinical studies, being particularly
suitable for population work with large sample sizes such as the
present study (24, 25). Dedicated LV fibrosis parameters such as
T1 mapping or late gadolinium enhancement were not available
to perform specific analysis. Although the current study provides
important clues to understand the HF pathophysiology and the
potential role of the left atrioventricular coupling, the relatively
low event rate warrants further studies to validate the prognostic
value of LACI and its annual change.

CONCLUSION

In a large multi-ethnic population free of clinical CVD at
baseline, impaired left atrioventricular coupling reflected as
greater LACI and 1LACI measured by CMR, were associated
with higher risk of incident HF during a 7-yearmedian follow-up.
The addition of LACI and 1LACI to risk prediction models for
incident HF improved model discrimination and reclassification
for incident HF risk. Future studies should validate these findings
to better understand the role of left atrioventricular coupling in
HF pathophysiology and risk prediction.
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Cardio-oncology encompasses the risk stratification, prognostication, identification

and management of cancer therapeutics related cardiac dysfunction (CTRCD).

Cardiovascular imaging (CVI) plays a significant role in each of these scenarios and

has broadened from predominantly quantifying left ventricular function (specifically

ejection fraction) to the identification of earlier bio-signatures of CTRCD. Recent data

also demonstrate the impact of chemotherapy on the right ventricle, left atrium and

pericardium and highlight a possible role for CVI in the identification of CTRCD through

tissue characterization and assessment of these cardiac chambers. This review aims to

provide a contemporary perspective on the role of multi-modal advanced cardiac imaging

in cardio-oncology.

Keywords: cardio-oncology, cardiotoxicity, cardiac imaging, echocardiography, cardiac magnetic resonance

imaging, global longitudinal strain, cardiac computer tomographic imaging, cancer therapeutics related cardiac

dysfunction

INTRODUCTION

Heart disease and cancer are the two major causes of morbidity and mortality, accounting for over
70% of medically related deaths globally (1). Themortality risk due to cardiovascular complications
is nearly four times higher in cancer patients compared to the general population (2). It is highest
within the first year after cancer diagnosis and remains persistently elevated in cancer survivors
even after the completion of treatment (2). The lifetime risk of cancer therapeutics related cardiac
dysfunction (CTRCD) from cancer treatment can be increased up to 15-fold (3). Furthermore, the
presence of cancer is independently associated with structural, functional, and tissue characteristic
changes (4). Hence, cardiac risk stratification, identification of CTRCD due to cancer therapy and
predicting cardiac recovery are important management goals in cancer patients. We define CTRCD
for the purposes of this review as the direct effect of cancer treatment on the heart structure,
function, and acceleration of coronary artery disease.

Cardiac imaging plays an important role in the diagnosis, management, and prognostication in
patients with CTRCD (Supplementary Table 1). LVEF has been the most validated and commonly
utilized parameter for the assessment of LV systolic function in CTRCD. However, the traditional
approach of using left ventricular ejection fraction (LVEF) as a measure of CTRCD is now believed
to be inadequate as changes in LVEF are a late manifestation of CTRCD. A desire to intervene
earlier has led to a renewed focus on identifying early biosignatures of CTRCD which predate
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changes LVEF. This review aims to provide a contemporary
perspective on the role of multi-modal cardiac imaging in the
diagnosis and management of CTRCD.

ECHOCARDIOGRAPHY

Baseline Cardiovascular Risk
Stratification, Identification of CTRCD and
Predicting Recovery
Echocardiography is the primary imaging modality of choice for
baseline cardiac function assessment by American and European
society consensus statements (5–9). The latest guidelines by the
European Society of Medical Oncology (ESMO) have given a IA
recommendation that all patients undergoing anticancer therapy
associated with LV dysfunction should have a baseline LVEF
assessment (5). Patients with impaired LVEF at baseline are at
highest risk of cardiotoxicity from anticancer therapy.

While echocardiography is a good first line investigation due
to its accessibility, low cost, and lack of any radiation, feasibility of
high-quality echocardiographic imaging may also be limited by
patient body habitus, radiation therapy, or recent surgery (e.g.,
mastectomy). In these situations, cardiac magnetic resonance
imaging (CMR) or contrast echocardiography can overcome
some of these imaging limitations and provide a more accurate
assessment of LVEF (10).

Left Ventricle
Widely utilized standard 2D echocardiographic methods of
LVEF assessment are based on geometrical assumptions which
limits accuracy and reproducibility. Three-dimensional (3D)
echocardiography overcomes these limitations and is currently
recommended for the assessment of LV systolic function (7,
11). Recent developments which allow for semi-automated
assessment of 3D LVEF in a clinical setting, have reduced
temporal variability in LVEF measurements by improving intra-
and interobserver variability and test-retest variability, which
is important in CRTCD where serial evaluation of LV systolic
function is needed. Despite these advances, the utility of LVEF
in CTRCD is still limited since changes of <10 percentage
points between examinations do not necessarily represent an
actual change in systolic function (11). Furthermore, changes
in LVEF are a late manifestation of CTRCD, hence LVEF
has a low sensitivity for detecting early subclinical changes in
LV function.

Speckle tracking echocardiography, which has been
validated against sonomicrometry and tagged magnetic
resonance imaging, has provided accurate angle-independent
measurements of myocardial strain. Efforts to standardize
myocardial deformation imaging has reduced the variability in
this measure compared to other conventional echocardiographic
measures of LV systolic function making it ideal for CTRCD
(12). Global longitudinal strain (GLS) has been shown to
detect LV dysfunction earlier than LVEF in patients receiving
cancer therapy and has the potential to guide therapy (13).
GLS has better inter and intra observer reproducibility than

2D LVEF by biplane method of disks emphasizing recent
society statements that encourage the use of GLS and 3D
LVEF in baseline echocardiographic assessments of cancer
patients (see Figures 1A–C) (7, 14). GLS and 3D LVEF have
the lowest temporal variability with respect to the detection
of CRTCD. In a group of hematological cancer patients
undergoing anthracycline therapy with normal LVEF, those
with a baseline GLS <-17.5%, were associated with a six-
times higher increase in cardiac death or symptomatic heart
failure (15).

The latest guidelines define CTRCD as a LVEF drop of ≥10%
to a value below the lower limit of normal (<50%) (5, 16). Risk
stratification is key to determining surveillance strategy, to ensure
patients undergo optimal cancer therapy whilst minimizing the
risk of CTRCD. High risk treatment factors are simultaneous
doxorubicin and trastuzumab, high-dose doxorubicin (≥400
mg/m2 or equivalent), ≥30Gy of radiotherapy to the chest
involving the heart and tyrosine kinase inhibitors following
doxorubicin chemotherapy (9). High risk patients are those with
underlying cardiovascular disease, numerous cardiac risk factors,
age ≥65 years, impaired LV function and previous cardiotoxic
therapy (9). Those that are high risk should have imaging
surveillance every two cycles or every cycle above 240 mg/m2

of doxorubicin or equivalent (9). In regards to frequency of
serial echocardiograms, it is dependent on the type and dose of
anticancer agent as well as symptoms (5).

The value of imaging surveillance and risk stratification
was highlighted in patients treated with anthracyclines and
HER2 inhibitors, with a decline in GLS reported as early as
3 months after the initiation of trastuzumab in the adjuvant
setting (13, 17–19). GLS has a good prognostic ability for
detecting CTRCD and the latest guidance stipulate a 12% relative
decrease or a ≥5% absolute decrease in GLS with normal LVEF
should trigger the treating physician to consider cardioprotective
therapy and a repeat LVEF and strain measurement in 3
months if asymptomatic (Figure 2) (5). Cardioprotective therapy
consists of angiotensin converting enzyme inhibitors (ACEi),
beta blockers (BB) and dexrazoxane (5). Recently the Strain
Surveillance of Chemotherapy for Improving Cardiovascular
Outcomes (SUCCOR) study published its 1-year data (20).
Though the SUCCOR primary outcome of change in LVEF
was not significantly different between a GLS and 2D LVEF
treatment strategy (p= 0.05), patients in the GLS arm had higher
cardioprotective therapy rates and fewer developed CTRCD (6
vs. 14%; p= 0.02) (20).

CTRCD recovery is dependent on early detection. Those
who start treatment with a cardioprotective agent(s) within
2 months of diagnosis have a better chance of LV function
recovery (21). Additionally, those that start CTRCD treatment
with a lower LVEF may have a lower chance of recovery in
LVEF (22). In an anthracycline and trastuzumab breast cancer
cohort, patients who had reversible CTRCD had higher nadir
GLS compared to those with irreversible CTRCD (−17 vs.
−11.7%, respectively) (23). This emphasizes the importance of
cardiac imaging and the need for improved and better imaging
parameters in CTRCD. A future potential echocardiographic
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FIGURE 1 | Multi-modal imaging in cardio-oncology. (A) 3D echocardiography to accurately calculate left ventricular volumes and ejection fraction. (B) 2D Speckle

Tracking Echocardiography of the left ventricle (4 chamber view) for Global Longitudinal Strain. (C) 2D Left Ventricular Global Longitudinal Strain curves from 4, 2, and

3 chamber views. (D) Nuclear medicine—Multi-gated blood pool imaging to determine LVEF. (E) CT coronary angiogram demonstrating coronary artery calcium in the

left anterior descending artery in a lymphoma survivor. (F) CT coronary angiogram demonstrating radiotherapy related aortic and mitral valve calcification in the same

patient. (G) Cardiac Magnetic Resonance (CMR) late gadolinium enhancement with long T1 inversion time demonstrating a thrombus (red arrow) on the end of a

Hickman’s line in a cancer patient. (H) Normal CMR T1 map (green is normal myocardium). (I) T1 map showed elevated T1 times of the left ventricle in myocarditis. (J)

CMR 3Ch cine demonstrating a pericardial mass (red arrow). (K) CMR T1 map highlight the pericardial mass is fill with fluid (black arrow). (L) CMR LGE with long T1

inversion time demonstrating mass (red arrow) is avascular with no enhancement.

parament is 3D LV strain. It includes no through-plane motion of
speckles and the ability to track speckles in 3D space. This permits
the calculation of circumferential, radial, and longitudinal strain
in one measurement. Though an exciting prospect, more studies
are needed in this area.

Left Ventricular Diastolic Function
Baseline LV diastolic function is not predictive of CTRCD and
there is limited evidence on it predicting CTRCD (24). The
largest prospective study to date demonstrated a worsening
in diastolic function from baseline is associated with a 1.4%
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FIGURE 2 | Summary of the ESMO 2020 cardiac imaging guidelines.

decrease in LVEF from baseline with a 2.2 times increased risk
of developing CTRCD (24).

Right Ventricle
Though still limited by small studies, quantitative assessment of
the RV size and function is recommended as RV dysfunction
can occur during cancer treatment (7). In addition to standard
parameters, 2D RV strain is recommended in the latest joint
society guidelines (25). The data on RV strain in CTRCD
suggests RV dysfunction frequently occurs with LV dysfunction
and pertains a reduced recovery in LV function, though further
studies are needed (26). Additionally, other studies suggest 2D
and 3D RV strain deterioration occurs prior to LV parameters
(27, 28).

Pumonary Hypertension
Tyrosine Kinase Inhibitors (TKI) (e.g., dasatinib) are associated
with pulmonary hypertension, though the incidence is difficult to
estimate because of lack of screening data due to asymptomatic
study participants and overall small study sizes. A position
statement suggests 3–6 monthly ECHOs in asymptomatic
patients on anticancer agents that can cause pulmonary
hypertension such as TKIs (16). Dasatinib induced pulmonary

hypertension is often reversible, but not to normal baseline
pulmonary pressures highlighting the importance of identifying
a better method to find at risk patients earlier (29).

Stress Echocardiography
The role of stress echocardiography is potentially useful in risk
stratifying patients undergoing cancer therapies associated with
ischemia. This includes antimetabolites (5-FU), VEGF inhibitors
and TKIs (30). The advantage of exercise or pharmacological
stress echocardiography is no radiation, high feasibility, and
low cost. The role of stress echocardiography beyond ischemia
testing to identify CTRCD using parameters such as diastolic
dysfunction is inconclusive (31, 32).

Left Atrium
Aspects of the left atrium that have been investigated include
baseline left atrial volume index and left atrial longitudinal
strain (33, 34). Bergamini et al. found that a dilated left atrium
with normal LV function on baseline echocardiography prior
to adjuvant or neoadjuvant traztuzumab is associated with the
development of CTRCD in patient receiving trastuzumab (33).
Park et al. found peak atrial longitudinal strain decline at the end
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of chemotherapy could predict CTRCD with better sensitivity
and specificity than LV GLS (34).

Long-Term Cardiac Complications in
Cancer Survivors
Long-term cardiac surveillance is recommended post completion
of chemotherapy (9). In low to medium risk patients, a 12
months post final treatment echocardiogram is recommended
with 5-yearly reviews if asymptomatic (9). In high risk groups
6 and 12 months post final cycle review followed by annually
for 2–3 years is initially recommended (9). In patients with
symptomatic CTRCD annual review with echocardiography
is recommended (7). Female survivors of childbearing age
who have had cardiotoxic therapy/chest radiotherapy should
have a cardiology consultation prior to pregnancy with
echocardiographic surveillance performed in the first trimester
(35). It is important to note, 10–20 years post anthracyclines
therapy nearly 50% of patients will show evidence of CTRCD
and experience reduced quality of life and a mortality similar to
dilated cardiomyopathy patients (36–38). Reassuringly, modern
anthracycline regimes appear to have a lower impact on
LVEF (39).

A collection of echocardiographic parameters rather than
solely LVEF maybe important in identifying at risk patients,
as the prevalence of abnormal GLS and diastolic function is
higher in a cancer survivor cohort (40). This is supported by
another long-term childhood cancer survivor cohort, which
demonstrated significantly impaired RV function (41).

CARDIAC MAGNETIC RESONANCE

Baseline Cardiovascular Risk Stratification
CMR is the gold standard for measuring left and right
ventricular volume and function (42, 43). However, its major
limitation is it is high cost and lack of availability relative to
echocardiography (44).

Themain indication in the current cardio-oncology guidelines
for CMR is when there is suboptimal image acquisition
and it is preferred over nuclear imaging (6, 7, 16). A key
strength of CMR is in the assessment of cardiac masses and
inflammatory conditions such as myocarditis, pericarditis, and
myopericarditis. This is due to its advantages of multi-planar
image acquisition, high spatial resolution, a large field of view,
and tissue characterization (45). Tumors and thrombi can be
easily differentiated with difference CMR sequence. Tumors
tend to be hyperintensity on T2-weighed turbo spin echo,
contrast first pass perfusion, and late gadolinium enhancement
(LGE), whereas thrombi are hyperintensity with short T1 and
hypointensity with long T1 times (see Figure 1G) (46).

Using the forementioned CMR sequences, CMR has a high
accuracy for discriminating between benign and malignant
lesions, with a good interobserver agreement (47). Figures 1J–L
show a pericardial cyst, identified by different CMR techniques.
The differentials for the cyst are a pericardial diverticulum and
mediastinal mass.

The role of CMRs in cardio-oncology from current patients
to survivors is likely to increase given its high reproducibility

and lack of ionizing radiation. This may be enhanced with the
potential development of a limited 10min CMR examination
focusing on volumes and function (48). This would invariable
lower the cost and increase the availability of CMR.

Identification of CTRCD and Predicting
Recovery
Though CMR main role in baseline assessment is limited,
its versatility makes it an important imaging modality in the
identification of CTRCD.

Cardiac Dysfunction
The definition of CTRCD is based on a LVEF decline of
>10%, reiterating the importance of accurate and reproducible
imaging. CMR is superior to 2D echocardiography in identifying
LV dysfunction as its volumes are not based on geometric
assumptions and less prone to suboptimal imaging (49).
Furthermore, it has superior reproducibility compared to
echocardiography (43).

CMR can also measure myocardial strain. The data on CMR
myocardial strain correlates with a decline in LVEF, however its
prognostic ability has not been assessed to the extent it has been
in echocardiography (50–53).

Late Gadolinium Enhancement
The composition of the extracellular matrix is altered in
myocardial fibrosis. This structural change allow gadolinium
to accumulate in areas of replacement fibrosis. On T1-
weighted sequences regions of gadolinium accumulation appear
hyperintense (bright) in contrast to healthy myocardium, which
appear dark. The data on the utility of LGE in CRTCD is
conflicting. The majority of short term (<6 months) studies have
not reported any LGE (51, 53, 54). Longer term follow up studies
document LGE incidence of 5–19% (55, 56). The largest andmost
recent study to date on LGE and anthracyclines+/- trastuzumab
identified a LGE incidence of 10% with an alternative cause for
LGE identified in nearly all cases, calling into question the value
of LGE in identifying CRTCD secondary to anthracyclines and/or
trastuzumab (57).

Tissue Characterization
The utility of tissue characterization has becoming increasingly
popular over the last decade with the advent of validated
software enabling the quantification of T1, T2 mapping, and
extracellular volume (ECV) fraction estimation. T1 mapping
allows us to detect a range of diffuse pathologies including
myocardial fibrosis, myocarditis, cardiac amyloidosis, key aspects
of cardio-oncology as well as other pathologies such as storage
disorders. T1 measures the longitudinal time to equilibrium post
a radiofrequency pulse. The commonest technique to acquire a
T1 map is the modified Look-Locker pulse sequence (MOLLI)
or “shortened” version known as the shMOLLI (58). Though
derived T1 values, the main advantage of these techniques are
reduced acquisition time and the shMOLLI in particularly has
shorter breath-holds. Native T1 mapping refers to the acquisition
of a T1 map without contrast (Figures 1H,I). It is important to
note T1 values vary from scanner to scanner and tesla strength
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(59). The literature on T1 mapping identifying CTRCD are
conflicting and limited with the focus being on survivors. The
three human studies to date show differing changes in T1 value
shortly post anthracycline exposure, with two showing increases
in T1 values whilst the other identified a decrease in T1 at 48 h
post anthracycline as predictive of CTRCD (54, 60, 61).

ECV is an additive tool in the assessment of myocardial
fibrosis assessing interstitial fibrosis. ECV requires a pre- and
post-contrast T1 map as well as the subject’s hematocrit to
calculate the ECV fraction. Normal values are between 20 and
26%, with it being slightly higher in women and similar between
1.5T and 3T scanners (59, 62, 63). There are only two human
studies to date assessing ECV changes during chemotherapy with
one showing a significant temporal change in those developing
CTRCD whilst the other showed no significant changes in
ECV fraction (54, 61). Furthermore, the temporal variability
of T1 mapping and ECV was comparable to those with no
CTRCD (61).

T2 measures the transverse time to equilibrium post a
radiofrequency pulse. T2 mapping is used in the identification of
myocardial oedema, which can occur in myocarditis to infarction
to cardiomyopathy. Its use along with T1 mapping is supported
in myocardial inflammation recommendations (64). The data
on T2 is limited to two human studies with conflicting results
(54, 61).

The data on T1 time and ECV in cancer survivors are
heterogenous. Increases in T1 and ECV correlated to cumulative
dose, reduced exercise capacity and myocardial wall thinning
in cancer survivors whom received anthracycline and were at
least 7 years in remission (65). Additionally, the ECV fraction
is further increased in those with reduced LVEF (66). However,
other studies have found no significant increase in native T1 and
ECV in childhood cancer survivors (67, 68). The role of tissue
characterization in CTRCD requires further studies given the
limited and conflicting results to date.

Myocarditis
Though immune checkpoint inhibitor (ICI) related myocarditis
is rare, its frequency will increase with increased ICI usage. CMR
is a valuable non-invasive diagnostic tool in the assessment of
myocarditis with the Lake Louise criteria and the addition of
T1 and T2 maps (Figure 1I) (64). Its role has been supported
in the workup of ICI myocarditis (69). The largest study to
date, a registry of 136 ICI myocarditis patients showed abnormal
T1 values were associated with more symptoms, lower cardiac
function (70). Furthermore, higher T1 values had independent
prognostic value for the subsequent development of major
adverse cardiac events (70). Elevated T1 times were commoner
than elevated T2 times at 78 and 43% of patients, respectively,
however all patients met the modified Lake Louise criteria (70).

COMPUTER TOMOGRAPHY

Baseline Cardiovascular Risk Stratification
The calcium artery calcium (CAC) score can be determined on
non-gated non-contrast CT chest scans performed for staging
and assessment of the primary malignancy, this CAC should

be reported as per guidelines (71). The concept of higher
CAC score correlates with higher acute coronary events has
been reaffirmed in the lung cancer screening and breast cancer
populations (72, 73). A recent study using an automated CAC
algorithm in >14,000 breast cancer patients has demonstrated
a CAC score >400 is associated with a five times higher risk of
cardiovascular death compared to a zero CAC (74). Though the
role of CT is limited in cardio-oncology guidelines, CT coronary
angiography may serve as an alternative imaging modality to
stress echocardiography in a baseline assessment, though may be
limited by its higher cost and radiation exposure.

Long-Term Cardiac Complications in
Cancer Survivors
Coronary Artery Disease
Complications of radiotherapy include accelerated
atherosclerosis (75). Effects are often identified in the medium
to long term. There is a linear radiation dose to risk of CAD
relationship, with the excess relative risk of CAD per mean
heart Gray dose being 7% (76). Whether radiotherapy leads to
an increase visible CAC on CT is contested (77, 78). Figure 1E
illustrates extensive CAC in a lymphoma survivor. In regard to
acute coronary syndrome, the main risk factor is the volume
of LV receiving 5Gy and for each Gy the cumulative incidence
increase of acute coronary syndrome is 17% (78). Despite
advances in radiotherapy technology and techniques to minimize
cardiac complications, close surveillance of radiotherapy therapy
patients is warranted 5–10 years post radiotherapy (79).

Valvular Disease
Radiotherapy can impact the valvular apparatus causing
thickening, fibrosis, and significant valvular heart disease (75).
The risk of valvular disease from radiotherapy is 34 times higher
and occurs in the second decade post treatment (80). The role
of CT has been elevated with ability to assess of aortic valve
calcium scoring (81). Figure 1F illustrates an example of aortic
and mitral valve calcification post radiotherapy in a lymphoma
survivor. Radiotherapy patients experience mediastinal damage,
such as mediastinal fibrosis and porcelain aorta, which can make
cardiac surgery more complicated.

Pericardial Disease
Acute and chronic pericarditis are side effects often associated
with mediastinal radiotherapy, though can also occur with
chemotherapy (75). Their incidence is related to the cumulative
radiation dose. The incidence of radiation induced pericarditis
has significantly decreased to 2.5% due to advances in
radiotherapy techniques and shielding methods (82). In chronic
pericarditis calcification of the pericardium may occur. CT is
the ideal modality for assessing pericardial calcification and
thickening due to its excellent spatial resolution (83).

NUCLEAR IMAGING

Multi-gated blood pool imaging (MUGA) was the first imaging
modality to be used in cardio-oncology (84). Its primary role
historically has been in the measurement of the LVEF (see
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Figure 1D). MUGA’s LVEF measurement was reported superior
to 2D echocardiography in 1980’s, however, is inferior to CMR
(85, 86). Its limitation is the relatively high radiation exposure
(5–10 mSV) and the inability to assess other cardiac parameters,
has led to a decline in its usage (7). However, there is a role for
18F fluorodeoxyglucose (18FDG) positron emission tomography
(PET)-CT scans particularly in the diagnosis and staging of
cancer patients. Inflammation is associated with both cancer
and cardiovascular disease. 18FDG-PET can identify cardiac
inflammation within atherosclerotic plaque as well as myocardial
tissue and valves (87, 88). Retrospective data in patients who have
received doxorubicin and a subsequent increase in LV 18FDG
uptake, are associated with a decline in LVEF (89). This increased
uptake suggests there may be a myocardial inflammation
component to CTRCD and warrants further investigation despite
its high cost and lower availability.With the increasing use of ICIs
myocardial inflammation will become an increasing problem.
The limited evidence to date indicates 18FDG-PET does not
identify ICI related atherosclerosis, however further investigation
is warranted, potentially with more specific tracers for vascular
inflammation (87, 90).

FUTURE DIRECTIONS

All cardiac imagingmodalities have a promising role in the future
of cardio-oncology. Areas of particular interest that may rise
to prominence, are advanced echocardiographic assessment of
cardiac structures in addition to the left ventricle in conjunction
with the use of 3D volumes and myocardial deformation
indices over standard 2D echocardiography as described earlier.
Similarly, the utility of diffusion tensor CMR can increase
due to its ability to assess myocardial microstructure, such as,
cardiomyocyte and sheetlet-level in vivo (91). As CT technology
and techniques evolve, CTmay potentially play amore significant
role in tissue characterization such as ECV as well as chamber
volume assessments should radiation doses reduce sufficiently
(92, 93). Despite nuclear imaging’s higher radiation dose, it
will continue to play an important role in certain subsets of
cancer patients where it can be utilized to monitor patients’
baseline cancer stage and progression. Incorporating more
cardiac specific parameters such as LV 18FDG uptake may

identify new CTRCD markers at no inconvenience to patients.
Lastly, contrast-enhanced ultrasound (CEU) molecular imaging
could become a novel imaging modality in cardio-oncology.
CEU can track temporal and spatial changes in tissues and the
vasculature, which is important, as anthracyclines can damage
the myocardial vascular bed by labeling molecular markers with
specific antibodies (94, 95). Though this is currently limited to
research, the transition to clinical use warrants monitoring.

CONCLUSION

The field of cardio-oncology has evolved rapidly over the last
couple of decades. Cardiac imaging has an integral role in this
specialty and advances in imaging techniques allow clinicians
to identify at risk patients earlier. Each imaging modality
has its pros and cons with no sole technique superior in all
domains of cardiac imaging. Thus, the key to a successful cardio-
oncology patient journey involves a multi-modal approach so
that patients can hopefully complete their optimal cancer therapy
with minimal disruption to their cardiac health.
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Background: Diastolic function in patients with heart failure is usually impaired, resulting

in increased left ventricular (LV) filling pressures, whose gold standard assessment

is right heart catheterization (RHC). Hemodynamic force (HDF) analysis is a novel

echocardiographic tool, providing an original approach to cardiac function assessment

through the speckle-tracking technology. The aim of our study was to evaluate the use of

HDFs, both alone and included in a new predictive model, as a potential novel diagnostic

tool of the diastolic function.

Methods: HDF analysis was retrospectively performed in 67 patients enrolled in the

“Right1 study.” All patients underwent RHC and echocardiography up to 2 h apart.

Increased LV filling pressure (ILFP) was defined as pulmonary capillary wedge pressure

(PCWP) ≥ 15 mmHg.

Results: Out of 67 patients, 33 (49.2%) showed ILFP at RHC. Diastolic longitudinal force

(DLF), the mean amplitude of longitudinal forces during diastole, was associated with the

presence of ILFP (OR = 0.84 [0.70; 0.99], p = 0.046). The PCWP prediction score we

built including DLF, ejection fraction, left atrial enlargement, and e’ septal showed an AUC

of 0.83 [0.76–0.89], with an optimal internal validation. When applied to our population,

the score showed a sensitivity of 72.7% and a specificity of 85.3%, which became 66.7

and 94.4%, respectively, when applied to patients classified with “indeterminate diastolic

function” according to the current recommendations.

Conclusion: HDF analysis could be an additional useful tool in diastolic function

assessment. A scoring system including HDFs might improve echocardiographic

accuracy in estimating LV filling pressures. Further carefully designed studies could be

useful to clarify the additional value of this new technology.

Keywords: echocardiography, hemodynamic forces, right heart catheterization, left ventricular filling pressure,

diastolic function
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GRAPHICAL ABSTRACT | Risk variation of presenting increased left

ventricular filling pressure (upper graph) and PCWP variation (lower graph),

according to the proposed scoring system. EF, ejection fraction; DLF, diastolic

longitudinal force; LAe, left atrial enlargement; ILFP, increased left ventricular

filling pressure; NLFP, normal left ventricular filling pressure; PCWP,

postcapillary wedge pressure.

INTRODUCTION

Heart failure involves up to 10% of the population over 75 years
old; 33% of males and 28% of females aged more than 55 will
present at least one episode of heart failure in their life, making
heart failure one of the main causes of hospitalization in subjects
over 65 years old (1). Patients affected by heart failure typically
show a certain degree of left ventricle (LV) diastolic dysfunction.
This feature leads to increased LV filling pressure, resulting in the
postcapillary pattern of pulmonary hypertension (PH), defined
by an increased pulmonary capillary wedge pressure (PCWP >

15 mmHg) measured during right heart catheterization (RHC)
(2, 3).

Transthoracic echocardiography proved to be more accurate
than clinical evaluation (including physical examination, chest x-
ray findings, and natriuretic peptide levels) in PCWP estimation
(4), becoming the routinely non-invasive diagnostic tool
dedicated to the evaluation of diastolic function (5). However,

Abbreviations: DLF, Diastolic Longitudinal Force; HDFs, hemodynamic forces;

LV, left ventricle; ILFP, increased left ventricular filling pressure; LAVi, left atrial

volume index; LAe, left atrial enlargement; LVH, left ventricular hypertrophy;

LVMi, left ventricular mass index; NLFP, normal left ventricular filling pressure;

PCWP, pulmonary capillary wedge pressure; RHC, right heart catheterization.

several parameters and a complex flowchart are needed for this
purpose (6).

Recently, many studies have introduced ventricular blood
flow analysis as an innovative method to assess cardiac function
(7–13). Blood motion within the LV is characterized by the
development of vortices, involved in the preservation of blood
kinetic energy during the diastolic phase and, consequently, in
the decrease of cardiac work during systolic ejection (14, 15).
However, as long as flow analysis techniques have depended
on the administration of contrast agents or on the use of
MRI, their spread in clinical practice has been limited. In
recent years, a mathematical model, based on first principles
of fluid dynamics, was able to estimate HDFs through the
knowledge of LV geometry, endocardial tissue movement, and
areas of the aortic and mitral orifices, without knowing blood
velocities inside the LV (13). This has been possible because
blood flow pattern and LV wall motion are so closely linked,
that an appropriate knowledge of tissue motion (by speckle
tracking analysis indeed) makes the estimation of the flow
forces produced inside the cardiac chambers possible (8).
Thanks to this model, HDF analysis might become a novel
and more widely applicable method in clinical practice through
conventional echocardiography.

To date, echocardiographic flow analysis has always been
studied in relation to the systolic pattern of the cardiac
cycle, particularly in patients with dilated cardiomyopathy.
Hemodynamic forces (HDFs) were able to properly predict the
response to cardiac resynchronization therapy (10, 11), which is
itself associated with an improvement in the diastolic function
(16–18). However, no studies are available about the direct
relationship between HDFs and diastolic function.

The aim of this retrospective pilot study was to evaluate, in a
population of patients who underwent RHC, the HDF analysis
as a potential novel diagnostic tool of diastolic dysfunction, both
as a single entity and included within a new predictive model,
considering other conventional echocardiographic parameters.

METHODS

The Right1 Study was a prospective study, whose enrollment
took place between July 2011 and November 2013, involving
patients referred to the Division of Cardiology of the University
of Turin with a specialistic indication for RHC (19), mainly
a suspected pulmonary hypertension. It involved 190 patients
without ongoing infusions of hemodynamically active drugs,
known pulmonary stenosis, or ventilator support.

In the present study, we retrospectively analyzed clinical
and instrumental data of the patients enrolled in the Right1
Study, excluding those with atrial fibrillation or pacing devices.
Adequate echocardiographic windows were required to be
analyzed by a dedicated software: visualization of endocardial
borders throughout the whole cardiac cycle and proper image
contrast between endocardial borders and blood.

The Right1 Study was approved by our local ethic committee
(Comitato Etico Interaziendale A.O.U. Città della Salute e
della Scienza di Torino – A.O. Ordine Mauriziano), and all
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patients provided written informed consent before enrollment,
even authorizing the retrospective use of the records for
scientific purposes.

Right Heart Catheterization
RHC was performed through femoral or jugular access.
Pulmonary capillary wedge pressure (PCWP) was acquired with
the zero-reference level always set at the midthoracic level.
All measurements were made at end expiration. Hemodynamic
values were interpreted according to an international consensus
(18). Physicians performing the RHC were blinded to the results
of the transthoracic echocardiography.

Echocardiography
Transthoracic echocardiography was performed before
RHC, within 2 h of the examination, by an experienced
operator, with a commercially available machine (IE33,
Philips, The Netherlands) equipped with a S5 probe for two-
dimensional and Doppler acquisition. All echocardiographic
measurements were performed following the current
international recommendations, while the patient was in
left lateral decubitus (20).

Left ventricular hypertrophy (LVH) was defined as a left
ventricular mass (LVM) normalized for BSA (LVMi) > 95 g/m2

in women or > 115 g/m2 in men (20). According to the current
recommendation (6), PCWP was considered abnormal if >15
mmHg (increased left ventricular filling pressure, ILFP) and
left atrial enlargement (LAe) if left atrial volume normalized
for BSA (LAVi) > 34 ml/m2; septal TDI-E-wave (e’ septal)
and lateral TDI-E-wave (e’ lateral) were considered pathological
when <7 cm/s and <10 cm/s, respectively, transmitral PW-
E-wave/mean TDI-E-wave (E/A) when >14, and maximum
tricuspid regurgitation velocity (TRv) when >2.8 m/s.

BSA was calculated using the Dubois and Dubois
formula (21):

BSA[m2] = 0.20247 ∗ weight[kg]0.425 ∗ height[m]0.725

HDFs Evaluation
HDFs were obtained by off-line analysis of echocardiographic
DICOM files with a dedicated software (QStrain Echo Prototype
v.1.3, Medis Medical Imaging, Leiden, The Netherlands).
Speckle-tracking analysis of LV was performed in the three
routinely acquired apical scans: four-chamber, two-chamber, and
three-chamber views. HDFs can be detected through endocardial
velocities, LV geometry, and aortic and mitral orifices areas,
obtained after measuring the internal diameter of the valve
anulus in parasternal long axis-view (8, 22). In particular, the
force vector is given at every instant during the heart cycle
by its definition, which is either the integral of blood flow
velocity inside the ventricle volume VLV (first integral in the
formula below)

F = ρ

∫

VLV

(

∂v

∂t
+ v · ∇v

)

dV

= ρ

∫

SLV

[

x

(

∂v

∂t
· n

)

+v (v · n)

]

dS

or the integral on the surface SLV surrounding of the same volume
(second integral in the formula below).

The present study used the second formulation. In that
computation, the velocity values on the tissue part of the surface
SLV are given directly from speckle tracking. The average velocity
of blood on the open part of the boundary SLV (e.g., the mitral
area, during diastole) is estimated by mass conservation (in
diastole, the relative velocity times the mitral area is equal to
the LV volume rate). The longitudinal component of the HDF
is then taken as the component of the vector that is parallel to the
direction of the LV axis. In order to make patients with different
LV sizes comparable, the instantaneous value of HDFs has been
normalized by the corresponding value of LV volume. It was then
divided by blood density and gravity acceleration, obtaining a
dimensionless value that corresponded to the force expressed as
a percentage of gravity acceleration (22).

Figure 1 displays a typical time profile of HDF. In particular,
we took into account diastolic longitudinal force (DLF) as a
parameter describing the diastolic behavior of HDF. DLF is
defined as the mean amplitude, expressed as root mean square, of
the longitudinal force throughout the diastolic part of the cardiac
cycle (Figure 1A).

Statistical Analysis
Statistical analysis was performed by using a dedicated software
(R: A Language and Environment for Statistical Computing,
v4.0.0 for Mac OSX, R Core Team., Vienna, Austria). The
normal distribution of variables was verified by graphical
evaluation (histogram and Q-Q graph) and Shapiro–Wilk test.
Data were presented as “mean ± standard deviation” or
“median [interquartile range]” and as “observations (percentage
frequency)” as appropriate. Differences between groups were
analyzed by t-test or Mann–Whitney test for continuous
variables and Yates’ χ

2 test or Fisher exact test for categorical
ones. Univariate logistic regression analysis was performed for
all clinical variables, and a multivariate penalized regression
was performed for selecting variables to be included in the
multivariate model: betas of regression were shrunken toward
zero and variables whose beta reached zero were excluded
from subsequent analyses. The scoring system points were
assigned by rounding betas of the multivariate penalized
model (23) to the unit, and internal validation was assessed
by bootstrap. Multicollinearity among variables included was
excluded through variance inflation factor analysis. Sensibility
and specificity between different methods were performed
through McNemar test among patients with increased and
normal LV filling pressure, respectively (24). The additional
contribution of DLF in predicting the outcome was performed
by net reclassification index (NRI) (25).

A p< 0.05 for two-tailed tests was considered significant in all
statistical analysis.

RESULTS

Out of 190 enrolled patients, 148 met inclusion criteria.
Among these, 81 patients were excluded (31 patients due
to poor quality of ECG gating or presence of extrasystoles
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FIGURE 1 | Longitudinal hemodynamic force pattern (red) in relation to left

ventricular blood volume (green), left ventricular blood volume change velocity

(blue), and electrical activity during the cardiac cycle (black) during the six

phases of the cardiac cycle (A–F): isovolumic contraction (A), systolic ejection

(B), isovolumic relaxation (C), early diastolic filling (D), diastasis (E), and late

diastolic filling (F). By convention, when the HDF vector is directed from the

apex to base of LV (when apical pressure is higher than basal pressure), it is

considered to be positive (above the zero line) and when the HDF vector is

directed from the base to apex (basal pressure higher than apical pressure), it

is considered to be negative (below the zero line). DLF is described by root

mean square of the diastolic segment of longitudinal hemodynamic forces.

ECG, electrocardiography; LV, left ventricle; DLF, diastolic longitudinal force.

dV/dt, derivative of volume as a function of time (left ventricular blood volume

change velocity).

during acquisitions and 50 patients due to inadequate image
quality to perform speckle-tracking analysis). Thus, the study
population was composed of 67 patients, whose demographic
and echocardiographic features are resumed in Table 1.
The included patients did not significantly differ from the
excluded ones, except for LVMi and LVH rate, as shown in
Supplementary Table 1.

Thirty-four patients showed normal left ventricular filling
pressure (PCWP < 15 mmHg, NLFP) and 33 patients showed
increased left ventricular filling pressure (PCWP ≥ 15 mmHg,
ILFP). No demographic features differed between the NLFP and
ILFP group. NLFP group had lower LAVi (p < 0.001) and lower
LAe rate (p = 0.010) than the ILFP one, while no differences
were observed concerning LVMI and LVH (p = 0.092 and p =

TABLE 1 | Demographic and echocardiographic characteristics of the study

population.

NLFP ILFP p-value

n = 34 n = 33

Demographic characteristics

Age (years) 60.3 ± 12.4 64.1 ± 13.7 0.242

Sex (Male) [n (%)] 18 (52.9) 23 (69.7) 0.248

Weight (kg) 74.0 ± 14.4 69.5 ± 14.8 0.211

Height (cm) 166.0 ± 10.2 167.0 ± 8.1 0.506

BMI (kg/m2) 27.0 ± 4.91 24.8 ± 4.58 0.065

BSA (m2) 1.81 ± 0.20 1.77 ± 0.20 0.447

SBP (mmHg) 133.0 ± 13.9 131.0 ± 26.8 0.785

DBP (mmHg) 74.3 ± 11.7 72.4 ± 13.4 0.647

HR (bpm) 68.3 ± 11.2 65.3 ± 9.8 0.240

Conventional echocardiographic parameters

EF (%) 58.6 [53.0; 63.6] 52.2 [30.7; 60.8] 0.012

GLS (%) −19.4 [−21.5; −17.0] −16.0 [−21.2; −9.4] 0.031

LVMi (g/m2) 140 ± 46.5 161 ± 40.8 0.092

RWT 0.42 ± 0.13 0.36 ± 0.11 0.040

LVH [n (%)] 30 (88.2) 29 (90.6) 0.967

LAVi (ml/m2 ) 34.7 [29.0; 42.8] 54.2 [40.5; 66.1] <0.001

LAe [n (%)] 18 (52.9) 28 (84.8) 0.010

E (cm/s) 65.5 [56.3; 76.3] 78.0 [62.0; 87.0] 0.087

E/A 0.9 [0.7; 1.1] 1.2 [0.8; 1.8] 0.031

e’ septal (cm/s) 6.2 [4.7; 8.6] 4.4 [3.5; 6.3] 0.017

e’ lateral (cm/s) 8.7 ± 3.6 7.7 ± 3.6 0.289

E/e’ average 9.1 [7.0; 10.7] 10.8 [9.1; 15.5] 0.010

TRv (m/s) 2.8 ± 0.5 2.8 ± 0.6 0.582

EDVi (ml/m2 ) 60.1 ± 17.9 84.5 ± 39.3 0.002

Hemodynamic forces

DLF (%) 6.9 ± 3.6 5.2 ± 3.1 0.034

Echo-estimated LV filling pressure

Normal [n (%)] 12 (52.2) 11 (47.8) 0.865

Indeterminate [n (%)] 18 (75.0) 6 (25.0) 0.003

Increased [n (%)] 4 (20.0) 16 (80.0) 0.001

Right heart catheterization

PCWP (mmHg) 12.00 [10.00; 13.00] 25.00 [17.00; 29.00] <0.001

mPAP (mmHg) 25.15 ± 10.24 34.82 ± 10.46 <0.001

PH [n (%)] 13 (31.7) 28 (68.4) <0.001

Significant p results between ILFP (increased left ventricular filling pressure) and NLFP

(normal left ventricular filling pressure) are reported by boldface. BMI, body mass index;

BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure;

LVMi, left ventricular mass indexed to body surface area; LVH, left ventricular hypertrophy;

LAVi, left atrial volume indexed to body surface area; LAe, left atrial enlargement; E, E

wave on transmitral Doppler; E/A, E wave on transmitral Doppler/A wave on transmitral

Doppler; e’ septal, septal tissue Doppler E wave; e’ lateral, lateral tissue Doppler E

wave; E/e’ average, E wave on transmitral Doppler/mean tissue Doppler E wave; PAPm,

mean pulmonary arterial pressure; TRv, tricuspidal regurgitation velocity; DLF, diastolic

longitudinal force.

0.967, respectively). EF and GLS were higher in NLFP, compared
to ILFP (p = 0.012 and p = 0.031, respectively). Among left
ventricular diastolic disfunction (LVDD) parameters, E/A, E/e’
average, and e’ septal differed between NLFP and ILFP (p <

0.050 for all), while e’ lateral and tricuspidal regurgitation velocity
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TABLE 2 | Univariate logistic regression and multivariate penalized regression.

Univariate logistic regression Multivariate penalized regression

beta OR [95% CI] p-value Cutoff value Beta Score points

Demographic characteristics

Age (years) 0.02 1.02 [0.98–1.06] 0.239

Sex (male) −0.72 0.49 [0.18–1.33] 0.162

Weight (kg) −0.02 0.98 [0.95–1.01] 0.210

Height (cm) 0.02 1.02 [0.97–1.07] 0.501

BMI (kg/m2 ) −0.10 0.91 [0.81–1.01] 0.070

BSA (m2) −0.96 0.38 [0.03–4.38] 0.441

SBP (mmHg) 0.01 1.01 [0.99–1.03] 0.471

DBP (mmHg) 0.00 1.00 [0.96–1.04] 0.869

HR (bpm) −0.03 0.97 [0.93–1.02] 0.238

Conventional echocardiographic parameters

EF (%) −0.06 0.94 [0.90–0.98] 0.003 <40 % 1.22 1

GLS (%) 0.11 1.12 [1.03–1.22] 0.012

LVMi (g/m2) 0.01 1.01 [1.00–1.02] 0.099

RWT −4.61 0.01 [0.00–0.74] 0.049

LVH [n (%)] −0.03 0.97 [0.21–4.44] 0.964

LAVi (ml/m2 ) 0.08 1.09 [1.04–1.15] <0.001

LAe [n (%)] 1.60 4.98 [1.64–17.5] 0.007 34 ml/m2 0.82 1

E (cm/s) 2.10 8.18 [0.81–12.1] 0.096

E/A 1.12 3.05 [1.39–6.71] 0.006

e’ septal (cm/s) −0.28 0.75 [0.59–0.94] 0.015 <7 cm/s 0.61 1

e’ lateral (cm/s) −0.08 0.93 [0.81–1.07] 0.314

E/e’ average 0.16 1.17 [1.03–1.35] 0.018 >14 0.33 0

TRv (m/s) −0.19 0.83 [0.40–1.61] 0.575

EDVi (ml/m2 ) 0.04 1.04 [1.02–1.07] 0.005

Hemodynamic forces

DLF (%) −0.18 0.84 [0.70–0.99] 0.046 <6.5 % 0.78 1

Univariate logistic regressions are shown on the left side. Multivariate penalized regression, including variables that passed variable selection, is shown on the right side. Significant

p results between ILFP and NLFP are reported by boldface. BMI, body mass index; BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; LVMi, left

ventricular mass indexed to body surface area; LVH, left ventricular hypertrophy; LAVi, left atrial volume indexed to body surface area; LAe, left atrial enlargement; E, E wave on transmitral

Doppler; E/A, E wave on transmitral Doppler/A wave on transmitral Doppler; e’ septal, septal tissue Doppler E wave; e’ lateral, lateral tissue Doppler E wave; E/e’ average, E wave on

transmitral Doppler/mean tissue Doppler E wave; PAPm, mean pulmonary arterial pressure; TRv, tricuspidal regurgitation velocity; DLF, diastolic longitudinal force.

(TRv) did not (p= 0.289 and p= 0.582, respectively). No gender-
based differences were detected in the considered parameters.

According to current recommendation (6), 23 patients were
classified as “normal filling pressure” (52.2 and 47.8% in NLFP
and ILFP, respectively, p= 0.865), 20 patients as “increased filling
pressure” (20.0 and 80.0% in NLFP and ILFP, respectively, p =

0.003), and 24 as “indeterminate filling pressure” (75.0 and 25.0%
in NLFP and ILFP, respectively, p= 0.001).

Hemodynamic Forces
As shown in Table 1, DLF differed between NLFP and ILFP
groups (6.9 ± 3.6% vs. 5.2 ± 3%, p = 0.034), and at univariate
regression analysis, it showed to be a possible predictor of PCWP
class (Table 2).

Figure 2 reports scatter plots showing correlations between
DLF and other variables, such as age, GLS, EF, and other
conventional echocardiographic parameters for the assessment of
LV filling pressure. DLF presented a moderate relationship with

EF (R= 0.54, p< 0.001) andGLS (R=−0.54, p< 0.001).Weaker
correlations were also present with age (R = 0.24, p = 0.048),
E/e’ average (R = −0.25, p = 0.008), and e’ septal (R = 0.40, p
< 0.001), while DLF did not become significantly associated to
LVMi, LAVi, and TRv (p > 0.05 for all).

PCWP Scoring System
As previously illustrated, 33 subjects (among 67 studied)
presented ILFP. Univariate logistic regression analysis for
prediction of ILFP is displayed in Table 2. In addition to the
commonly known and recommended parameters for PCWP
estimation (LAe, E/e’ average, e’ septal, TRv, and EF), only GLS,
end-diastolic LV volume indexed to BSA, and DLF have proven
to be predictive of ILFP. Lower DLF was associated with ILFP.
Namely, we observed a 26% increase in risk for each DLF %-
point less. Using Youden analysis, a cutoff of 6.5% proved to be
the most accurate DLF threshold to identify ILFP.
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FIGURE 2 | Correlations between DLF and Age (A), EF (B), GLS (C), LVMi (D), LAVi (E), E/e’ average (F), e’ septal (G), E/A (H), TRv (I). DLF, diastolic longitudinal

force; EF, ejection fraction; GLS, global longitudinal strain; LVMi, left ventricular mass indexed to body surface area; LAVi, left atrial volume indexed to body surface

area; e’ septal, septal tissue Doppler E wave; E/e’ average, E wave on transmitral Doppler/mean tissue Doppler E wave; E/A, E wave on transmitral Doppler/A wave

on transmitral Doppler; TRv, tricuspidal regurgitation velocity.

We performed variable selection by penalized regression
(Supplementary Table 2) in order to develop a scoring system
to predict LV filling pressure. DLF, EF, LAe, E/e’ average, and
e’ septal have been inserted as categorical variables in the
prediction model. The scoring points were weighted according
to the β coefficients (Table 2). Figure 3 shows how the
probability of ILFP rises with the increase in scoring. Internal
validation was obtained through bootstrapping, showing optimal
discrimination (Supplementary Figure 1) and calibration, with
the smooth curve fitting the perfect condition (Figure 4,
Supplementary Figure 2).

According to Youden analysis, the scoring system threshold
has been set at two points, showing a sensitivity of 72.7% and a
specificity of 85.3% for an overall AUC of 83% (p< 0.001). When
DLF was not included within the scoring system, its sensitivity
became 78.8% and specificity became 76.5%, for an overall AUC
of 81% (p< 0.001). The developed score including DLF showed a
positive predictive value of 82.8% and a negative predictive value
of 76.3% in the study population, considering an ILFP prevalence
of 49.3% (Supplementary Table 3).

When applied on patients classified as “indeterminate filling
pressure” according to the current recommendation, the scoring
system showed an accuracy of 87.5%, with 21 out of 24 patients
correctly classified. Scoring values ≤2 correctly classified 17
out of 18 patients (94.4%) as NLFP, while scoring values ≥ 3
correctly classified four out of six patients (66.7%) as ILFP
(Supplementary Table 3).

On the other hand, among patients who were not classified
as “indeterminate,” our scoring system showed similar specificity

FIGURE 3 | Predicted probability of PCWP > 15 mmHg according to the

developed scoring system in the whole population. Scoring points are

represented on the x-axis; probability of ILFP is represented on the y-axis.

ILFP, increased left ventricular filling pressure; NLFP, normal left ventricular

filling pressure; PCWP, postcapillary wedge pressure.

to current recommendation (75 vs. 75%, p = 1.000) but a fairer
sensitivity (74 vs. 59%, p = 0.157), although not statistically
significant. Even NRI improved (0.15 [−0.15–0.45]; p = 0.329),
although statistical significance was not reached.
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FIGURE 4 | Smooth calibration plots for the validation of the scoring system by bootstrapping. The perfect condition is represented by the gray line, and the results of

our calibration are represented by the red dashed line.

FIGURE 5 | Boxplot of PCWP distribution among different scoring points.

PCWP, postcapillary wedge pressure.

Moreover, the scoring system proved to be associated to the
absolute values of PCWP (Figure 5) the median PCWP value was
12.0 [10.3–14.0] mmHg for patients with less than one point, 13.5
[11.0–15.0] mmHg for two points, 19.0 [15.0–26.0] mmHg for
three points, and 28.5 [23.5–32.5] mmHg for four points.

DISCUSSION

This preliminary pilot study provides innovative data about
blood flow analysis applied to the study of diastolic function.

First, HDFs, DLF in particular, are associated with increased
left ventricular filling pressure. Second, DLF can be included in
a predictive LV filling pressure scoring system, contributing to
identify patients with ILFP. Third, the developed scoring system
was able to correctly classify the PCWP class of 21 out of 24
(87.5%) patients classified as “indeterminate filling pressure” by
the current echocardiographic recommendation.

In the study population, morphometric characteristics
were similar between NLFP and ILFP, reducing the related
confounding risk in subsequent analyses. None of these variables
were a plausible determinant of PCWP class.

Our study is a further confirmation of the well-known
echocardiographic parameters associated with the diastolic
function (LAe, e’ septal, E/e’ average, and E/A) included in
the diagnostic flowchart suggested by the current guidelines
(6). However, when applied to our population, the suggested
diagnostic algorithm classified almost one-third of patients as
“indeterminate filling pressure.”

Previous studies tried to develop simple methods, such as
scores (26–28) and stepwise algorithms (29), to assess diastolic
function, but due to results or complexity, these methods are
not widespread in clinical practice. In this regard, Chubuchny
et al. (28) developed a very promising algorithm that showed an
excellent accuracy at internal validation, although it is limited by
the large number of variables required and by the great influence
attributed to mean pulmonary pressure.

Speckle-tracking analysis, particularly atrial strain, has already
been applied to study the diastolic function. Left atrial strain
has proven to be the most sensitive parameter in detecting
diastolic dysfunction at an earlier stage, before it is evident
through standard echocardiographic parameters (30). These data
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underline the importance of studying dynamic and functional
characteristics, such as HDF, because they could highlight cardiac
disorders before morphological parameters.

In a study aimed at assessing functional echocardiographic
changes in patients with CRT (11), HDFs were superior even to
strain analysis in identifying early abnormalities, proving to be
an extremely promising approach. Nevertheless, to date, HDF
analysis has never been studied in the context of LV diastolic
function assessment and, to our knowledge, the present study is
the first to perform this emerging technology for this purpose.

Among all measurable HDFs, we focused on DLF, which is
closely related to the diastolic phase of the cardiac cycle, and
for the first time, we proposed DLF as an index of the average
force that is swapped along the longitudinal axis (apex to base)
during diastole.

From the combination of classic echocardiographic variables
and HDF analysis, we built a scoring system able to predict the
presence of ILFP. The developed scoring system included EF,
LAe, e’ septal, and DLF. E/e’ average did not reach statistical
criteria to have one point assigned and, even forcing its presence
in the final score, the overall accuracy did not improve (AUC:
0.83 vs. 0.82, p = 0.737). This finding seems to be in contrast
with previous studies, describing E/e’ average as a strong
variable to distinguish precapillary from postcapillary pulmonary
hypertension (26, 31). The reason for this discrepancy might be
related to the presence of DLF within the model; this parameter
has never been present before and could be a strong confounder
to E/e’ average. Anyway, in our population, E/e’ average showed
to be related to PCWP class, and we decided not to award any
points to it in order to get a simpler score.

The developed score showed an optimal internal validation.
Using two scoring points as diagnostic threshold to identify
patients with a positive test, the predictive model reached high
specificity (85.3%) and positive predictive value (82.8%) in
detecting ILFP. The accuracy of the scoring system including
HDF became higher by a few percentage points than the
scoring system without DLF (83 vs. 81%, p = 0,580). Although
statistical significance is not reached, we believe that these data
are promising. Surely, in a larger population, the possibility
to perform subgroup analyses and the stratification for systolic
function would be required for a rigorous comparative approach.

Another clue to the possible value of our data is obtained
by applying the scoring system to patients classified as
“indeterminate filling pressure” by the current recommendations
(6). In this subclass of subjects, our scoring system showed
excellent specificity (94.4%) and negative predictive value
(89.5%), proving to be a new potential tool to guide
clinical decision. Among patients who were not classified
as “indeterminate,” our scoring system showed to perform better
than the current recommendation, although the low number of
patients in this subset does not allow us to detect a statistically
significant difference.

Furthermore, the scoring system showed a strong association
with PCWP absolute value, even if not built for this purpose. It is
therefore important to pay attention not only to the dichotomous
outcome of the scoring system (more or less than two points), but
also to its punctual value, as a severity index.

No clinical features (such as symptoms, clinical signs, or x-
ray) were included in the present study for score development.
These elements are mandatory in the heart failure diagnosis (1)
and cannot be totally replaced by an echocardiographic scoring
system, which should be considered additional to clinical data
within a holistic diagnostic approach (4, 26). Finally, it must
be emphasized that the aim of the study is not to question
the current recommendations, but to focus attention on a new
echocardiographic tool such asHDFs, whichmight be introduced
in the assessment of diastolic function.

LIMITATIONS

The present study is a retrospective study performed on patients
who underwent RHC and echocardiography. The presented data
are potentially very innovative, but the methodology of the study
is exposed to some limitations.

First, the HDF analysis requires ultrasound images of
discrete quality and a good ECG gating in order to perform
a reliable speckle-tracking analysis. Since Right1 Study was
not designed for this kind of investigation, the image
quality was not always optimal for HDF assessment; a
prospective analysis following good standards of speckle-
tracking image acquisition (32) can certainly reduce
this problem. This explains the high exclusion rate and
therefore a possible selection bias. However, the comparison
analysis between included and excluded subjects showed no
significant differences.

Second, the actual knowledge and availability of HDFs prevent
them from being applied in clinical practice, but our preliminary
results bode well for future appropriately designed studies.

Third, a proper assessment of the HDF added value would
require a larger study population, with subgroup analysis
according to normal or reduced systolic function, even giving
importance to the intra- and inter-operators’ variability.

Moreover, since the scoring system has been obtained
from a highly selected cohort of patients, its accuracy
should be confirmed using an independent and
prospectively acquired population. However, the good
internal validation of the model seems to be promising.
Finally, ILFP was defined on the basis of PCWP, as
recommended (1), but LV end-diastolic pressures may
also be used and sometimes considered a better gold
standard (31).

CONCLUSIONS

HDFs might be a novel echocardiographic parameter for
the evaluation of diastolic function. DLF showed a great
association with increased LV filling pressure. A new
scoring system including DLF and other well-known
echocardiographic variables showed a good accuracy in
predicting PCWP class, both in the whole population and in
patients classified as “indeterminate filling pressure” by the
current recommendation. HDF analysis is a promising and
still poorly explored domain of echocardiography. Further
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studies are needed in order to sharpen our knowledge on
HDFs, allowing the evaluation of cardiac function from a
new perspective.
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Aortic stenosis (AS) may present frequently combined with other valvular diseases or

mixed with aortic regurgitation, with peculiar physio-pathological and clinical implications.

The hemodynamic interactions between AS in mixed or combined valve disease depend

on the specific combination of valve lesions and may result in diagnostic pitfalls

at echocardiography; other imaging modalities may be helpful. Indeed, diagnosis is

challenging because several echocardiographic methods commonly used to assess

stenosis or regurgitation have been validated only in patients with the single-valve

disease. Moreover, in the developed world, patients with multiple valve diseases tend

to be older and more fragile over time; also, when more than one valvular lesion

needs to address the surgical risk rises together with the long-term risk of morbidity

and mortality associated with multiple valve prostheses, and the likelihood and risk

of reoperation. Therefore, when AS presents mixed or combined valve disease, the

heart valve team must integrate various parameters into the diagnosis and management

strategy, including suitability for single or multiple transcatheter valve procedures. This

review aims to summarize the most critical pathophysiological mechanisms underlying

AS when associated with mitral regurgitation, mitral stenosis, aortic regurgitation, and

tricuspid regurgitation. We will focus on echocardiography, clinical implications, and the

most important treatment strategies.

Keywords: aortic stenosis, aortic regurgitation, mitral stenosis, mitral regurgitation, tricuspid regurgitation, mixed

valve disease, combined valve disease, echocardiography

BACKGROUND

Multivalvular disease (MVD), defined as the combination of stenotic or regurgitant lesions of two
or more cardiac valves, is increasingly frequent in clinical practice, presenting in 10% of patients
undergoing valvular surgery. Nevertheless, it is still poorly studied (1). Aortic stenosis (AS) is
the second most common valvular disease in the western world after mitral regurgitation (MR),
affecting 2% of the population between 65 and 75 years and 6% of those older than 75 years (2), and
is frequently associated combined with other valvular disease or mixed with some degree of aortic
regurgitation (AR), with physio-pathological and clinical implications.
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Nowadays, degenerative etiology comprises the vast majority
of cases; however, when associated with other valve diseases,
rheumatic heart disease should be considered as it is the most
common cause of MVD worldwide; typically, rheumatic heart
disease affects younger patients (2) and has a faster progression
than the degenerative counterpart, involving almost invariably
the mitral valve (3). The clinical impact of combined valve
disease depends on hemodynamic interactions between the valve
lesions and, more specifically, on the severity, combination,
and chronicity of each valvular defect. All these factors may
alter loading conditions and ventricular function with relevant
consequences when assessing the severity of valvulopathies,
currently based on the concept of excess mortality threshold.
Indeed, in some settings, apparently non-severe lesions may
lead to severe hemodynamic imbalance when combined with
other valvular defects with important clinical implications (4).
Methods commonly used for the quantification of stenosis or
regurgitation have been validated in patients with single-valve
disease, and until today the major treatment trials often excluded
concomitant relevant valvular disease. In addition, one of the
most pivotal issues in the management of patients with MVD is
to identify the optimal timing for intervention when the benefits
of the procedure most outweigh the risks, considering that these
patients generally have many comorbidities and that surgery
in these patients is associated with high operative mortality
(5). Expertise in cardiac surgery, transcatheter interventions,
and cardiac imaging is critical in this field. In the past, the
surgical indication represented the crucial decision moment in
which cardiologists used to indicate whether one or more valves
needed to be treated. Now things have changed, and thanks to
percutaneous procedures, it is possible to treat one valve at a time,
evaluating the new hemodynamic balance from time to time and
giving the opportunity better to understand the physiopathology
of combined valvulopathies (6).

The aim of this review is to summarize the most important
pathophysiological mechanisms underlying AS when associated
with MR, MS, AR, and tricuspid regurgitation (TR). We will
focus on echocardiography, clinical implications, and the most
important treatment strategies. Although helpful in diagnosis
and prognosis in selected cases of multivalvular diseases, this
review does not discuss the application of multimodality imaging
(TC, MRI, stress echocardiography).

AORTIC STENOSIS AND MITRAL
REGURGITATION (AS-MR)

According to different studies, MR is reported in 20–80% of
patients with AS. In the PARTNER trial, about 20% of patients
undergoing transcatheter or surgical aortic valve replacement
for severe AS presented concomitant moderate to severe MR
(7). In most cases, MR in these patients is not evaluated
severely, and until the last decades, the pathophysiological and
clinical interaction between these two entities was not fully
understood. Things have changed as some studies described
essential consequences in morbidity and mortality (8).

Functional MR is present in 63% of patients with AS (9)
and is likely to improve after aortic valve replacement more
significantly than degenerative MR. Thus, a careful evaluation
of the MR mechanism is crucial for the decision of whether
a simultaneous operation on the mitral valve is necessary (10)
considering that mixed mechanisms are frequent, especially in
older patients with heavy mitral calcification and wall motion
defects, not uncommon in patients with AS. By note, attention
should be paid to obstructive hypertrophic cardiomyopathy that
may present with high gradients in the LVOT and MR secondary
to systolic anterior movement (11).

AS is a condition classically associated with increased
afterload, but when concomitant MR is present, the left ventricle
is somewhat larger as volume overload is also present. MR
reduces afterload and reduces stroke volume significantly,
causing a low flow-low gradient condition with the risk of
underestimating the severity of AS (12, 13). Rossi et al. showed
that MR was generally mild in severity when functional in origin,
with an effective regurgitant orifice (ERO) smaller than 0.2 cm2

in 91% of the cases. Anyway, the presence of MR may falsely
underestimate the transvalvular aortic valvular gradient even if
volumetrically not relevant (9).

An ERO as low as 0.2 mm2 carries a probability of 30%
developing a low-flow low-gradient condition, with the risk
increasing with the MR severity (12). Simultaneously, the
presence of MR reduces total afterload, increasing the ejection
fraction which may hide subclinical myocardial dysfunction (14).

The impact of functional MR in AS was also studied with an
artificial model that allowed to regulate the flow and the aortic
valve area, demonstrating that both the mean pressure gradient
and maximal velocity are significantly reduced by a reduction of
forward stroke volume from concomitant severe MR. However,
the functional aortic valve area appeared to be a reliable even in
case of severe MR (15).

Subsequently, these patients may also develop atrial
fibrillation with preload impairment due to loss of the “atrial
kick,” a poorly hemodynamically tolerated condition in these
patients per se associated with left atrial enlargement and MR
progression. Generally, symptoms do not always correlate with
the AS severity and LV function (16, 17); concomitant MR is
associated with poorer outcomes (9).

Generaux et al. propose a new staging system of AS that
attributes severity considering the presence of concomitant MR,
impaired left ventricular function, pulmonary hypertension,
and TR (18). This system confirmed that MR provides
incremental predictive value in patients with asymptomatic
moderate to severe AS undergoing surgical and percutaneous
aortic valve replacement (AVR) (19). An incremental prognostic
value over clinical characteristics was shown by incorporating
left ventricular global longitudinal strain into the staging
classification (20). Pighi et al. recently reported that cardiac
damage classification is significantly associated with a higher
incidence of acute kidney injury following percutaneous AVR
and that it is an independent predictor of 12-month all-cause
mortality only in patients with advanced stages of extravalvular
cardiac damage (21) (Figure 1).
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FIGURE 1 | Combination of AS and other valvular heart disease: hemodynamic interactions and diagnostic pitfalls and tricks.

Diagnostic Implications
When assessing AS and MR, a quantitative approach is useful:
vena contracta is reliable to assess MR as it does not depend
on afterload (22). In patients with MR associated with AS,
the ERO calculation with the proximal isovelocity area method
proved reliable. ERO correlates with mortality and predicts heart
failure (22), but regurgitant volume calculation may be falsely
overestimated for a given ERO due to the higher intraventricular
pressure. The color flow area may also not be proportionate to
the severity of MR due to the high transmitral regurgitation jet
velocity (23).

Concerning AS severity evaluation, the low flow condition
produces falsely low transvalvular gradients. Functional aortic
valve area calculation is helpful in patients with AS and MR with
good correlation with outcomes (24).

A small retrospective study compared echocardiography and
invasive catheterization parameters; for a given aortic valve
area calculated with the continuity equation, the presence of
significant MR does not reduce the peak transvalvular velocity
as much as the calculated mean gradient. This may be explained
by the squared relationship between velocity and gradient, with
a small difference in velocity having a significant impact on
calculated pressure (25).

The combination of AS and MR put some technical and
diagnostic challenges. It must be accounted that in some cases,
the high-velocity MR jet may be mistaken for the AS jet,
especially in the apical view: however, MR jet is longer in
duration, starting with mitral valve closure and continuing until
mitral valve opening, and has a different shape in Doppler CW
especially in the case of chronic MR (10).

Finally, a 3D echo evaluation of the mitral valve and aortic
valve calcium score by multidetector computed tomography
may be helpful in those cases where dobutamine stress
echocardiography is inconclusive or contractile reserve is
absent (26) (Figure 1).

Management
The presence of moderate to severe MR in patients undergoing
transcathether aortic valve implantation (TAVI) is associated
with higher mortality and poorer outcomes in rehospitalization
for heart failure (8, 27).

After TAVI, MR improves by at least one grade in almost
80% of patients with severe MR and 66% of patients with
moderate MR (28). Patients with degenerative MR have poorer
outcomes than patients with functional MR (29). Improvement
of the MR at 30 days is reported in 69% of patients undergoing
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surgical AVR and 58% after TAVI (30). However, in some cases,
MR may even worsen after the operation. Some conditions
seem to be associated with lack of improvement of MR
following TAVI; some of these are low baseline aortic gradient,
pulmonary hypertension, degenerative MR, deep positioning
of the implanted valve, heavy annulus, atrial fibrillation,
and mitral annular dilatation (31). Reverse left ventricular
remodeling may occur after AVR with the improvement
of diastolic function and reduction of LV hypertrophy and
dilatation with MR improvement (32). In these patients, it is
recommended to treat AS before mitral defect, as a sudden
increase in afterload associated with MR repair may lead to
cardiac decompensation. According to current guidelines (33) in
patients with severe MR undergoing surgical AVR, mitral valve
intervention is recommended. Following AVR, it is possible to
reassess the severity of MR after a period of optimal medical
therapy, considering the option of future mitral valve repair or
replacement in the case of worsening of MR or persistence of
symptoms (34, 35). No increased risk or technical complexity of
MitraClip in the presence of prior TAVI has been described so
far, assuming there is no significant distortion of the mitral valve
annulus (30). However, when the left atrium is severely enlarged,
a procedure targeting the mitral valve annulus, such as restrictive
annuloplasty, may be appropriate. Atrial fibrillation, ventricular
dyssynchrony, or prosthesis–patient mismatch are other causes
of lack of improvement of MR after AVR (36). Interestingly,
the use of self-expanding valves seems to be associated with less
improvement in MR than balloon-expandable valves probably
for the higher necessity of postoperative left bundle branch block
and pacemaker insertion associated with self-expanding valves
and the minor interference with mitral leaflet excursion annulus
(37). A large prospective study is needed in order to define
clear recommendations.

AORTIC STENOSIS AND TRICUSPID
REGURGITATION (AS-TR)

TR is common in patients with left-side valvular disease and
more specifically in 40% of patients with severe degenerative AS
(38). Elevated left ventricular diastolic dysfunction and increased
left atrial pressures due to AS reflect backward pressure to the
pulmonary veins with the remodeling of the alveolar–capillary
membrane and development of pulmonary hypertension (39).
Chronic pulmonary congestion and pulmonary hypertension
increase right ventricular afterload, and TR is caused by right
atrium dilatation and leaflet mal-coaptation (40, 41). Eventually,
these changes may promote atrial fibrillation, a condition per se
associated with TR. In very advanced disease, backward flow and
right ventricular dysfunction may cause a low-flow condition.
For many years, the tricuspid valve has been regarded as the
“forgotten valve” with a limited impact on hemodynamics, and
management was conservative (42).

However, in the past decades, TR was found to have a
negative prognostic impact in patients undergoing AVR (43–
46). It is still not clear if TR is directly related to mortality
or is a marker of advanced underlying disease (47). Patients

with associated TR and AS usually are sicker with more
comorbidities, more symptoms, and worse outcomes in terms of
heart failure, hospitalization, and mortality. It is still debated if
these patients would benefit from a combined intervention such
as AVR and tricuspid annuloplasty or transcatheter tricuspid
valve procedure (48) (Figure 1).

Diagnostic Implications
TR severity, when functional in origin, closely depends on
changes in loading condition. Thus, pre-operatory assessment is
recommended (49).

Usually, none of the parameters used to evaluate AS or TR are
reciprocally influenced; however, when TR is chronic and severe,
a low-flow condition may superimpose, making it challenging
to assess AS severity also with a classical continuity equation.
In this setting, also an invasive evaluation with thermodilution
method may underestimate the calculated aortic valve area and
overestimate AS severity (50). Of note, these patients are usually
symptomatic, and prognosis is very poor (51). It should be
accounted for in case of severe TR: the reduced afterload may
conceal an RV dysfunction; for this reason, contractility indexes
should be higher than normal to exclude right-ventricle damage
(Figure 1).

Management
Successful correction of AS is associated with a long-term
improvement in TR in 15–30% of patients. In some cases, TR
may even worsen, suggesting that the mechanism is not entirely
understood (52).

On the other hand, conservative therapy has a poor prognosis
(53, 54). According to guidelines, tricuspid valve intervention
should be considered (33) especially in the presence of tricuspid
annular dilatation or signs of right heart failure (52).

Some studies suggest that tricuspid valve repair performed in
a selected population undergoing left-sided valve surgery reduces
mortality (55).

In the TAVI era, it is more difficult to entail tailored
treatment and identify patients who would benefit from a
combined intervention. Indeed, simultaneous moderate–severe
TR results in an independent predictor of mortality despite
multivariable adjustment, only in patients without MR and in
patients with ejection fraction >30% (44, 47). Furthermore,
additional intervention for TR should be evaluated based on right
ventricular function and progression: TR after TAVI has shown
to improve in 15–30% of patients (44, 46). In a retrospective
study, surgical AVR combined with tricuspid valve repair and
TAVI was both associated with a superior reduction in the TR
jet area after 6 months compared with conservative therapy.
However, right ventricular function improved after TAVI but not
after surgical AVR+tricuspid valve repair, without a significant
mortality difference (56).

Nowadays, both transcathether tricuspid valve repair is
available and includes ring annuloplasty (56), spacer, MitraClip
(57), and the TriClip device, which recently showed to be safe and
effective at reducing TR by at least one grade in the Triluminate
trial, where isolated TR was treated (58).
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AORTIC STENOSIS AND MITRAL
STENOSIS (AS-MS)

The association of MS and AS may be rheumatic in origin
or the combination of degenerative calcific disease-causing
hypomobility of the mitral valve leaflets and the aortic cusps.
Finally, a variety of these causes is possible, especially in the
presence of bicuspid aorta or radiation injuries (59, 60). In
patients undergoing TAVI, concomitant MS is reported in 18%
of patients (60).

The combination of double-valve stenosis in series is
poorly hemodynamically tolerated, and usually, patients become
symptomatic at an early stage of the disease (61). Mitral stenosis
may severely impair preload and left ventricular filling, already
damaged in a hypertrophic left ventricle, leading to a reduction in
cardiac output and a paradoxical low-flow condition (62). Thus,
the presence of ASmay be somewhatmasked. Clinical findings do
not help as generally these patients present with dyspnea, a very
vague symptom. Also, severe left atrial enlargement and atrial
fibrillation are very common in this population.

However, the recognition of this double-valve pathology has
important clinical implications as a correction of severe MS
without treating AS first could impose a sudden increase in filling
pressure to a small and hypertrophic left ventricle resulting in
pulmonary edema.

Degenerative MS usually has a slower course than rheumatic,
milder in severity MS and generally affects the aging population
(63). The presence of MS associated with AS impacts mortality
following both surgical AVR and TAVI (60, 64). Also, the
presence of mild MS without documented secondary pulmonary
hypertension or manifest valvular atrial fibrillation has a negative
prognostic impact on TAVI (64) (Figure 1).

Diagnostic Implications
As already mentioned, the low-flow, low-gradient condition may
conceal an underlying AS if solely Doppler measurements are
considered. Aortic valve morphology and planimetry may be
helpful in identifying the underlying stenosis. The pressure half-
timemethod that depends on the pressure difference between two
chambers is not reliable due to the altered compliance of the left
ventricle overestimating the mitral valve area (65, 66).

The continuity equation for the calculation of the aortic valve
area andmitral valve area is not reliable because of its dependency
on flow conditions, resulting in overestimation of MS in the
setting of severe AS (67). By note, after AVR and normalization of
the stroke volume, improvement of the mitral valve area has been
described in almost half of the patients (68, 69), confirming that
even pseudo severe mitral stenosis exists. For this reason, in these
patients, where transaortic gradients may be low across both the
mitral and aortic valves, 2D and 3D planimetry has a crucial role,
and transesophageal echocardiography is often necessary as long
as calcification does not impair the image quality.

The proximal isovelocity surface area method remains useful
to quantify the mitral valve area when feasible. Sometimes,
echocardiographic evaluation may not be exhaustive and cardiac
catheterization may be necessary. Again, when severe MS

significantly impairs cardiac output creating a low-flow low-
gradient condition, the aortic valve area calculated with the
Gorlin formula may result overestimated (Figure 1).

Management
According to the current guidelines, bi-valvular surgery is
indicated in the presence of MVA ≤ 1.5 cm2. Compared to
isolated AVR, double valvular surgery is associated with higher
operative mortality and poorer long term. According to Asami
et al., even though MS was mild in the majority of cases and
did not result in secondary pulmonary hypertension or manifest
valvular atrial fibrillation, it was associated with a significantly
worse prognosis. Rheumatic etiology showed an early higher
incidence of adverse events than degenerative MS, probably due
to a higher proportion of advanced stages of MS in patients with
rheumatic MS (70).

Balloon dilatation may not be helpful in mitral calcific
degenerative disease and can be dangerous in the case of annular
calcifications (70). In patients at high surgical risk and not
suitable for balloon valvuloplasty (71), trans-catheter mitral valve
replacement is now possible with proven efficacy and safety (72,
73), also in combination with TAVI or subsequently (74). Yoon
et al. compared the outcomes of the off-label use of TAVI devices
inmitral annular calcification (ViMAC) formitral stenosis, valve-
in-valve (ViV), and valve-in-ring (ViR) procedures. ViMAC
procedures showed a lower rate of technical success and a higher
rate of all-causemortality at the 30-day and 1-year follow-up (75).

In light of these data, the decision should be case-dependent,
with concerns on anatomical and clinical features.

AORTIC STENOSIS AND AORTIC
REGURGITATION (AS-AR)

The combination of AS and AR is part of the mixed aortic
valve disease. About 75% of patients with a primary diagnosis of
AS have some degree of concomitant AR. Conversely, 17.9% of
patients with predominant AR have AS (2). Combined AS and
AR are frequently observed in cases of bicuspid anatomy and
rheumatic heart disease. Current guidelines are based primarily
on the natural history of isolated AS or AR. Therefore, it is
difficult to select those patients who could benefit from early
valvular surgery. Nowadays, the management of this condition
is determined by the severity of the dominant lesion. However,
this approach is certainly oversimplifying (71).

AS causes ventricular hypertrophy while the regurgitation
causes volume overload and ventricular dilatation, resulting in
eccentric hypertrophy depending on the severity of each lesion
(76). In case of significant AR, diastolic pressure is elevated
with left ventricle filling on a steeper portion of the pressure–
volume curve, potentially causing earlier onset of symptoms than
if concomitant AR are not present (77).

In order to keep up with the elevated stroke volume, the
ventricle progressively dilatates, producing an increasing wall
tension that further worsens dilatation and reduces coronary
perfusion (78). All these factors may explain earlier symptoms
(79). On the other hand, compared to pure AR, concomitant
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AS limits the degree of LV dilation in response to the volume
overload and the progression of AS tends to be slower.

Of note, in these patients AS severity has a predominant role
in clinical outcomes (76).

This may suggest that a small degree of AR may put the
severity of the valve disease at a higher stage, meaning strict
monitoring for patients with moderate mixed aortic valve disease
similar to those with isolated severe AS (Figure 1).

Diagnostic Implications
In these patients, the increased stroke volume produces a higher
transvalvular gradient that may overestimate AS. However, peak
aortic jet velocity and mean gradient may still help to estimate
the severity of AS and have a prognostic impact (76, 80).
Furthermore, a simplified Bernoulli formula should not be used
due to high left ventricular outflow tract velocities.

A continuity equation can be used with caution considering
the high stroke volume. Furthermore, the left ventricular outflow
tract geometry might not permit an accurate measure (79, 81).
Of note, the Doppler velocity index is not significantly affected
by the presence of AR.

The severity of AR can be assessed with ERO calculation and
vena contracta jet as long as image quality permits. The presence
of AS is also a confounder in assessing AR severity. Pressure
half-time is not reliable because of ventricular diastolic function
impairment, and when calculating the regurgitation volume, it
must be remembered that in these patients, LV volume is smaller
than in those with pure AR; thus, for any calculated regurgitant
volume, the regurgitant fraction is higher (82). Eventually, in
some cases, planimetry might be helpful, especially when other
associated valvulopathies are suspected (83) (Figure 1).

Management
The severity of AS and AR is correlated with prognosis and
predicts the time to surgery (77).

Ong and Pibarot propose an algorithm for diagnosing
and managing these patients that considers echocardiographic
parameters, dobutamine stress test, CT calcium score, and
clinical severity (84).

In patients with preserved ejection fraction and more than
moderate AS and AR, AVR is found to improve morbidity
and mortality when compared to medical therapy alone.
Furthermore, in these patients, aortic valve area and aortic valve
peak gradient progress faster than LV dilatation (85). Ideally,
surgery should be done before developing ventricular dilatation
and dysfunction because transcathether treatment is available;
surgical risk in these patients is higher than in those with isolated
AS (78). In mixed aortic valve disease patients, TAVI is associated
with higher rates of paravalvular AR that, on the other hand, is
generally well hemodynamically tolerated as the left ventricle is
“preconditioned” to a volume overload (86).

CONCLUSIONS

The presentation of aortic valve stenosis in the context ofmultiple
valve disease is a highly prevalent condition, and it will increase
over time with the aging population.

The hemodynamic interactions between AS and other valve
diseases depend on the specific combination of valve lesions and
may result in diagnostic pitfalls at echocardiography; therefore,
other imaging modalities may be helpful. The heart valve
team must integrate various parameters into the diagnosis and
management strategy, including suitability for single or multiple
transcatheter valve procedures.
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Introduction: Hypopituitarism is a rare, often underdiagnosed, complex hormonal

disease caused by the decreased secretion of one or more hormones in the pituitary

gland. The present study was designed to assess left ventricular (LV) rotational mechanics

in patients with treated hypopituitarism. It was also aimed to find possible differences in

these parameters according to the origin of hypopituitarism (congenital vs. acquired).

Methods: The present prospective study involved 35 treated patients with

hypopituitarism; however, 4 patients had to be excluded due to inferior image quality.

The mean age of the remaining 31 cases was 56.3 ± 13.2 years (18 males). The control

group consisted of 29 age- and sex-matched healthy volunteers (mean age: 55.3 ± 4.8

years, 14males). In all cases a complete two-dimensional echocardiography examination

was performed followed by three-dimensional speckle-tracking echocardiography.

Results: No significant differences could be found in LV volumes between the controls

and patients with hypopituitarism and hypopituitary subgroups. LV apical rotation (8.1 ±

5.1◦ vs. 10.6± 3.5◦, p < 0.05) and LV twist (11.9± 5.3◦ vs. 15.1± 3.8◦, p < 0.05) were

impaired in the hypopituitary group with normally directed LV rotational mechanics as

compared to the healthy controls. However, 13% of patients showed a near absence of

LV twist called LV “rigid body rotation” (LV-RBR). There were no significant differences

regarding LV apical and basal rotations and twist between acquired and congenital

hypopituitary subgroups.

Conclusions: Impaired LV apical rotation and twist could be demonstrated in

hypopituitarism regardless of its origin. In the present study with small number of patients

with hypopituitarism, LV-RBR was present in 13% of cases.

Keywords: three dimensional, echocardiography, hypopituitarism, speckle-tracking, left ventricular, rotational

mechanics

183

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.703146
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.703146&domain=pdf&date_stamp=2021-10-27
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nemes.attila@med.u-szeged.hu
https://doi.org/10.3389/fcvm.2021.703146
https://www.frontiersin.org/articles/10.3389/fcvm.2021.703146/full


Kormányos et al. LV Rotational Mechanics in Hypopituitarism

INTRODUCTION

Hypopituitarism is a rare, often underdiagnosed, complex
hormonal disease caused by the reduced secretion of one
or more hormones in the pituitary gland. The disease can
manifest after birth, called congenital hypopituitarism, or more
often, it can be acquired due to vascular, inflammatory, or
infectious origin or other causes (1, 2). Due to the disease being
hormonal in nature, clinical symptoms may vary heavily based
on the type of hormonal deficiency entailing a wide range of
possible cardiovascular comorbidities (2, 3). The most frequent
causes for vascular mortality in hypopituitarism are stroke,
myocardial infarction, and consequent heart failure (2, 4). Early
identification of changes in left ventricular (LV) mechanics could
help in early identification of patients at risk.

Echocardiography is the main and most affordable tool of
the cardiologists to non-invasively assess the heart. Recent
advancements in echocardiographic imaging made the three-
dimensional (3D) volumetric and strain imaging of the
heart possible; out of the novel tools, 3D speckle-tracking
echocardiography (STE) is especially useful. 3DSTE provides
a possibility for clinicians to assess LV volumes and strains,
and for quantification of LV rotational mechanics at the same
time using the same digitally acquired 3D datasets (5–9). The
present study was designed to assess LV rotational mechanics in
patients with treated hypopituitarism. It was also aimed to find
possible differences in these parameters according to the origin
of hypopituitarism (congenital vs. acquired).

PATIENTS AND METHODS

Patient Population
The present prospective study involved 35 treated patients with
hypopituitarism; however, 4 patients had to be excluded due
to inferior image quality. The mean age of the remaining 31
cases was 56.3 ± 13.2 years (18 males). Hypopituitary patients
were treated and cared for by the Division of Endocrinology
and Diabetes Mellitus, Department of Medicine, University of
Szeged. The control group consisted of 29 age- and sex-matched
healthy volunteers (mean age: 55.3 ± 4.8 years, 14 males).
Subjects were considered healthy in the absence of classic risk
factors, known and/or treated disease, and drug use without
electrocardiographic and echocardiographic abnormalities. The
hypopituitary group was further classified into two subgroups
based on whether hypopituitarism was congenital or acquired.
The hormone levels of all patients were within their sex- and
age-specific reference ranges at the time of the echocardiographic
examinations. None of the enrolled hypopituitary patients had
any previous major cardiovascular event (myocardial infarction
or stroke of any type). In all cases, a complete two-dimensional
(2D) Doppler echocardiography was performed as per the
current clinical standards followed by a complete 3DSTE data
acquisition (10). Detailed 3DSTE analysis was completed later
offline. The study is a part of the Motion Analysis of the
heart and Great vessels bY three-dimensional speckle-tRacking
echocardiography in Pathological cases (MAGYAR-Path) Study,
which was organized at our department to assess 3DSTE-derived

LV rotational mechanics in different disorders among others.
“Magyar” means “Hungarian” in Hungarian language. According
to the regulations of the institutional human research committee
of the University of Szeged, all patients and volunteers gave
informed consent. The present study complied with the ethical
guidelines set by the 1975 Declaration of Helsinki and all its
updated versions.

Two-Dimensional Echocardiography
For the 2D Doppler echocardiography, a Toshiba ArtidaTM

system (Toshiba Medical Systems, Tokyo, Japan) was used
together with an attached PST-30SBP (1–5 MHz) phased-array
transducer. All measurements were based on and strictly followed
the current chamber quantification guidelines (10). Valvular
regurgitation was assessed on a 1–4 subjective visual scale, while
valvular stenosis was excluded with Doppler echocardiography.

Three-Dimensional Speckle-Tracking
Echocardiography
3DSTE was performed with the same aforementioned Toshiba
ArtidaTM imaging equipment (Toshiba Medical Systems, Tokyo,
Japan) attached to a PST-25SX matrix-array transducer. During
image acquisition, a full volume, pyramid-shaped dataset was
obtained from the apical window during six constant RR intervals
and breath holding (5, 8). Offline image analysis was performed
using the vendor-provided 3D Wall Motion Tracking software
version 2.7 (Ultra Extend, Toshiba Medical Systems, Tokyo,
Japan). During measurements, the operator selects suitable apical
four-chamber and two-chamber views and then sets up the cross-
sectional planes at LV base, midventricular segments, and lastly at
the apex. These steps are followed by semi-automatic endocardial
border detection. Based on the input data, the software creates
a virtual 3D cast of the LV following a sequential analysis
(Figure 1). Based on the virtual 3D cast of the LV, the software
is able to calculate regional LV rotational parameters such as
clockwise basal and counterclockwise apical LV rotations, LV
twist (which is the net difference of LV apical and basal rotations),
and time-to-peak LV twist. If basal and apical LV rotations were
similarly directed (clockwise or counterclockwise), LVmoves like
a rigid body without a twisting mechanism, which explains why
this sort of movement is called LV “rigid body rotation” (LV-
RBR). The net difference of LV basal and apical rotations at
peak systole defined by ECG in these cases is called LV apico-
basal gradient.

Statistical Analysis
All statistical data are reported as mean ± standard deviation
format for continuous variables; for categorical variables,
number and percentage format was used. p < 0.05 was
considered to be statistically significant. Fischer’s exact test
was used for all categorical variables. Normal distribution
testing was performed using Shapiro-Wilks test; for assessing
homogeneity of variance, Levene’s test was utilized. Student’s
two-tailed t-test was used in the presence of normal
distribution; in case of non-normal distribution, Mann–
Whitney–Wilcoxon test was performed. Intraobserver and
interobserver variability were assessed by intraclass correlation
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FIGURE 1 | Three-dimensional (3D) speckle-tracking measurement of left ventricular (LV) rotational mechanics from an LV focused view in a patient with

hypopituitarism is presented. Apical four-chamber (A) and two-chamber views (B) and apical (C3), midventricular (C5), and basal (C7) short-axis views are presented

extracted from the acquired 3D volumetric dataset are presented. (C) Shows the software-generated LV cast, while (D) presents LV volumetric parameters. (E)

Section shows the LV rotation curves and corresponding peak values at the apical, midventricular, and basal LV levels (colored lines). Dashed line represents LV

volumetric changes during the cardiac cycle.

coefficient (ICC) determination. Statistical analyses were
performed with an RStudio (11). For offline data analysis
and graph creation, MATLab was used (The MathWorks Inc,
Natick, Massachusetts).

RESULTS

Demographic Data
All hypopituitary patients had combined hormonal deficiencies:
growth hormone (GH) deficiency was present in 29/31
(94%), central hypothyroidism was present in 12/31 (39%),
hypogonadotropic hypogonadism was present in 12/31 (39%),
central adrenal insufficiency was present in 26/31 (84%), and
diabetes insipidus was present in 5/31 (16%) patients.

From standard demographic data, only hypertension proved
to be more frequent in the hypopituitary group; all the other
risk factors showed no significant differences between the groups
(Table 1).

Two-Dimensional Doppler
Echocardiography
LV posterior wall was significantly thicker and LV end-
systolic diameter and body surface area (BSA)-indexed LV end-
systolic diameter were significantly smaller in patients with
hypopituitarism compared to controls; all the other routine 2D
echocardiographic parameters showed no significant differences
(Table 2). None of the healthy subjects or patients showed more
than grade 1 valvular regurgitation or had significant stenosis on
any valves.

Three-Dimensional Speckle-Tracking
Echocardiography
No significant differences could be found in LV volumes between
the controls and patients with hypopituitarism and hypopituitary
subgroups. The near absence of LV twist, so-called LV-RBR,
could be demonstrated in 4/31 (13%) patients with treated
hypopituitarism. Their data were managed separately from the
patients with normally directed LV rotational mechanics (n =
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TABLE 1 | Demographic and clinical data of patients with hypopituitarism

and controls.

Controls

(n = 29)

Hypopituitary

patients

(n = 31)

P-value

Risk factors

Age (years) 55.3 ± 4.8 56.3 ± 13.2 0.7

Male sex (%) 14 (48) 18 (58) 0.6

BMI (kg/m2 ) 28.1 ± 4.4 28.8 ± 4.9 0.6

BSA (m2) 1.9 ± 0.2 1.7 ± 0.7 0.2

Hypertension (%) 0 (0) 16 (52) <0.0001

Hypercholesterolemia (%) 0 (0) 4 (13) 0.1

Diabetes mellitus (%) 0 (0) 2 (6) 0.5

BMI, body mass index; BSA, body surface area.

27). LV-RBR could not be detected in healthy control subjects. In
the remaining patients with hypopituitarism, LV apical rotation
(8.1 ± 5.1◦ vs. 10.6 ± 3.5◦, p = 0.04) and LV twist (11.9 ± 5.3◦

vs. 15.1 ± 3.8◦, p = 0.01) were impaired as compared to the
healthy controls. There were no significant differences regarding
LV apical and basal rotations and twist between acquired and
congenital hypopituitary subgroups. The average frame rate
of the measurements was 28.1 ± 1.3 vps. 3DSTE-derived LV
volumetric, LV rotational, and twist data are presented inTable 3.

To further assess the effects of hypertension on the results,
hypopituitary patients were delineated based on the presence
of hypertension into two subgroups. LV twist was significantly
reduced in hypopituitary patients regardless of the presence
or absence of hypertension as compared to controls. Data are
presented in Table 4.

Patients Showing Left Ventricular Rigid
Body Rotation
In two cases, counterclockwise LV-RBR could be detected with
mean LV basal and apical rotations and LV apico-basal gradient
of 4.7 ± 1.1◦, 7.3 ± 2.8◦, and 2.6 ± 1.6◦, respectively [mean
age: 60.0 ± 18.4 years, 1/2 (50%) males, 1/2 (50%) acquired
hypopituitarism, 1/2 (50%) hypertension, no diabetes mellitus
or hyperlipidemia]. In two other cases LV-RBR proved to be
clockwise-oriented with mean LV basal and apical rotations and
LV apico-basal gradient of −3.2 ± 3.4◦, −1.7 ± 0.7◦, and 1.4
± 4.1◦, respectively [mean age: 67.5 ± 3.5, 1/2 (50%) males, all
acquired hypopituitarism, 1/2 (50%) hypertension, no diabetes
mellitus or hyperlipidemia].

Intraobserver and Interobserver Variability
Analysis
Intraobserver ICCs were 0.85, 0.82, and 0.84 for basal and
apical LV rotations and LV twist, respectively. Interobserver
ICCs proved to be 0.84, 0.80, and 0.81 for the same
parameters, respectively.

TABLE 2 | Two-dimensional echocardiographic data of hypopituitary patients and

controls.

Controls

(n = 29)

Hypopituitary

patients

(n = 31)

P-value

Two-dimensional echocardiography

LA diameter in PLA (mm) 39.4 ± 3.6 38.8 ± 5.0 0.7

BSA-indexed LA diameter

(mm/m2 )

20.5 ± 2.4 17.2 ± 7.6 0.09

LV end-diastolic diameter

(mm)

48.4 ± 2.8 48.8 ± 3.1 0.5

BSA-indexed LV

end-diastolic diameter

(mm/m2 )

25.3 ± 2.7 21.6 ± 9.6 0.1

LV end-diastolic volume (ml) 110.5 ± 18.6 114.6 ± 22.8 0.4

BSA-indexed LV

end-diastolic volume

(ml/m2 )

59.1 ± 7.6 48.6 ± 25.7 0.1

LV end-systolic diameter

(mm)

32.0 ± 2.5 30.1 ± 2.9 0.01

BSA-indexed LV

end-systolic diameter

(mm/m2 )

16.7 ± 2.4 13.3 ± 6.0 0.03

LV end-systolic volume (ml) 39.3 ± 7.5 38.4 ± 11.5 0.7

BSA-indexed LV

end-systolic volume (ml/m2 )

20.6 ± 3.4 16.1 ± 9.3 0.06

Interventricular septum (mm) 9.5 ± 1.3 10.0 ± 1.0 0.06

LV posterior wall (mm) 9.5 ± 1.6 10.0 ± 0.9 0.03

E (cm/s) 67.0 ± 17.0 73.9 ± 18.1 0.1

A (cm/s) 71.6 ± 17.9 73.9 ± 16.9 0.6

E/A 0.97 ± 0.25 1.06 ± 0.38 0.6

LV ejection fraction (%) 64.3 ± 3.6 65.9 ± 5.6 0.6

LA, left atrium; PLA, parasternal long-axis view; BSA, body surface area; LV, left ventricle;

E, early transmitral flow velocity; A, late transmitral flow velocity.

DISCUSSION

The main findings of the present study are that LV apical
rotation and twist are impaired in patients with hypopituitarism
regardless of the disease being acquired or congenital in
nature. LV-RBR is also present in the study population (13%).
Hypopituitarism is defined as a deficiency of one or more of
the hormones secreted by the pituitary gland. The pituitary
hormones play a vital role in regulating endocrine function
within the body. Hypopituitarism is acquired in most of the
cases; however, due to different genetic discrepancies, the
disease can manifest in a congenital form as well (1–3).
Either congenital or acquired, hypopituitarism is associated
with increased morbidity and mortality due to respiratory and
cardiovascular diseases; therefore, early diagnosis is important
to prevent adverse outcomes. Stroke, myocardial infarction, and
consequent heart failure are the most prominent causes for
increased cardiovascular mortality in hypopituitarism (2, 4).
Early detection of changes in LV volumetric and functional
abnormalities could help in selecting patients with increased
risk. In recent studies, diagnostic and prognostic impact of LV
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TABLE 3 | Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular volumetric and rotational parameters between those of patients

with hypopituitarism and controls.

Controls

(n = 29)

Hypopituitary

patients without LV-RBR

(n = 27)

Congenital hypopituitary

patients without LV-RBR

(n = 14)

Acquired hypopituitary

patients without LV-RBR

(n = 13)

LV volumetric parameters

EDV (ml) 82.4 ± 20.5 79.5 ± 29.7 79.1 ± 28.2 80.0 ± 31.9

ESV (ml) 35.6 ± 11.1 34.9 ± 18.1 33.7 ± 15.5 36.0 ± 20.6

EF (%) 57.1 ± 6.8 57.9 ± 8.5 58.3 ± 7.1 57.5 ± 9.8

LV rotational parameters

Basal rotation (degrees) −4.5 ± 2.5 −3.8 ± 2.0 −4.3 ± 2.1 −3.2 ± 1.8

Apical rotation (degrees) 10.6 ± 3.5 8.1 ± 5.1* 7.7 ± 4.6 8.5 ± 4.9

Twist (degrees) 15.1 ± 3.8 11.9 ± 5.3* 12.0 ± 5.1 11.8 ± 5.7

Time to peak twist (ms) 323 ± 51 346 ± 114 324 ± 79 369 ± 142

EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; LV-RBR, left ventricular “rigid body rotation.”
*p < 0.05 vs. controls.

TABLE 4 | Comparison of three-dimensional speckle-tracking

echocardiography-derived left ventricular rotational parameters between those of

hypopituitary patients with hypertension or without hypertension and controls.

Controls

(n = 29)

Hypopituitary

patients without

LV-RBR

without hypertension

(n = 12)

Hypopituitary

patients without

LV-RBR

with hypertension

(n = 15)

LV rotational parameters

Basal rotation

(degrees)

−4.5 ± 2.5 −4.3 ± 2.1 −3.3 ± 1.9

Apical rotation

(degrees)

10.6 ± 3.5 7.6 ± 4.3* 8.5 ± 5.7

Twist

(degrees)

15.1 ± 3.8 11.9 ± 4.8* 11.9 ± 5.9*

Time-to-peak twist

(ms)

323 ± 51 400 ± 120* 303 ± 90

LV-RBR, left ventricular “rigid body rotation.”

*p < 0.05 vs. controls.

deformation have been demonstrated in several disorders (12–
22). LV has a special 3D movement respecting the cardiac cycle
as well due to its special helical 3D structure. LV base and apex
rotate in opposite clockwise and counterclockwise directions
during the heart cycle resulting in a towel-wringing like motion
called LV twist, which is the net difference between rotation of the
LV base and apex (9, 23). Its prognostic role is not confirmed but
seems to have a role in fine organization of LV function (5, 9, 24).
The novel 3DSTE seems to be capable of simultaneously assessing
LV volumes, deformation, and rotational mechanics. Factors
affecting the endocardium are associated with LV hyperrotation;
if the epicardium is affected, LV hyporotation could be detected.
Normal reference values of LV rotational parameters are available
as well (5, 8, 25–28).

Studies assessing LV deformation and rotational abnormalities
are severely lacking in hypopituitarism. Mihaila et al. presented
decreased 2DSTE-derived longitudinal (LS) and circumferential
strains in the presence of GH deficiency, which was accompanied

with impaired LV basal rotation and twist (29). In contrast,
increased 3DSTE-derived LS and area strain could be detected
in our group of patients with treated hypopituitarism in a
recent study, in which most cases had GH deficiency (19).
In the present study, reduced LV twist was associated with
impaired LV apical rotation and preserved LV basal rotation
in patients with normally directed LV rotational mechanics,
in which abnormalities were present regardless of the type of
hypopituitarism (congenital vs. acquired). To investigate the
effect of hypertension on the results, hypopituitary patients were
analyzed based on the presence of hypertension. Results also
showed reduced LV twist regardless of hypertension. Moreover,
13% of patients showed LV-RBR. The prevalence of LV-RBR
have been demonstrated to be high in several disorders like non-
compaction cardiomyopathy (50–100%), cardiac amyloidosis
(60%), or acromegaly (20%) but were found to be 6% in a
normal healthy group of subjects as well (5, 12, 16–18). The
other important difference between the study of Mihaila et al.
and ours is the method used. According to the guidelines, 2DSTE
is not suggested to be used for LV rotational mechanics; 3DSTE
seems to be an emerging method due to its nature of seeing and
assessing the heart and LV as a 3D organ (5–8).

Although patients were effectively treated with hormone
replacement therapy and were in sex- and age-specific reference
ranges, their earlier absence or reduced presence could have
effects on the presented abnormalities. It can be hypothesized
that these changes might partly be the result of GH deficiency as
this is directly linked to the amount of cardiac muscle mass (29).
Similar abnormalities in acromegaly with higher presence of LV-
RBR could be demonstrated in a recent study (16). However, the
effects of other hormones could not be excluded either.Moreover,
LV hyperfunction of the longitudinal contractility represented by
increased LS could be explained by LV rotational abnormalities
demonstrated in this study, as a compensatory effect. However,
further studies are warranted in this field.

Limitation Section
The following important limitations have arisen during
the assessments:
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- Most patients with hypopituitarism had hypertension which
could affect the results. However, hypertension is associated
with LV hyperrotation (30), which further strengthens
our findings.

- Only a limited number of patients with hypopituitarism were
assessed. However, hypopituitarism is a rare disease and most
patients alive and treated in our tertiary endocrine center have
been involved in the present study.

- In the present study, we set out to assess 3DSTE-derived LV
apical and basal rotations and twist, although themethodology
would enable LV strain measurements as well.

- 3DSTE is known to have lower spatial and temporal resolution
compared to 2D echocardiography, which might affect image
quality and measurements.

- Due to the validated nature of 3DSTE-derived assessment of
LV rotational mechanics, it was not aimed to be performed in
this study.

CONCLUSIONS

Impaired LV apical rotation and twist could be demonstrated
in hypopituitarism regardless of its origin. In the present study
with small number of patients with hypopituitarism LV-RBR was
present in 13% of cases.
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Aim: Mechanical dyssynchrony (MD) is associated with heart failure (HF) and may be

prognostically important in cardiac resynchronization therapy (CRT). Yet, little is known

about its patterns in healthy or diseased hearts. We here investigate and compare systolic

and diastolic MD in both right (RV) and left ventricles (LV) of canine, primate and healthy

and failing human hearts.

Methods and Results: RV and LV mechanical function were examined by pulse-

wave Doppler in 15 beagle dogs, 59 rhesus monkeys, 100 healthy human subjects

and 39 heart failure (HF) patients. This measured RV and LV pre-ejection periods

(RVPEP and LVPEP) and diastolic opening times (Q-TVE and Q-MVE). The occurrence

of right (RVMDs) and left ventricular systolic mechanical delay (LVMDs) was assessed by

comparing RVPEP and LVPEP values. That of right (RVMDd) and left ventricular diastolic

mechanical delay (LVMDd) was assessed from the corresponding diastolic opening times

(Q-TVE andQ-MVE). These situations were quantified by values of interventricular systolic

(IVMDs) and diastolic mechanical delays (IVMDd), represented as positive if the relevant

RV mechanical events preceded those in the LV. Healthy hearts in all species examined

showed greater LV than RV delay times and therefore positive IVMDs and IVMDd.

In contrast a greater proportion of the HF patients showed both markedly increased

IVMDs and negative IVMDd, with diastolic mechanical asynchrony negatively correlated

with LVEF.

Conclusion: The present IVMDs and IVMDd findings have potential clinical implications

particularly for personalized setting of parameter values in CRT in individual patients to

achieve effective treatment of HF.

Keywords: mechanical synchrony, interventricular mechanical delays (IVMD), systolic interventricular mechanical

delays (IVMDs), diastolic interventricular mechanical delays (IVMDd), pulsed-wave Doppler echocardiography
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INTRODUCTION

Heart failure (HF), a condition associated with high mortality
and morbidity, constitutes a major and growing worldwide
public health problem (1–4), resulting in a requirement for
the development of effective management. To this end, cardiac
resynchronization therapy (CRT) implantation has proved useful
as a therapeutic strategy for managing HF (5, 6). However, 30%
of such treated patients fail to show beneficial outcomes (7)
or even show further deterioration in cardiac mechanics and
function with CRT implantation (8–10). CRT likely addresses
the association of HF with mechanical dyssynchrony (MD) or
disparities in wall contraction timing (8). This may therefore
reflect the importance of variations in the contributory factors
for HF in individual patients. These include delayed electrical
conduction or electromechanical coupling, or altered regional
myocardial properties following ischemic damage or myocardial
infarction (8). Previous experimental reports had positively
correlated durations of canine ventricular depolarization and
repolarization intervals with wall thickness and cardiac size.
The latter potentially alter in HF (11) causing both pro-
arrhythmic effects (12, 13) and mechanical dyssynchrony.
However, contributions of electromechanical coupling are less
well understood.

Nevertheless, left ventricular mechanical delays (LVMDs),
assessed using ultrasound methods (14) are useful
prognosticators in both ischemic (15) and nonischemic
dilated cardiomyopathy (16), acute myocardial infarction (17)
and coronary artery disease (18). They may also be of prognostic
importance following CRT implantation (7).

However, to this end, little is known about patterns of either
normal or abnormal ventricular mechanical synchronization.
This applies to both the right or left ventricle, whether to
systolic or diastolic function, or to disparities between them,
between different species of large mammals, or between healthy
and diseased human hearts. Previous studies using M-mode,
pulse-wave Doppler and tissue Doppler imaging have been
confined to human studies of systolic as opposed to diastolic,
and left ventricular asynchrony in HF patients (19–23). In
particular, few studies to date have explored their diastolic
ventricular asynchrony.

The present study therefore extends these previous studies
in the following respects for the first time. We examine
diastolic in addition to systolic ventricular synchrony. We also

Abbreviations: BSA, body surface area; BW, body weight; CRT, cardiac

resynchronization therapy; DBP, diastolic blood pressure; FAC, fractional area

change; HF, heart failure; HR, heart rate; IVMD, inter-ventricular mechanical

delay; IVMDd, diastolic interventricular mechanical delay; IVMDs, systolic

interventricular mechanical delay; LV, left ventricle; LVEDV, left ventricular end-

diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular

end-systolic volume; LVMDd, left ventricular mechanical delay in diastole;

LVMDs, left ventricular mechanical delay in systole; LVPEP, left ventricular pre-

ejection period; Q-MVe, the time interval from the onset of theQRS complex to the

onset of early diastolic E wave of themitral valve; Q-TVe, the time interval from the

onset of QRS complex to the onset of early diastolic E wave of tricuspid valve; RV,

right ventricle; RVMDd, right ventricular mechanical delay in diastole; RVMDs,

right ventricular mechanical delay in systole; RVPEP, right ventricular pre-ejection

period; SBP, systolic blood pressure.

provide simultaneous readouts from the right in addition to
the left ventricle. Such measures are surveyed and compared in
exemplars of large mammalian canine and nonhuman primate
species, of potential value in future experimental studies, in
addition to human hearts. Finally the analyses are extended
to HF patients. We thus characterize and compare left and
right ventricular, systolic and diastolic mechanical sequences in
canine, primate, and normal and failing human hearts for the
first time.

We accordingly applied clinically accepted diagnostic
electrocardiographic and echocardiographic methods to obtain
and compare: (a) As systolic indicators: right and left ventricular
pre-ejection periods (RVPEP and LVPEP) and (b) As diastolic
indicators: mitral and tricuspid diastolic opening times (Q-MVE
and Q-TVE). Corresponding values from these measurements
were also compared between the right and left ventricles,
between normal hearts in the species examined and in failing
human hearts. This additionally provided incidences of the
situations where there were relative right or left ventricular
delays as well as the resulting interventricular, systolic or
diastolic delays.

We have demonstrated for the first time that (a) normal
animal and human hearts show greater left than right delay
times and therefore positive systolic (IVMDs) and diastolic
IVMD delays (IVMDd). (b) In contrast, a greater proportion of
individual HF patients show reversals in both these IVMDs and
IVMDd trends.

Our demonstration of such left/right mechanical differences
and variations in patterns of both systolic and diastolic function
between individual hearts thus have potential implications for
clinical therapeutic techniques based on correcting mechanical
activation times such as cardiac resynchronization therapy.
Thus, the findings suggest that systolic and diastolic ventricular
mechanical sequence assessment by echocardiography
should be performed before and after CRT, in individual
patients as a guide for the optimization of pacing indices.
Furthermore, effectiveness of the therapeutic response may
be optimized with the aid of determinations of ventricular
mechanical sequence in individual patients and monitored by
echocardiographic examinations.

METHODS

Study Populations
The experimental studies were performed on fifty-nine
rhesus monkeys (age 15.5 ± 3.1 years) and fifteen beagle
dogs (age 2 years). The animals were anesthetized (14
mg/kg ketamine for monkeys; 1–2% isoflurane for dogs)
for echocardiography. All procedures were approved by
the Animal Care and Use Committee of Peking University
(2011-0010) and complied with the principles of laboratory
animal care of the National Academy of Sciences/National
Research Council of the People’s Republic of China. The clinical
studies were performed on 100 healthy subjects (range: 19–56
years; mean age: 29.7 ± 7.18 years, 50 males, 50 females)
and 39 patients with systolic heart failure (age range 31–80
years; mean age: 57.1 ± 17.2 years, 30 males). All human
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subjects provided clinical histories and underwent physical,
electrocardiogram and transthoracic echocardiographic
examination. This study was approved by the local Ethics
Committee and the informed consents were obtained from
all subjects.

The inclusion criteria for normal subjects included:

(1) normal electrocardiogram; (2) normal values in all

echocardiographic measurements; left ventricular ejection

fraction (LVEF) ≥ 55%, Peak velocity of mitral valve measured

by Pulse wave Doppler / Peak velocity of mitral annulus

measured by tissue Doppler in early diastolic of left ventricle

(E/e’) < 15 for the septum and E/e’ < 13 for the lateral

wall; (3) absence of any history of cardiovascular disease
including hypertension, coronary, myocardial, diabetic and
thyroid disease; (4) close to ideal echocardiographic image
quality. The inclusion criteria for the HF patients were:
(1) clinical diagnosis of heart failure with New York Heart
Association (NYHA) Functional Classification grades II∼IV;
(2) LVEF derived using Bi-plane Simpson’s rule ≤45%; (3)
electrocardiographic sinus rhythm with QRS complex < 120ms

in duration with no evidence of conduction abnormality; (4) no
echocardiographic evidence for valvular disease; (5) no history
of thoracotomy operations; (6) close to ideal echocardiographic
image quality.

Echocardiographic Measurements
Transthoracic echocardiographic examinations were performed
in all subjects (GE Vivid 7 for animal studies, Vivid E9, GE
Vingmed, Horten, Norway; ALOKA Prosound F75, Tokyo,
Japan, for human studies with a 3–6 MHz phased array
transducer). Standard two-dimensional echocardiography with
Doppler examination was performed according to American
Society of Echocardiography guidelines (24). All acquired images
were stored for three consecutive cardiac cycles. The spectrum
of Pulse wave Doppler for the left ventricular outflow tract
(LVOT) was obtained from the apical five-chamber views,
and that for the right ventricular outflow tract (RVOT) was
obtained from the pulmonary long-axis views using pulsed-wave
Doppler echocardiography. Left ventricular pre-ejection period
(LVPEP) was measured as the interval from the beginning of the

FIGURE 1 | Four mechanical delay patterns. LVMDs, left ventricular mechanical delay in systole; RVMDs, right ventricular mechanical delay in systole; LVMDd, left

ventricular mechanical delay in diastole; RVMDd, right ventricular mechanical delay in diastole; IVMDs, systolic interventricular mechanical delay; IVMDd, diastolic

interventricular mechanical delay; LVPEP, left ventricular pre-ejection period; RVPEP, right ventricular pre-ejection period; Q-MVe, the time interval from the onset of QRS

complex to the onset of the early diastolic E wave of the mitral valve; Q-TVe, the time interval from the onset of QRS complex to the onset of the early diastolic E wave

of the tricuspid valve.
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FIGURE 2 | Mechanical sequences in the LV and RV in a normal healthy subject. In diastole (A,B), RV filling occurred 55ms prior to LV filling giving a LVMDd pattern.

For systolic ejection (C,D), LV ejection preceded RV ejection by 35ms in RVMDs pattern. Abbreviations as in legend to Figure 1.

FIGURE 3 | Mechanical sequences between LV and RV in a patient with HF. In diastole (A,B), LV filling occurred 138ms prior to RV filling giving a RVMDd pattern.

This was in marked contrast to most healthy subjects. For systolic ejection (C,D), RV ejection preceded LV ejection by 12ms in a LVMDs pattern. Abbreviations as in

legend to Figure 1.
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QRS complex to the onset of aortic valve opening. The right
ventricular pre-ejection period (RVPEP) was measured as the
interval from the beginning of the QRS complex to the onset
of pulmonary valve opening. Transmitral and transtricuspid

TABLE 1 | Baseline characteristic of the study subjects.

Animals

Primates (n = 59) Canines (n = 15) p Value

Age (year) 15.5 ± 3.09 2.1 ± 0.03 <0.001

BW (kg) 13.8 ± 4.03 13.36 ± 3.93 0.325

Male (%) 100 100 1.000

Heart rate (bpm) 129.0 ± 26.1 114.2 ± 43.3 0.018

SBP (mmHg) 149.0 ± 24.0 65.3 ± 17.9 <0.001

DBP (mmHg) 80.4 ± 15.9 48.4 ± 16.6 <0.001

LVEF (%) 70.1 ± 5.7 59.8 ± 9.3 <0.001

Humans subject

Normal (n = 100) HF (n = 39) p Value

Age (year) 29.7 ± 7.2 57.1 ± 17.2 <0.001

Male (%) 50.0 76.9 <0.001

Heart rate (bpm) 67.1 ± 8.4 77.2 ± 16.4 0.056

BSA (m2) 1.7 ± 0.2 1.8 ± 0.2 0.568

LVEF (%) 64.8 ± 4.8 33.8 ± 7.2 <0.001

LVEDV (ml) 101.5 ± 24.2 204.0 ± 86.9 <0.001

LVESV (ml) 35.8 ± 10.3 146.4 ± 59.1 <0.001

E/e’ (sep) 6.7 ± 1.1 21.1 ± 26.9 <0.001

E/e’ (lat) 4.8 ± 0.9 12.4 ± 7.1 <0.001

RV-S’ (m/s) 0.15 ± 0.02 0.12 ± 0.03 0.329

QRS duration (ms) 92.6 ± 9.1 105.6 ± 13.5 0.102

PR (ms) 146.0 ± 11.5 150.0 ± 40.0 0.168

QTc (ms) 415.0 ± 18.5 499.6 ± 24.2 <0.001

Data are represented as mean ± SD.

HF, heart failure; BSA, body surface area; BW, body weight; DBP, diastolic blood pressure;

FAC, fractional area change; LVEF, left ventricular ejection fraction; LVEDV, left ventricular

end-diastolic volume; LVESV, left ventricular end-systolic volume; RV, right ventricle; SBP,

systolic blood pressure.

TABLE 2 | Species comparison of ventricular mechanical delays in healthy hearts.

Canines Primates Humans p value

(n = 15) (n = 59) (n = 100)

LVPEP (ms) 58.3 ± 18.8 43.6 ± 8.8 46.8 ± 12.4 <0.001

RVPEP (ms) 47.7 ± 13.6 42.0 ± 8.8 40.3 ± 11.1 0.041

Q-MVe (ms) 297.9 ± 31.1 282.7 ± 33.8 396.8 ± 33.0 <0.001

Q-TVe (ms) 258.0 ± 35.3 253.8 ± 35.3 379.1 ± 33.1 <0.001

IVMDs (ms) 7.4 ± 12.8 1.6 ± 6.5 6.5 ± 1.3 <0.001

IVMDd (ms) 38.6 ± 26.7 28.9 ± 13.6 17.7 ± 0.1 <0.001

Data are represented as mean ± SD.

LVPEP, left ventricular pre-ejection period; RVPEP, right ventricular pre-ejection period;

Q-MVe, time interval from the onset of QRS complex to the onset of early diastolic E

wave of mitral valve; Q-TVe, time interval from the onset of QRS complex to the onset of

early diastolic E wave of tricuspid valve; IVMDs, systolic interventricular mechanical delay;

IVMDd, diastolic interventricular mechanical delay.

inflow Doppler wave patterns were respectively recorded in
apical five-chamber views. The diastolic opening time of the
left and right ventricles was measured as the interval between
the onset of the QRS complex and the beginning of the E
wave for the mitral valve (Q-MVE) and for the tricuspid
valve (Q-TVE) respectively. Four mechanical delay patterns
are shown in Figure 1. The occurrence of a left ventricular
mechanical delay in systole (LVMDs) was identified when
RVPEP < LVPEP. Conversely, the existence of a right ventricular
mechanical delay in systole (RVMDs) was identified when RVPEP

> LVPEP (Figure 2). Similarly, the existence of a left ventricular
mechanical delay in diastole (LVMDd) was identified when
Q-MVe > Q-TVe, and the existence of a right ventricular
mechanical delay in diastole (RVMDd) was identified when Q-
MVe<Q-TVe (Figure 3). The interventricular mechanical delay
(IVMD) was defined as the interval between the LV and RV
mechanical delays. IVMDwas defined as positive if RV activation
preceded the LV activation and negative if LV activation preceded
RV activation.

Statistical Analysis
Continuous variables were expressed as mean ± SD and
compared between two groups by t test for independent samples.
When not normally distributed, continuous data was expressed
as median (± the interquartile range, IQR) and compared
between two groups by the non-parametric Mann-Whitney
test. Categorical variables were expressed as percentages and
compared between two groups by χ

2 testing. Linear regression
was performed to compare values of IVMDs, IVMDd and LVEF
in the HF patients. Binary logistic regression analyses were
performed to determine the influencing factors on the ventricular
mechanical sequence. All tests were two-tailed and p-values were
assessed with a significance level of 0.05. All statistical analyses
were performed using SPSS version 21.0 (IBM Corporation,
Armonk, NY, USA).

RESULTS

Baseline Characteristics
Table 1 lists overall baseline characteristics for all the study
subjects. All animals were males with normal echocardiographic

TABLE 3 | Ventricular mechanical delays compared in normal and failing human

hearts.

Normal HF p value

(n = 100) (n = 39)

LVPEP (ms) 46.8 ± 12.4 92.3 ± 29.9 <0.001

RVPEP (ms) 40.3 ± 11.1 75.8 ± 25.4 <0.001

Q-MVe (ms) 396.8 ± 33.0 421.2 ± 54.6 <0.001

Q-TVE (ms) 379.1 ± 33.1 430.3 ± 54 <0.001

IVMDs (ms) 6.5 ± 1.3 16.5 ± 20.6 <0.001

IVMDd (ms) 17.7 ± 0.1 −9.1 ± 54.1 <0.001

HF, heart failure.

Other abbreviations as in legend to Table 2.
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TABLE 4 | Comparative analysis of the ventricular mechanical sequence in healthy hearts.

Canines Primates Humans P value

(n = 15) (n = 59) (n = 100)

Systolic mechanical sequence [% (95% CI)]

RVMDs 23.1 (0–46) 42.4 (30–55) 25.0 (17–33) 0.003

LVMDs 76.9 (54–100) 55.9 (43–69) 74.0 (65–83) 0.365

LV-RV synchrony - 1.7 (0–5) 1.0 (0–3) 0.638

Diastolic mechanical sequence [% (95% CI)]

RVMDd 6.7 (0–19) 1.7 (0–5) 19.0 (11–27) 0.103

LVMDd 93.3 (81–100) 98.3 (95–100) 81.0 (73–89) 0.368

LV-RV synchrony - - -

CI, confidence intervals; LV, left ventricle; RV, right ventricle; LVMDs, left ventricular mechanical delay in systole; LVMDd, left ventricular mechanical delay in diastole; RVMDs, right

ventricular mechanical delay in systole; RVMDd, right ventricular mechanical delay in diastole.

TABLE 5 | Analysis of the ventricular mechanical sequence- normal humans vs

HF patients.

Normal HF P value

(n = 100) (n = 39)

Systolic mechanical sequence [% (95%CI)]

RVMDs 25.0 (17–33) 15.4 (4–27) 0.168

LVMDs 74.0 (65–83)84.6 (73–96) 0.365

LV-RV synchrony 1.0 (0–3) -

Diastolic mechanical sequence [% (95%CI)]

RVMDd 19.0 (11–27) 59.0(44–74) <0.001

LVMDd 81.0 (73−89)41.0(26–56) <0.001

LV-RV synchrony - -

HF, heart failure.

Other abbreviations as in legend to Table 4.

ejection fractions. One hundred healthy subjects (Age: 19–56
years; mean age: 29.7 ± 7.18 (SD) y, 50 males) and 39 patients
with HF (Age: 31–80 years; mean: 57.1 ± 17.2 (SD) years, 30
males) were studied. The healthy subjects were much younger
than the patients owing to the strict study inclusion criteria.

Ventricular Mechanical Delays
Tables 2, 3 summarize the Doppler echocardiographic
measurements of the mechanical delays in left and right
ventricular contraction and relaxation. The healthy canine,
monkey and human hearts showed differing ventricular
mechanical delays (Table 2). Nevertheless, the ventricular
diastolic delay time (Q-MVE, Q-TVE) was greater than the
systolic delay time (LVPEP, RVPEP), giving greater diastolic
than systolic interventricular mechanical delays (IVMD). The
human studies went on to demonstrate that HF patients showed
greater RV and LV mechanical delays than normal subjects in
systole and diastole. Furthermore, patients with HF showed
significantly reduced or even negative IVMDd, suggesting a
proportionally greater increase in RVMDd compared to normal
subjects (Table 3).

FIGURE 4 | Ventricular mechanical sequences in (A) systole and (B) diastole.

LVMDs, left ventricular mechanical delay in systole; LVMDd, left ventricular

mechanical delay in diastole; RVMDs, right ventricular mechanical delay in

systole; RVMDd, right ventricular mechanical delay in diastole. **denotes

results satisfying the significance criterion p < 0.01.

Ventricular Mechanical Sequences
To compare differences inmechanical sequence patterns between
LV and RV, echocardiographic parameters related to systole
or diastole were assessed in each individual experimental or
human subject. The percentage occurrences of LVMDs, RVMDs,
LVMDd and RVMDd were then determined (Tables 4, 5). The
percentage occurrences of LVMDs in normal canine, primate
and human hearts was 76.9% (95%CI, 0.54–1.0), 55.9% (95%CI,
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FIGURE 5 | Correlation between IVMD and LVEF in patients with heart failure. No significant correlation between (A) IVMDs and LVEF (r = 0.06, p = 0.712), but a

positive correlation between (B) IVMDd and LVEF (r = 0.54, p < 0.001). Significant differences in LVEF between HF patients with different ventricular mechanical

sequences (C,D). LVMDs, left ventricular mechanical delay in systole; LVMDd, left ventricular mechanical delay in diastole; RVMDs, right ventricular mechanical delay

in systole; RVMDd, right ventricular mechanical delay in diastole; IVMD, interventricular mechanical delay; IVMDs, systolic interventricular mechanical delay; IVMDd,

diastolic interventricular mechanical delay; LVEF, left ventricular ejection fraction. **denotes results satisfying the significance criterion p < 0.01.

0.43–0.69), and 74.0% (95%CI, 0.65–0.83) respectively. That
for patients with HF was 84.6%, (95%CI, 0.73–0.96). The
corresponding percentage occurrences of LVMDd was 93.3%
(95%CI, 0.81–1.0), 98.3% (95%CI, 0.95–1.0) and 81.0% (95%CI,
0.73–0.89). In contrast, that for patients with HF was only 41.1%
(95%CI, 0.26–0.56). Figures 3A,B summarizes the occurrences
for LVMDs and RVMDs, and LVMDd and RVMDd respectively,
illustrating the highly consistent tendency for a later RV filling
in the patients with HF. Finally, binary logistic regression
analyses did show associations with variations in the ventricular
mechanical sequence like age, sex, BSA, and heart rate (p > 0.05)
(Supplementary Materials).

Correlations Between IVMDs and IVMDd
and LVEF in HF Patients
Linear regression was performed to compare IVMDs/IVMDd
and LVEF in the patients with HF (Figure 5). This demonstrated
no significant correlation between IVMDs and LVEF (r = 0.06,
p= 0.712), but a positive correlation between IVMDd and LVEF
(r = 0.54, p < 0.001). The greater the negative value of IVMDd
(RVMDd pattern), the lower the LVEF. Furthermore, HF showed
differing occurrences in their patterns of particular systolic and
diastolic characteristics. A greater proportion of HF patients
showed associations between LVEF and RVMDs, than between

LVEF and LVMDs (43.2 ± 1.21 vs. 34.1 ± 1.32%, p = 0.006). In
contrast, HF patients showed less marked associations between
LVEF and RVMDd than between LVEF and LVMDd (31.0± 1.27
vs. 42.0± 1.15%, p < 0.001).

DISCUSSION

We performed comparative echocardiographic analyses of
ventricular mechanical activation sequences bearing on the
synchrony of left and right ventricular systole and diastole in
experimental animals, normal human subjects and HF patients.
We report a predominance of left ventricular mechanical delay in
systole (LVMDs) (76.9, 55.9, and 74.0% respectively) and highly
consistent diastolic filling patterns (LVMDd) (93.3, 98.3, and
81.0% respectively) on the basis of paired comparisons of LV
and RV parameters in each subject, in normal canine, primate
and human hearts. Previous reports (21, 22) had not detected
deviations from synchronous or slightly earlier LV relative
to RV mechanical activation on the basis of their unpaired
comparisons of mean LV and RV ejection time through entire
experimental groups. The later LV repolarization times observed
here may reflect the thicker LV walls resulting in prolonged
LV repolarization times. Previous animal studies have positively
correlated such repolarization times with wall thickness (25, 26).
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Our present observation of significantly reduced LVMDd to
41.1% in HF patients, could then reflect changes in LV wall
anatomy and electrical conduction. This would be consistent with
our findings that the negative value of IVMDd was positively
associated with the reduction in LVEF (Figure 5). IVMDd may
thus have potential prognostic significance in HF.

The present echocardiographic ventricular mechanical
sequence findings have potential implications for therapeutic
cardiac resynchronization therapy (CRT), with applicability
to assessment and optimization of CRT. First, current bi-
ventricular pacing in CRT typically sets the LV pacing time
to be simultaneous with or slightly later than that of the RV.
However, we here report differing ventricular mechanical
sequences between individuals which could then confound the
effectiveness of CRT. Furthermore, HF patients showed altered
RV and LV mechanical sequences with potential implications for
CRT optimization. Such differences in RV and LV systolic and
diastolic sequences may require transthoracic echocardiographic
determination for optimization and monitoring of CRT.

Secondly, prolonged QRS duration is currently used to
measure ventricular mechanical dyssynchrony as an indication
for CRT in HF. However, electrical dyssynchrony may not
exactly parallel mechanical dyssynchrony. Thus, Yu et al. (27)
reported that LV systolic and diastolic mechanical asynchrony
are common in HF patients with normal QRS durations.
Significant systolic asynchrony was thus observed in >40%
of patients with narrow QRS complexes. Conversely, ∼36%
of HF patients with wide QRS complexes (>120ms) did not
have obvious intraventricular asynchrony. Furthermore, there
was no correlation between the degree of LV asynchrony
and QRS duration. Gabe B et al. reported a similar result
(28). Furthermore, baseline QRS duration was not a good
predictor for a better response to CRT in HF patients. Neither
baseline nor shortening of QRS duration were good predictors
for hemodynamic, clinical or echocardiographic improvement.
However, the baseline severity of ventricular dyssynchrony
assessed by echocardiography proved of predictive value (29, 30).

Thirdly, assessment of interventricular dyssynchrony may
be critical for optimizing interventricular delays (V-V delays)
in CRT. Their optimal timing improves ventricular filling
capacity and stroke volume, reducing mitral regurgitation and
reversing LV remodeling with subsequent reductions in short-
term morbidity and mortality. Admittedly, there is evidence
for intraventricular but not interventricular synchrony as an
independent prognostic indicator in CRT patients. However,
previous work had assessed IVMDs as a predictor without
considering the interventricular mechanical sequence with V-V
delays, setting LV timing simultaneously with or slightly earlier
than RV. This contrasts with the LVMDs patterns we report here.

Limitations
The pressure difference between left and right ventricles may be
one of the factors affecting the mechanical asynchrony between
ventricles, but obtaining intraventricular pressure may need
invasive examination. For healthy volunteers and some patients
with hemodynamic instability, it is difficult to obtain such
invasive intraventricular pressure measurement data.

In addition, left ventricular systolic pressure and end diastolic
pressure could also affect left and right ventricular synchrony.
Finally, the consequent effects of parameters such as blood
pressure and E/e ’may merit further research.

CONCLUSION

By using Pulse-wave Doppler echocardiographic approaches,
we have explored and characterized the cardiac mechanical
sequence in LV and RV and their relationships in three large
species. Significant variations in LV and RV systolic and diastolic
mechanical sequences are demonstrated between healthy subjects
and HF patients. Systolic and diastolic ventricular mechanical
sequence assessment by echocardiography should be done before
and after CRT, as a guide for the optimization of pacing indices.
To gain a highly effective therapeutic response, ventricular
mechanical sequence should be considered for individual
patients and recorded in routine echocardiographic examination.
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Aims: Cardiac strain parameters are increasingly measured to overcome shortcomings

of ejection fraction. For broad clinical use, this study provides reference values for the

two strain assessment methods feature tracking (FT) and fast strain-encoded (fSENC)

cardiovascular magnetic resonance (CMR) imaging, including the child/adolescent group

and systematically evaluates the influence of temporal resolution and muscle mass

on strain.

Methods and Results: Global longitudinal (GLS), circumferential (GCS), and radial

(GRS) strain values in 181 participants (54% women, 11–70 years) without cardiac

illness were assessed with FT (CVI42® software). GLS and GCS were also analyzed

using fSENC (MyoStrain® software) in a subgroup of 84 participants (60% women).

Fourteen patients suffering hypertrophic cardiomyopathy (HCM) were examined with

both techniques. CMR examinations were done on a 3.0T MR-system.

FT-GLS, FT-GCS, and FT-GRS were −16.9 ± 1.8%, −19.2 ± 2.1% and 34.2 ± 6.1%.

fSENC-GLS was higher at −20.3 ± 1.8% (p < 0.001). fSENC-GCS was comparable

at−19.7 ± 1.8% (p = 0.06). All values were lower in men (p < 0.001). Cardiac muscle

mass correlated (p < 0.001) with FT-GLS (r = 0.433), FT-GCS (r = 0.483) as well as

FT-GRS (r = −0.464) and acts as partial mediator for sex differences. FT-GCS, FT-GRS

and fSENC-GLS correlated weakly with age. FT strain values were significantly lower

at lower cine temporal resolutions, represented by heart rates (r = −0.301, −0.379,

0.385) and 28 or 45 cardiac phases per cardiac cycle (0.3–1.9% differences). All values

were lower in HCM patients than in matched controls (p < 0.01). Cut-off values were

−15.0% (FT-GLS), −19.3% (FT-GCS), 32.7% (FT-GRS), −17.2% (fSENC-GLS), and

−17.7% (fSENC-GCS).

Conclusion: The analysis of reference values highlights the influence of gender, temporal

resolution, cardiac muscle mass and age on myocardial strain values.

Keywords: cardiovascular magnetic resonance imaging, strain, feature tracking, fSENC, hypertrophic

cardiomyopathy, temporal resolution
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INTRODUCTION

Even though the ejection fraction (EF) was considered one of the
main parameters for the diagnosis of various heart diseases for
a long time, it represents the myocardial work merely indirectly
and often changes only in very advanced disease stages (1).
To circumvent this shortcoming, the interest shifted to cardiac
strain, as its decline precedes the decrease in the EF (2).

Different imaging modalities are suitable for the strain
assessment. Echocardiographic techniques such as speckle-
tracking and tissue Doppler imaging are commonly used, as these
techniques are widely available (3) and recommended for clinical
use (4). Cardiovascular magnetic resonance (CMR) techniques
for the determination of cardiac strain are increasingly used in
clinical research and routine practice to overcome limitations of
echocardiography such as the operator dependency and patient
echogenicity. Tagging was the first technique for studying heart
deformation (5), is considered as the CMR reference standard
and has been continuously optimized (6, 7). By contrast, strain-
encoded MR imaging uses tags in the through-plane direction
(8, 9). It requires multiple-heartbeat acquisitions and averaging
to collect the strain information. To tackle this issue, the single-
heartbeat acquisition called fast-strain encoded imaging (fSENC)
was introduced to quantify myocardial strain under real-time
conditions (10). However, the use of these techniques in clinical
routine is limited by the need for additional image acquisitions
besides the standard examination protocol (2). This obstacle is
avoidable with the feature tracking (FT) method, which uses
routine cine steady-state free-precession (SSFP) acquisitions (2)
and is comparable to speckle tracking echocardiography.

CMR strain measurements were investigated for a wide range
of heart conditions such as hypertrophic cardiomyopathy (HCM)
(3, 6, 11), as for clinical implementation not only reference values
but also the determination of cut-off values is crucial.

The aim of the present study was to (I) provide age- and
gender-specific reference values for global myocardial strain
based on a large population for FT and fSENC imaging, (II)
explore the reliability and comparability of both techniques, (III)
investigate the impact of the temporal resolution on cardiac
strain, and (IV) derive cut-off values for HCM patients.

MATERIALS AND METHODS

Study Design
Between 09/2017 and 12/2020, 208 healthy volunteers were
recruited via public call. The study was approved by the
local ethics institutional review committee (registration number:
2017-238) and complies with the Declaration of Helsinki.

Informed written consent was obtained from the participants
or legal guardians. The health status regarding cardiovascular
diseases was assessed by a preceding questionnaire and
echocardiography. Exclusion criteria comprised any personal
and familial cardiac history, blood pressure medications, diabetes
and general contraindications for performing CMR. After
explaining the examination procedure, CMR was carried out
to obtain ventricular sizes, cardiac muscle masses and left-
ventricular deformational measures. Participants showing signs

of myocardial, vascular or valvular abnormalities during the
examinations were also excluded (Figure 1).

Eighteen volunteers were excluded from the study because
healthiness criteria (e.g., hypertension) were not fulfilled.
Additionally, nine subjects dropped out due to technical
limitations. The final healthy group consisted of 181 participants
(54% women) covering six age decades as evenly as possible
(M= 36 years, SD= 15, min= 11, max= 70).

Furthermore, 14 HCM patients were compared with age
(M = 55 years, SD = 18) and sex matched (43% women)
healthy controls.

Cardiovascular Magnetic Resonance
CMR imaging was conducted with a multi-transmit 3T MRI
system (Achieva, Philips Healthcare, Best, The Netherlands;
Release 5.3.1/5.6.1) with dStream technology.Maximum gradient
performance 40 mT/m, slew rate 200 mT/m/ms, signal reception
with a dedicated cardiac phased-array coil.

Routine examination included 2-chamber (1 slice), 3-chamber
(3 slices), and 4-chamber (3 slices) long-axis views as well
as a short-axis stack covering the entire left ventricle (12–16
slices, no gap) using cine steady-state free-precession acquisitions
(TR/TE/flip angle = 2.7 ms/1.35 ms/42◦) to assess cardiac
function, morphology and FTmyocardial strain. Parallel imaging
was applied (SENSE-reduction factor = 2) restricting breath-
hold periods to <12 s. Spatial resolution was 1.5 × 1.5 × 8
mm3. Twenty-eight or 45 cardiac phases per cardiac cycle were
obtained. Assuming the average heart rate of 67 bpm exemplarily,
this corresponds to an acquisition time of 32 or 20ms per
cardiac phase, respectively, according to 31 or 50 frames-per-
second (fps).

Additionally, fSENC imaging was carried out on 84 of
the healthy participants (M = 39 years, SD = 16) and all
HCM patients. A segmented gradient echo technique with three
spiral interleaves was used. Slice thickness was 10mm, spatial
resolution 4 × 4 × 10 mm3, TR/TE/flip angle = 11 ms/0.7
ms/30◦, spectrally selective fat suppression, typical acquisition
time of 40ms (22 fps; 67 bpm). Acquisitions <1 s/slice were
collected under end-expiratory breath-hold.

Strain Analysis
Strain values are expressed as percentages based on end-diastolic
state. Radial strain describes the thickening of the myocardium
and assumes positive values. Circumferential and longitudinal
strains, representing the circular constriction and the base-apex-
shortening (2), assume negative values. Terms like “higher value”
and “increase” mean more positive or more negative values,
respectively, in this study.

For FT strain analysis the CVI42 R© software (Circle
Cardiovascular Imaging Inc., Calgary, Canada, Release 5.12.1)
was used. Left ventricle endocardial and epicardial contours
were automatically delineated in all short-axis and long-axis
slices starting from the end-diastolic frame (Figure 2A) and
adjusted manually if needed. Open contours were used for basal
slices including parts of the outflow tract. Papillary muscles
were excluded from endocardial contours as others did (6).
Global longitudinal strain (GLS) from long-axis views, global
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FIGURE 1 | Flow chart of study procedure.
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FIGURE 2 | Exemplary illustration of strain assessment. Global longitudinal strain assessment in a 32-year-old healthy male using feature tracking (A) and fSENC

imaging (B). Red/yellow points, endocardial contours; green points, epicardial contours; blue line, mitral valve insertion points and apex; green arrow, attachment of

the right ventricular wall to the left ventricle for AHA segmentation.

circumferential strain (GCS) and global radial strain (GRS)
from short-axis views were each automatically calculated by
the software as peak value of the averaged strain curve of all 16
cardiac AHA segments.

fSENC strain analysis was performed with the software
MyoStrain R© (Myocardial Solutions, Inc., Morrisville, North
Carolina, US). End-systolic left-ventricular endocardial and
epicardial contours were manually drawn on each of three
different long-axis views and on three short-axis slices
(basal/mid/apical). In contrast to FT, GLS was calculated
from the short-axis view (Figure 2B) and GCS from long-axis
views. GRS is not evaluable with the software.

Intra- and Inter-observer Variability
To test intra- and inter-observer variability for both strain
analysis methods, 10 randomly selected cases were re-evaluated
by the same or a second experienced observer blind to the
previous or each other’s results after a period of ≥4 weeks.

Temporal Resolution
As the temporal resolution depends on the individual heart
rate, which cannot be influenced, and the initially adjustable
number of cardiac phases per cardiac cycle, one approach for
each factor was followed to concretely investigate the impact of
temporal resolution on FT strain results. Firstly, the heart rate’s
influence on strain was examined in a subgroup of 124 healthy
participants with 45 cardiac phases per cardiac cycle set. Thus,
only the heart rate determines the temporal resolution. Secondly,
in 30 randomly selected healthy participants the number of
cardiac phases per cardiac cycle was reduced from 45 to 28

frames in a post-processing step. These data sets were re-analyzed
maintaining the initial contouring and allowing a pairwise
comparison of strain values without manipulating their heart
rates. Thus, only the cardiac phases per cardiac cycle determines
the temporal resolution.

Statistics
Statistical analysis was performed using SPSS (version 26.0.0.0,
IBMDeutschland GmbH). Continuous variables are presented as
mean± standard deviation.

Inferential statistical analysis was used to test all undirected
hypotheses. Requirements were tested before. P-values<0.05
were considered statistically significant. Normal distribution
was interpreted by the Kolmogorov-Smirnov test (n ≥ 50)
or Shapiro-Wilk test (n < 50). Reliability was tested by
Bland-Altmann analyses, intraclass-correlation coefficients
[ICC, two-way mixed model, absolute agreement (12)] and
coefficients of variation (CoV). We used: Paired/unpaired
Student’s t-tests or Mann-Whitney-U-Test comparing two
groups; one-way/two-way ANOVAs (Hochberg GT2 post-hoc-
tests) or one-way ANCOVA comparing >2 independent groups;
Spearman’s Rho/Pearson product-moment correlation/simple
linear regression investigating the relationship between metric
variables; Bland-Altmann statistics to compare FT with fSENC;
receiver operating characteristic (ROC) curves, and cut-off
values (using the Youden index) to discriminate patients
and healthies.

The LMS method (13) was applied for generating sex-specific
percentile curves of strain values changing with age, using the
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TABLE 1 | Baseline characteristics of healthy participants.

All Range Women Men

Age [years] 36 ± 15 11–70 – –

Weight [kg] 72 ± 16 38–120 63 ± 11 82 ± 14*

Length [cm] 173 ± 11 140–200 165 ± 8 182 ± 8*

BSA [m2] 1.8 ± 0.2 1.2–2.6 1.7 ± 0.2 2.0 ± 0.2*

BMI [kg/m2 ] 23.8 ± 3.5 16.6–34.6 22.9 ± 3.3 24.9 ± 3.5*

EDVi [ml/m2 ] 75 ± 9 48–100 72.1 ± 8.8 79.4 ± 8.6*

ESVi [ml/m2 ] 26 ± 5 14–43 24.2 ± 4.9 28.2 ± 5.1*

SVi [ml/m2 ] 49 ± 7 31–66 48.0 ± 6.3 51.2 ± 6.5*

EF [%] 66 ± 5 54–77 67 ± 5 65 ± 5*

MMi [g/m
2] 57 ± 10 37–81 51 ± 7 64 ± 7*

HR [bpm] 67 ± 10 47–96 68 ± 10 66 ± 10

n = 181. Values expressed as mean ± standard deviation. *Statistically significant

difference (p < 0.05) between women and men. SD, standard deviation; BSA, body

surface area; BMI, body mass index; EDVi , indexed end-diastolic volume; ESVi , indexed

end-systolic volume; SVi , indexed stroke volume; EF, ejection fraction; MMi , indexed

muscle-mass; HR, heart rate.

TABLE 2 | Gender-specific global strains values each of FT and fSENC.

FT FT§ fSENC

Women

GLS [%] −17.6 ± 1.6 −17.2 ± 1.6 −20.9 ± 1.6

GCS [%] −20.1 ± 1.9 −20.0 ± 1.9 −20.3 ± 1.4

GRS [%] 36.9 ± 5.9 – –

Men

GLS [%] −16.0 ± 1.5* −15.8 ± 1.8* −19.4 ± 1.8*

GCS [%] −18.2 ± 1.8* −18.0 ± 2.2* −18.9 ± 1.9*

GRS [%] 31.2 ± 4.8* – –

All

GLS [%] −16.9 ± 1.8 −16.6 ± 1.8 −20.3 ± 1.8

GCS [%] −19.2 ± 2.1 −19.2 ± 2.2 −19.7 ± 1.8

GRS [%] 34.2 ± 6.1 – –

n(FT) = 181; n(FT§ ) = 84; n(fSENC) = 84. Values expressed as mean ± standard

deviation. *Statistically significant difference (p < 0.05) between men and women. GLS,

global longitudinal strain; GCS, global circumferential strain; GRS, global radial strain.

LMS software (version 2.54, http://www.healthforallchildren.co.
uk/, 2011, UK) for fitting.

RESULTS

Feature Tracking
Baseline characteristics of the cohort are shown in Table 1. The
mean myocardial left-ventricular strain was −16.9 ± 1.8% for
GLS,−19.2± 2.1% for GCS, and 34.2± 6.1% for GRS (Table 2).
Out of 2,896 short-axis segments and 2,896 long-axis segments,
0.1% could not be detected by the evaluation software.

Gender and Age
Men had significantly (p < 0.001) lower values than women for
GLS (−16.0 ± 1.5% vs. −17.6 ± 1.6%), GCS (−18.2 ± 1.8% vs.
−20.1 ± 1.9%) and GRS (31.2 ± 4.8% vs. 36.9 ± 5.9%; Table 2,

Figure 3). Spearman’s Rho showed a small correlation with age
for FT-GCS (ρ =−0.134, p= 0.07) and significantly for FT-GRS
(ρ= 0.152, p= 0.04), but no correlation for FT-GLS (ρ=−0.069,
p = 0.35). Percentile curves for all global strain values are shown
in Figure 4.

Muscle Mass
A linear regression demonstrated throughout significant
(p < 0.001) decreases of GLS (β = 0.077, r = 0.433), GCS
(β = 0.101, r = 0.483) and GRS (β = −0.286, r = −0.464) with
increasing indexed cardiac muscle mass (Figure 5).

Additionally, we conducted a mediator analysis calculating
three linear regressions for each global strain to identify the
relationship between the sex, the cardiac muscle mass and the
strains. As the regression coefficient β of sex diminished for all
three strains from the simple regression model to the multiple
regression model including the muscle mass, it can be concluded
that muscle mass acts as a partial mediator (Figure 6).

Temporal Resolution
The relationship between the subjects’ heart rates and strain
values was analyzed in the participants with 45 cardiac phases per
cardiac cycle. Linear regression showed a throughout significant
(p ≤ 0.001) increase of GLS (β = −0.053, r = −0.301), GCS
(β = −0.088, r = −0.397) and GRS (β = 0.256, r = 0.385) with
increasing heart rates (Figure 7).

Strain analysis of 30 healthy subjects was performed twice
using different numbers of cardiac phases per cardiac cycle.
Significant higher values were found using more cardiac phases
per cardiac cycle. Mean differences was greatest for GRS (1.9%,
33.8 ± 5.4% vs. 31.9 ± 5.3%, p < 0.001), followed by GCS (0.7%,
−19.2± 1.9% vs.−18.5± 1.9%, p< 0.001) andGLS (0.3%,−17.1
± 1.6% vs.−16.8± 1.6%, p= 0.01).

Fast Strain-Encoded Imaging
In 84 of the 181 healthy participants reference strain values were
derived for the fSENCmethod. Mean GLS was−20.3± 1.8% and
−19.7± 1.8% for GCS (Table 2).

Gender and Age
Men had significantly (p < 0.001) lower GLS (−19.4 ± 1.8% vs.
−20.9 ± 1.6%, student’s unpaired t-test) and GCS (Mdn −19.5
vs.−20.7%,Mann-Whitney-U-test) values than women (Table 2,
Figure 3). A small correlation with age was found by Spearman’s
Rho for fSENC-GLS (ρ = 0.165, p = 0.13) and significantly for
fSENC-GCS (ρ = 0.285, p= 0.009).

Comparison of FT and FSENC
Comparing fSENC and FT (n = 84), GLS values were
significantly higher (p < 0.001) with fSENC (−20.3 ± 1.8% vs.
−16.6± 1.8%). No significant difference (p= 0.06) was detected
for GCS (−19.7 ± 1.8% vs. −19.2 ± 2.2%). Bland-Altman plots
show a bias of−3.6% for GLS and−0.5% for GCS (Figure 8).

Intra- and Inter-observer Variability
Concerning FT intra- and interobserver, Bland-Altman statistics
revealed almost no bias (≤ ±0.8%, largest 95%CIs for
interobserver GRS). CoVs were ≤2.2% and ICCs excellent
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FIGURE 3 | Gender-dependent boxplots of global strain values. Strain values assessed by feature tracking (left) and fSENC (right) technique. GLS, global longitudinal

strain; GCS, global circumferential strain; GRS global radial strain. * statistically significant with p < 0.05.
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FIGURE 4 | Percentile-curves of global strain values by FT. GLS, global longitudinal strain; GCS, global circumferential strain; GRS global radial strain.
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FIGURE 5 | Correlation of indexed muscle mass and FT strain values in healthy subjects. GLS, global longitudinal strain; GCS, global circumferential strain; GRS

global radial; MMi, indexed muscle mass.

(≥0.92) except for interobserver FT-GLS (CoV = 4%, moderate
ICC = 0.66). In comparison, fSENC intra- and interobserver
agreement was higher with biases<±0.2% (GCS larger 95%CIs),
CoVs < 2% and excellent ICCs (≥0.94) except for fSENC-GCS
interobserver (ICC= 0.88).

HCM Patients
Fourteen HCM patients were compared to age- and gender-
matched controls of the cohort (Table 3). Applying FT, 1.79% of
224 short-axis segments and 224 long-axis segments could not be
detected. All mean strain values, AUC values, cut-off values and
corresponding specificity and sensitivity are presented in Table 4.

Patients had significantly lower FT-GLS (p < 0.001), FT-GCS
(p = 0.003), FT-GRS (p = 0.009), fSENC-GLS (p < 0.001), and
fSENC-GCS (p < 0.001) values.

All calculated AUC values from generated ROC curves were
significant (p < 0.01). The highest diagnostic accuracy was
achieved by FT-GLS (AUC 0.93, cut-off −15.0%, Figure 9) and
fSENC-GLS (AUC 0.97, cut-off−17.2%).

DISCUSSION

The number of studies dealing with FT to assessmyocardial strain
has increased substantially in recent years. A major advantage of
FT is that post-processing can be performed on cine data already
acquired in routine cardiac examinations (2). Furthermore, the
evaluation of FT data is little time consuming and, hence, suitable
for daily clinical use. Alternatives like tagging (14) or fSENC,
are compromised by tag fading and/or poor spatial resolution
(2, 8).

This single-center study was initiated to establish reference
values of global left-ventricular myocardial strain, enabling the
differentiation from patients with cardiac diseases.

Feature Tracking
Until now, only few studies provided reference values for FT in
a population >50 volunteers (15–19). To our knowledge, this is
the largest single-center study to assess cardiac strain using FT,
additionally expanding the age range including 10–20 year-olds
as André et al. (20).

Our global myocardial strain values were in line
with data found with the same CVI42 R© software
by Zhang et al. (19). However, GLS and GCS
values were lower compared to studies using the
Diogenes FT-CMR software (TomTec Imaging Systems)
(15, 17, 18). Discrepancies using different software
packages poses a challenge to the interchangeability of
values (21–23).

There are several important aspects to consider comparing
FT studies. As suggested by Andre et al., global instead
of segmental strain values can be calculated to reduce
the analysis effort (15). In this context, it should also be
mentioned that segmental strain generally was found to have
lower reproducibility than global strain (24–26). Therefore,
its clinical utility is rather questionable. Furthermore, global
peak values as the average of peak values of all segments
or global mean values as peak of the average strain curve
of all segments, as provided here, are presented in the
literature (15).

Other authors present the epicardial or the higher endocardial
strain apart from the myocardial strain (15–17, 27).

Additionally, some set the most basal slice at the level without
any visible outflow tract portion (16, 17). In this study, the
open contour facility was applied to include also more basal
myocardial portions.

Another issue is thatmany studies have only used less slices for
strain analysis (9). We used a stack of short-axis slices covering
the whole left ventricle and three to seven slices covering all three
left-ventricular long-axis views.
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FIGURE 6 | Mediator analysis of cardiac muscle mass for healthy subjects. GLS, global longitudinal strain; GCS, global circumferential strain; GRS, global radial

strain; β, regression coefficient; *statistically significant with p < 0.05.
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FIGURE 7 | Correlation between heart rate and strain values in healthy

subjects. GLS, global longitudinal strain; GCS, global circumferential strain;

GRS, global radial strain; bpm, beats per minute; *p ≤ 0.001.

Some studies excluded inaccurately tracked segments from
analysis, presumably resulting in somewhat higher global strain
values (15, 18, 20). As poorer segmental strain values may
not only result from accidently imprecise tracking, but also
reflect underlying local pathologies, all global strain values were
calculated out of all detected segments in our study. Interestingly,
the few non-detectable segments were always the mid and basal
anterolateral segments of the long-axis views.

Fast-SENC Imaging
Reference GLS and GCS values were determined in a subgroup
of 84 participants using the single heartbeat fSENC technique.
To our knowledge, there only exists one study with a comparable
subject number and age distribution (7), however, using the older
SENC technique. Although segmentally, their data were similar
to ours. Most other SENC studies had <20 subjects, serving as
controls for cardiovascular pathologies (14, 28–30).

Comparing both techniques, we found significantly lower GLS
values using FT and comparable GCS values, coinciding with
the results of Backhaus et al. for a small control group and
patients (21).

Comparability and Reproducibility of FT
and fSENC
Low intra- and interobserver variabilities of FT and fSENC
were found, similar to other studies (19, 28, 31, 32), meeting
the requirements for clinical use. The lowest inter-observer
agreement was found for FT-GLS and fSENC-GCS, the only
values based on long-axis views, where the delineation between
papillary muscles and the endocardium of dense muscle mass is
more challenging (6, 17).

Influence of Gender
Overall, sex had a strong impact on FT and fSENC derived strain
values with women having generally higher ones. This is in line
with many CMR studies for GLS and GCS (15–18) and even
with speckle-tracking echocardiography (33). GRS was analyzed
less frequently and was also found to be higher in men (15, 18),
however, in contrast to our results.

Influence of Cardiac Muscle Mass
All FT strain measures decreased significantly with increasing
muscle masses, as found for GLS in another study (19).
Although men showed significantly higher average indexed
cardiac muscle masses, there is a substantial overlap between
the sexes. A mediator analysis showed that the myocardial
mass served as partial mediator variable for the relationship
between the binominal sex categories and strain. Therefore,
the cardiac muscle mass could serve as an alternative scale for
strain interpretation.

Influence of Age
The influence of age on global strain could be investigated, as
the participants’ age was evenly distributed. Only the group of
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FIGURE 8 | Bland-Altman statistics for comparison of FT and fSENC. GLS, global longitudinal strain; GCS, global circumferential strain.

>60-year-olds was slightly smaller, since most of the excluded
candidates were of this age.

Weakly but significantly increasing FT-GRS and decreasing
fSENC-GCS values were found, whilst FT-GCS increased and
fSENC-GLS decreased with age not significantly. FT-GLS did
not correlate with age. As in our results, the impact of age

on cardiac strain is still an inconclusive issue (33). Several
authors found a significantly increased radial strain (15, 16)
and a significantly decreased circumferential strain with age
as well (16). In contrast, an increase in circumferential strain
especially in subjects > 50 years was also reported (17, 19).
The authors were largely consistent in reporting that there is no
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significant age-dependency for the longitudinal strain, which was
also found in our study (15–17). However, in a FT meta-analysis
by Vo et al. neither age dependence nor sex dependence were
detected (9).

Influence of Temporal Resolution
The accuracy of cardiac strain calculation depends on the
temporal resolution. Main factors influencing temporal
resolution are (I) the subject’s individual heart rate, which
can fluctuate during the examination and (II) the number
of cardiac phases per cardiac cycle, which is adjustable
within certain limits and which depends on the applied
acquisition technique.

A moderate correlation between heart rate and strain values
was found as by other researchers performing multivariable
regression analyses (19, 20). Additionally, the global strain values
were significantly higher using 45 cardiac phases per cardiac cycle
instead of 28 cardiac phases per cardiac cycle. Until now, no study
has conducted a similar investigation.

In both cases, higher FT global strain values, especially GCS
and GRS, were detected with improved temporal resolution,

TABLE 3 | Baseline characteristics of HCM patients and matched healthy

controls.

Healthy controls HCM patients

Female 6 (43%) 6 (43%)

Age [years] 53 ± 16 55 ± 18

EDVi [ml/m2 ] 73 ± 12 69 ± 12

ESVi [ml/m2 ] 26 ± 7 19 ± 7*

SVi [ml/m2 ] 47 ± 7 50 ± 7

EF [%] 65 ± 5 73 ± 6*

MMi [g/m
2] 60 ± 9 119 ± 31*

n = 14. Values expressed as mean ± standard deviation. *Statistically significant

difference (p < 0.05) between healthy controls and patients. EDVi , indexed end-diastolic

volume; ESVi , indexed end-systolic volume; SVi , indexed stroke volume; EF, ejection

fraction; MMi , indexed muscle-mass.

showing its importance for the strain assessment. Thus, the
ranges of heart rates and adjusted cardiac phases per cardiac cycle
should be considered.

At this point, it should be mentioned that a higher heart rate
> 90 bpm was occasionally observed in our younger healthy
participants which is not unusual for this age group. Moreover,
for these candidates it was their first MRI examination. Thus, we
can assume that there was also a certain nervousness. However,
based on the questionnaire and the routine echocardiography
and MRI examinations previously performed, clinical problems
could be ruled out.

Hypertrophic Cardiomyopathy
As already indicated above, all strains decreased with increasing
myocardial mass. This trend was even more evident investigating
HCM patients with pathologically increased left-ventricular
muscle masses (3, 11). All global strain values were significantly
lower in HCM patients in our study, regardless of the
applied technique. This is consistent with previous studies
analyzing diseases accompanied by left-ventricular hypertrophy
(3, 34), many of them restricted to GLS. We provided cut-off
values with high sensitivity and specificity for clinical work.
Although our results pointed out the discrimination between
HCM patients and healthy subjects, there is also a great
potential for differentiating various forms of left ventricular
hypertrophy (35).

Limitations
All healthy participants and patients had a sinus rhythm.
Strain calculation in arrhythmic patients may be inaccurate
due to longer cine acquisition times. In contrast, fSENC
acquires strain information within one single heartbeat and
can be easily repeated in case of arrhythmias, improving
its reliability.

Generalizability of our age-related results may be somewhat
restricted regarding >60 year-olds due to the smaller number
meeting cardiac healthiness criteria. Defining healthiness among
the elderly is a common challenge in clinical practice anyway.

TABLE 4 | Global strain values, AUCs and cut-off-values for pathology discrimination.

Controls HCM patients AUC Cut-off Specificity Sensitivity

FT

GLS [%] −16.7 ± 1.8 −12.0 ± 2.8* 0.93 −15.0 85.7 85.7

GCS [%] −19.5 ± 2.4 −16.3 ± 2.8* 0.82 −19.3 64.3 92.9

GRS [%] 35.4 ± 6.9 28.0 ± 7.0* 0.79 32.7 78.6 71.4

fSENC

GLS [%] −19.6 ± 1.9 −13.8 ± 2.8* 0.97 −17.2 85.7 92.9

GCS [%] −18.7 ± 2.1 −14.7 ± 2.9* 0.90 −17.7 78.6 92.9

n = 14. Groups’ global strain values expressed as mean ± standard deviation. *Statistically significant difference (p < 0.05) between patients and controls. GLS, global longitudinal

strain; GCS, global circumferential strain; GRS, global radial strain; AUC, area under the curve.
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FIGURE 9 | DOT-charts with cut-off values (left) and ROC-curves with AUC

values (right) for FT-GLS, FT-GCS and FT-GRS as well as for fSENC-GLS and

fSENC-GCS. Mean ± standard deviation is indicated by bar graphs. GLS,

global longitudinal strain; HCM, hypertrophic cardiomyopathy. *statistically

significant with p < 0.05.

The applicability of our FT results obtained with a 3 Tesla
MRI system is limited to the CVI42 R© software and cannot be
extrapolated to other magnetic field strengths. Other software
vendors may lead to differing results (21–23).

Although a high number of 45 cardiac phases per cardiac cycle
was used in this study to achieve a high temporal resolution,
the strain analysis may be somewhat inaccurate because the
highest and the lowest cardiac volumes may be missed and
therefore the maximal deformation in the three dimensions is
underestimated. This point is especially important for subjects
with lower heart rates.

CONCLUSIONS

Global cardiac reference strain values and percentile curves
are provided as orientation for clinicians using FT and
fSENC. However, interchangeability of these techniques cannot
be supported by our results. Low intra- and inter-observer
variabilities and short evaluation time make both methods
promising for daily clinical use. Cardiac strain was higher in
women compared to men. Cut-off values were calculated to
discriminate HCM patients from healthy individuals. Strains
decreased significantly with increasing indexed left-ventricular
muscle mass. A considerable dependence of cardiac strain on
temporal resolution was shown, which should be considered in
future studies.
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Introduction: This study aims to assess the changes in cardiovascular remodeling

attributable to bodyweight gain in a middle-aged abdominal obesity cohort. A remodeling

worsening might explain the increase in cardiovascular risk associated with a dynamic of

weight gain.

Methods: Seventy-five middle-aged subjects (56± 5 years, 38 women) with abdominal

obesity and no known cardiovascular disease underwent MRI-based examinations at

baseline and at a 6.1 ± 1.2-year follow-up to monitor cardiovascular remodeling and

hemodynamic variables, most notably the effective arterial elastance (Ea). Ea is a proxy of

the arterial load that must be overcome during left ventricular (LV) ejection, with increased

EA resulting in concentric LV remodeling.

Results: Sixteen obese subjects had significant weight gain (>7%) during follow-up

(WG+), whereas the 59 other individuals did not (WG–). WG+ and WG– exhibited

significant differences in the baseline to follow-up evolutions of several hemodynamic

parameters, notably diastolic and mean blood pressures (for mean blood pressure,

WG+: +9.3 ± 10.9 mmHg vs. WG–: +1.7 ± 11.8 mmHg, p = 0.022), heart rate (WG+:

+0.6 ± 9.4 min−1 vs. −8.9 ± 11.5 min−1, p = 0.003), LV concentric remodeling index

(WG: +0.08 ± 0.16 g.mL−1 vs. WG−: −0.02 ± 0.13 g.mL−1, p = 0.018) and Ea (WG+:

+0.20 ± 0.28mL mmHg−1 vs. WG−: +0.01 ± 0.30mL mmHg−1, p = 0.021). The

evolution of the LV concentric remodeling index and Ea were also strongly correlated in

the overall obese population (p < 0.001, R2
= 0.31).

Conclusions: A weight gain dynamic is accompanied by increases in arterial load

and load-related concentric LV remodeling in an isolated abdominal obesity cohort. This

remodeling could have a significant impact on cardiovascular risk.

Keywords: obesity, weight gain, arterial load, cardiac remodeling, MRI
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INTRODUCTION

Obese subjects exhibit an unequivocal increase in cardiovascular
risk (1). Unfortunately, one-half of these subjects are not
even attempting to lose weight, and many succumb to even
further weight gains (2). Such weight gains lead to body
mass indexes associated with higher cardiovascular risks (1),
with the prognosis being further deteriorated by a longitudinal
weight gain dynamic, independently of the attained bodyweight
level (3–5).

A weight gain dynamic was also found to be associated with
the onset or exacerbation of a phenotype involving concentric left
ventricular (LV) remodeling, with an increase in LVmass relative
to the LV cavity size, in large cohorts of obese as well as non-obese
subjects (6, 7). The specific prognostic impact of this concentric
remodeling, as well as its associations with concomitant obesity-
related arterial remodeling and increasing blood pressure (BP),
need to be specifically determined in obese subjects. In more
general populations, concentric LV remodeling was previously
shown to be a strong prognostic indicator (8–12), developing in
response to increases in myocardial wall stress (13) and arterial
load (i.e., the artery-related opposition that must be overcome by
the LV during ejection) (14).

Magnetic resonance imaging (MRI) measures cardiac and
vascular function in a more precise and reproducible way
than echography (15). This may involve measurements of LV
mass and cavity volumes, as well as compliance, elastance, and
resistance of the systemic arterial tree (14–17). In previous
cross-sectional MRI studies, middle-aged subjects with isolated
abdominal obesity exhibited significant deterioration in large
vessel compliance and an increase in the vascular resistance of
small resistive vessels, as compared with non-obese subjects, and
this was accompanied by an LV concentric remodeling (17).
However, longitudinal studies assessing the interrelated cardiac
and vascular changes attributable to the additional weight gain
over time are still lacking in obese subjects.

ThisMRI-based longitudinal study assesses the cardiovascular
changes and remodeling attributable to significant additional
weight gain over time in a middle-aged isolated abdominal
obesity cohort.

MATERIALS AND METHODS

Study Populations
As already detailed elsewhere (17), isolated abdominal obesity
subjects were prospectively recruited through an advertising
campaign and ultimately included subjects ranging from 40
to 65 years of age, with obvious abdominal obesity defined
by a waist circumference >102 cm for men and >88 cm for
women (18), and excluding any of the following: (1) morbid
obesity [i.e., body mass index (BMI) > 40Kg.m−2], (2) a
history of any cardiovascular disease or of any medical treatment
with cardiovascular effects, (3) a history of medically-treated
hypertension or diabetes, (4) inflammatory disease, (5) renal,
hepatic or pulmonary insufficiency, (6) an MRI contraindication,
(7) absence of cardiac sinus rhythm and (8) any women of
childbearing potential. An additional control group of non-obese

healthy volunteers with a similar sex ratio and age range (40–
65 years), had also been prospectively recruited through an
unrelated concurrent advertising campaign (17). These included
waist circumferences < 94 cm for men and < 80 cm for women
in order to exclude any central obesity cases (17).

The transversal part of this exploratory study, involving a
cardiovascular MRI investigation, was approved by the local
Ethics Committee, with all study participants providing their
signed informed consent. We have previously published the
baseline results for the isolated abdominal obesity cohort
elsewhere (17).

The same obese subjects were subsequently asked to
participate in an additional >4 years longitudinal study, which
included a follow-up using the same cardiovascularMRI protocol
applied in the baseline study. The Ethics Committee also
approved this longitudinal part of the study, which is released on
the ClinicalTrials.gov site under the identifier NCT01716819. All
study subjects additionally gave their signed informed consent to
participate in this longitudinal part of the study.

Significant weight gain during follow-up was defined by the
standard criterion of a> 7% increase relative to baseline (19–22).

Cardiovascular MRI
As previously detailed elsewhere (17), MRIs were performed
on a 1.5-T magnet (Signa Excite, GE Medical Systems,
Milwaukee, WI, USA). During MRI examinations, an automated
sphygmomanometer (Maglife C, Schiller Medical, Wissembourg,
France) was used to measure brachial blood pressure (BP) as
systolic, diastolic, and mean pressures. Averaged values were
archived and extracted at a later date to perform analyses
presented below.

A conventional steady-state free precession pulse sequence
was used to assess LV function and mass in contiguous short-
axis 8-mm slices, with 30 phases per cardiac cycle, a 32 to 38-
cm field-of-view, and a 224x224 matrix (17). LV end-diastolic
volume, end-diastolic mass, and ejection fraction were obtained
using dedicated software (MASSTM, Medis, The Netherlands),
with papillary muscles and trabeculations being excluded from
LV mass. The concentric remodeling (CR) index was defined
as LV mass/end-diastolic volume ratio (17). The intra-observer
reproducibility of these remodeling LV parameters had been
previously assessed in 31 Cardiovascular Magnetic Resonance
(CMR) exams that were analyzed twice. Absolute values of the
differences between the first and second measurements were on
average 5.81 ± 4.17 g for LV mass, 4.68 ± 3.64ml for end-
diastolic volume, and 0.060± 0.046 for the CR index.

The cardiac flow was determined using a conventional
velocity-encoded phase-contrast gradient-echo sequence on a
single 10-mm slice positioned perpendicularly to the ascending
aorta, 32 phases per cardiac cycle, and a unidirectional velocity
with a maximum set to 1.50m sec−1 (17). The stroke volume
(SV) was obtained using the “CV flow” software (Medis, The
Netherlands) and automatic contour detection. Velocities were
only corrected using an ROI-based method in instances of
obvious offset error.

The values of cardiac flow and stroke volume were used
to estimate the systemic vascular resistances (SVR: mean
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TABLE 1 | Comparison of the main baseline data between obese subjects and

non-obese healthy controls.

Obese Non-obese P value

(n = 75) (n = 58)

Age (years) 55 ± 6 54 ± 5 0.245

Female gender 38 (51%) 31 (53%) 0.861

Body weight (kg) 89.1 ± 11.8 63.8 ± 8.3 <0.001

Body mass index (kg m−2 ) 31.7 ± 3.3 22.4 ± 1.9 <0.001

Heart rate (bpm) 72 ± 11 69 ± 11 0.081

Systolic BP (mmHg) 121.4 ± 14.7 118.6 ± 15.2 0.283

Diastolic BP (mmHg) 72.0 ± 10.3 76.9 ± 9.3 0.005

Mean BP (mmHg) 88.5 ± 10.8 90.8 ± 11.1 0.222

Pulse BP (mmHg) 49.4 ± 10.5 41.7 ± 7.3 <0.001

Indexed stroke volume (mL m−2 ) 41.5 ± 6.8 47.4 ± 8.5 <0.001

Cardiac index (L.min−1 m−2) 2.90 ± 0.61 3.23 ± 0.69 0.004

Indexed SVR (mmHg min m2 L−1) 31.7 ± 7.3 29.1 ± 5.8 0.024

Indexed TAC (mL mmHg−1 m−2) 0.85 ± 0.19 1.16 ± 0.25 <0.001

Indexed Ea (mmHg mL−1 m2) 2.50 ± 0.54 2.08 ± 0.43 0.001

Indexed EDV (mL m−2 ) 69.8 ± 10.7 81.2 ± 10.0 <0.001

EF (%) 59.5 ± 6.1 59.9 ± 5.8 0.692

Indexed LV mass (g m−2.7) 24.0 ± 4.7 21.8 ± 3.8 <0.001

CR index (g mL−1) 0.69 ± 0.15 0.63 ± 0.12 0.005

BP, blood pressure; CR, concentric remodeling; Ea, effective arterial elastance; EDV, end-

diastolic volume; EF, ejection fraction; LV, left ventricle; TAC, total arterial compliance; SVR,

systemic vascular resistances.

Note that all MRI parameters are indexed to body surface area here, except for EF and

CR index.

pressure/cardiac flow) (14–17), as well as two additional vascular
parameters: (1) effective arterial elastance (Ea), a proxy for
the arterial load, which needs to be overcome during left
ventricular (LV) ejection (Ea = 0.9 x systolic BP (mmHg) /
stroke volume (mL) (23–28), and (2) the total arterial compliance
index (TAC = stroke volume (mmHg) / pulse pressure (mmHg)
(14, 16, 17, 27, 28). These cardiovascularMRI-derived parameters
were not indexed to anthropometric parameters except for
transversal unpaired comparisons between the obese and non-
obese groups (Table 1) where several variables were indexed to
body surface area and LV mass to body weight to the 2.7 power
[weight2.7 (29)].

Statistical Analysis
Analyses were performed using the commercially available SAS
software, version 9.4 (SAS Institute Inc. Cary, NC, USA).
Continuous variables were expressed as means (± standard
deviation) and categorical variables as numbers and percentages.
Unpaired comparisons for categorical variables were performed
with Fisher’s exact test, and unpaired comparisons of continuous
variables were evaluated with Student’s t-test or the Mann–
Whitney U test, depending on their normal or non-normal
distributions. Comparisons between baseline and follow-up
within each group (WG+, WG–) were also evaluated using the
signed rank test or the paired t-test for continuous variables and
the Mc Nemar test for categorical variables. Linear regression
analyses were additionally carried out to investigate and assess the

relationships between certain variables. Additional predictions
provided by the blood pressure data were analyzed using an
ascending stepwise multivariate regression model. Linear model
assumptions were checked, and p < 0.05 were considered to
indicate a significant difference.

RESULTS

Baseline Characteristics of Obese Subjects
Compared to Non-obese Subjects
Seventy-five subjects with abdominal obesity (56 ± 5 years,
38 women), who underwent the MRI protocol at baseline and
follow-up, were ultimately considered in the analysis. Of this
group, 50 (67%) also had general obesity, as defined by a body
mass index> 30 kg m−2. As detailed in Table 2, eight individuals
(11%) were taking hypolipidemic medication, and none were on
anti-hypertensive treatments.

Although obese subjects had a similar age range and sex
ratio than the non-obese group at baseline, the obese group
exhibited higher diastolic and pulse BP, with a trend toward
higher heart rates (Table 1). The obese group also showed signs of
LV concentric hypertrophy (i.e., higher CR indexes and indexed
LV mass compared to the non-obese controls), and arterial
dysfunction with lower arterial compliance and higher levels of
vascular resistance as well as arterial load [i.e., with indexed
TAC, SVR and Ea values being significantly different from the
corresponding values in non-obese controls (Table 1)].

Six-Year Follow-Up of Obese Subjects
The follow-up investigation was performed at a mean of 6.1± 1.2
years from baseline. Several variables significantly deteriorated
over time in the overall obese population, notably body weight,
BP, SVR, HbA1c and HDL cholesterol (Table 2). However, only
16 obese subjects experienced significant weight gain, as defined
by the standard criterion of a > 7% increase relative to baseline
(19–22) (WG+ group: from 87± 14 kg to 99± 15 kg, p< 0.001),
whereas the 59 other individuals had no significant bodyweight
changes (WG– group: from 90± 11 kg to 89± 13 kg, p= 0.64).

TheWG+ andWG– subgroups were comparable with respect
to age (at baseline: 54.0 ± 6.2 vs. 55.3 ± 5.5 years, p = 0.41),
gender (women: 9 (56%) vs. 29 (49%), p = 0.78), baseline body
mass index (31.5± 3.5 vs. 31.8± 3.3 kg.m−2, p= 0.75) and time
between baseline and follow-up (6.1± 1.2 vs. 6.1± 1.2 years, p=
0.98). However, as detailed in Table 2, the WG+ group exhibited
higher rates of hypolipidemic treatments, particularly of statins
compared to the WG- group (for statins at follow-up: 7 (43.8 %)
vs. 5 (8.5 %), p= 0.0024).

These two groups also exhibited significant differences in
the baseline to follow-up evolutions of several hemodynamic
parameters (Tables 2, 3), notably for mean and diastolic BP (for
mean BP, WG+:+9.3± 10.9 mmHg vs. WG-: 1.7± 11.8 mmHg,
p = 0.022), heart rate (WG+: +0.6 ± 9.4 min−1 vs. −8.9 ±

11.5 min−1, p = 0.003), LV concentric remodeling index (WG:
+0.080 ± 0.16 g mL−1 vs. WG-: −0.02 ± 0.13 g mL−1, p =

0.018) and Ea (WG+:+0.20± 0.28mL.mmHg−1 vs.WG-:+0.01
± 0.30mL mmHg−1, p = 0.021). In addition, the evolutions
of the LV concentric remodeling index and the Ea were found
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TABLE 2 | Main data collected at baseline and follow-up in the overall obese population, as well as in obese subjects exhibiting significant weight gain (WG+) or not

(WG-), with p values for paired comparisons between baseline and follow-up.

Overall obese population (n = 75) WG+ (n = 16) WG– (n = 59)

Baseline Follow-up P value Baseline Follow-up P value Baseline Follow-up P value

Body weight (kg) 89 ± 12 91 ± 14 0.034 87 ± 14 99 ± 15* < 0.0001 90 ± 11 89 ± 13 0.64

Antihypertensive drugs 0 (0.0 %) 21 (28.0 %) <0.0001 0 (0.0 %) 4 (25.0 %) 0.12 0 (0.0 %) 17 (28.8 %) <0.0001

Beta-blockers 0 (0.0 %) 8 (10.7 %) 0.0078 0 (0.0 %) 2 (12.5 %) 0.50 0 (0.0 %) 6 (10.2 %) 0.0313

ACEI or ARA-II drugs 0 (0.0 %) 14 (18.7 %) 0.0001 0 (0.0 %) 3 (18.8 %) 0.25 0 (0.0 %) 11 (18.6 %) 0.001

Antidiabetic drugs 0 (0.0 %) 2 (2.7 %) 0.50 0 (0.0 %) 0 (0.0 %) —— 0 (0.0 %) 2 (3.4 %) 0.50

Hypolipidemic drugs 8 (10.7 %) 16 (21.3 %) 0.0215 6 (37.5 %)** 7 (43.8 %)* 1.00 2 (3.4 %) 9 (15.3 %) 0.0156

Statins 6 (8.0 %) 12 (16.0 %) 0.0339 4 (25.0 %)* 7 (43.8 %)** 0.0833 2 (3.4 %) 5 (8.5 %) 0.18

CRP (g L−1) 3.25 ± 3.03 4.26 ± 6.21 0.17 3.29 ± 2.49 4.62 ± 4.57 0.21 3.24 ± 3.20 4.16 ± 6.62 0.37

Blood creatinine (mmol L−1) 84.0 ± 12.4 84.9 ± 17.5 0.63 85.4 ± 11.5 84.3 ± 15.8 0.73 83.6 ± 12.7 85.1 ± 18.0 0.43

HbA1c (%) 5.63 ± 0.33 5.78 ± 0.57 0.0002 5.66 ± 0.38 5.85 ± 0.42 0.023 5.62 ± 0.31 5.76 ± 0.61 0.005

LDL (mmol L−1) 3.58 ± 0.91 3.34 ± 0.80 0.27 3.36 ± 0.58 3.20 ± 0.64 0.43 3.65 ± 0.98 3.38 ± 0.84 0.43

HDL (mmol L−1) 1.41 ± 0.36 1.26 ± 0.30 <0.0001 1.48 ± 0.41 1.24 ± 0.28 0.0006 1.39 ± 0.34 1.27 ± 0.31 <0.0001

Triglycerides (mmol L−1) 1.56 ± 0.92 1.67 ± 1.14 0.18 1.59 ± 1.03 2.02 ± 1.15 0.009 1.55 ± 0.89 1.57 ± 1.12 0.97

Heart rate (bpm) 72 ± 11 65 ± 12 <0.0001 71 ± 11 72 ± 12** 0.82 72 ± 11 63 ± 11 <0.0001

Systolic BP (mmHg) 121 ± 15 124 ± 13 0.018 119 ± 12 128 ± 12 0.009 122 ± 15 123 ± 13 0.18

Diastolic BP (mmHg) 72 ± 10 76 ± 10 0.0001 69 ± 13 80 ± 11 0.006 73 ± 10 75 ± 10 0.005

Mean BP (mmHg) 88 ± 11 92 ± 10 0.001 86 ± 12 95 ± 11 0.009 89 ± 11 91 ± 9 0.025

Pulse BP (mmHg) 49 ± 10 48 ± 9 0.16 50 ± 8 48 ± 10 0.5 49 ± 11 48 ± 9 0.28

Stroke volume (mL) 82 ± 15 83 ± 19 0.78 84 ± 12 79 ± 18 0.21 82 ± 16 84 ± 19 0.37

Cardiac output (L min−1 ) 5.88 ± 1.24 5.26 ± 1.10 <0.0001 5.93 ± 1.07 5.59 ± 1.29 0.19 5.87 ± 1.30 5.17 ± 1.04 <0.0001

SVR (mmHg min L−1) 15.7 ± 3.7 18.1 ± 3.7 <0.0001 15.0 ± 3.4 17.8 ± 4.0 0.003 15.9 ± 3.7 18.2 ± 3.6 <0.0001

TAC index (mL mmHg−1) 1.72 ± 0.42 1.78 ± 0.49 0.25 1.70 ± 0.30 1.70 ± 0.43 0.94 1.73 ± 0.45 1.80 ± 0.51 0.22

Ea (mmHg mL−1) 1.23 ± 0.27 1.28 ± 0.33 0.16 1.18 ± 0.22 1.38 ± 0.35 0.013 1.25 ± 0.28 1.26 ± 0.33 0.81

EDV (mL) 142 ± 26 140 ± 32 0.16 144 ± 21 138 ± 29 0.27 141 ± 27 140 ± 32 0.32

EF (%) 60 ± 6 59 ± 5 0.29 60 ± 7 58 ± 7 0.13 59 ± 6 59 ± 5 0.64

LV mass (g) 98 ± 25 96 ± 26 0.061 97 ± 28 103 ± 30 0.43 98 ± 25 94 ± 24 0.013

CR index (g.mL−1) 0.69 ± 0.15 0.70 ± 0.14 0.89 0.67 ± 0.16 0.75 ± 0.18 0.13 0.70 ± 0.14 0.68 ± 0.13 0.25

Significant results for unpaired comparisons between WG+ and WG− at baseline or follow-up are also indicated in the WG+ columns (*p < 0.05 and **p < 0.005 for comparison with

WG−).

BP, blood pressure; CR, concentric remodeling; CRP, c reactive protein; Ea, effective arterial elastance; EDV, end-diastolic volume; EF, ejection fraction; HbA1c, hemoglobin A1c; HDL,

high density lipoprotein; LDL, low density lipoprotein; LV, left ventricular; TAC, total arterial compliance; SVR, systemic vascular resistances.

to be strongly correlated in the overall obese population [p <

0.001, R2
= 0.31 (Figure 1)]. In contrast, evolution of the LV

concentric remodeling index was unrelated to the concomitant
changes in brachial blood pressure in the univariate, as well as
the multivariate analysis (-i.e., after Ea was entered in a linear
regression model).

Finally, no other differences were observed between theWG+
and WG– groups over the 6-year follow-up period in terms of
the evolution of any of the other clinical, biological and MRI
parameters monitored (Tables 2, 3).

DISCUSSION

The increased cardiovascular risk of obese subjects has been
well established, in line with various metabolic disorders and in
association with cardiac remodeling, which has been extensively
analyzed in previous transversal studies. However, to the best
of our knowledge, the current MRI study is the first to assess
cardiac remodeling in obese subjects along with its dependence

on concomitant vascular function and with or without significant
weight gain over time. Such weight gain was associated with
additional increases in arterial load and load-related cardiac
remodeling, and these changes are indicative of a real impact on
cardiovascular function and on cardiovascular risk.

The current study analyzed arterial remodeling by measuring

MRI-based parameters, more specifically: (i) the compliance

attributable to great arteries [TAC index (14, 16, 17, 27, 28)],
(ii) the resistance attributable to microcirculation [SVR (14–
17), and (iii) a global arterial load, which is impacted by both

arterial compliance and arterial resistance [Ea (23–28)]. All these

parameters were markedly different between our subjects with
isolated abdominal obesity and a non-obese reference population
at baseline (Table 1).

Moreover, SVR and BP exhibited additional deteriorations
after a mean 6-year follow-up in our obese subjects (Table 2),
confirming the central function of the microvasculature in
obesity-related vascular remodeling (30). Over time, these
deteriorations were associated with increased use of hypertensive
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and hypolipidemic medications and a worsening of several other
metabolic parameters (namely, HbA1c and HDL cholesterol)

TABLE 3 | Comparison between the obese subjects exhibiting significant weight

gain (WG+) and those without weight gain (WG–), of the parameter differences

calculated between follow-up and baseline.

WG+ (n = 16) WG– (n = 59) P value

Body weight (kg) 11.73 ± 7.55 −0.98 ± 5.45 <0.0001

CRP (g L−1) 1.32 ± 4.16 0.27 ± 2.92 0.26

Blood creatinine (mmol L−1) −1.1 ± 11.4 1.8 ± 10.3 0.33

HbA1c (%) 0.19 ± 0.32 0.18 ± 0.51 0.28

LDL (mmol L−1) −0.16 ± 0.71 −0.23 ± 1.02 0.73

HDL (mmol L−1) −0.24 ± 0.22 −0.12 ± 0.19 0.086

Triglycerides (mmol L−1) 0.42 ± 0.66 0.05 ± 0.69 0.058

Heart rate (bpm) 0.6 ± 9.4 −8.9 ± 11.5 0.003

Systolic BP (mmHg) 8.4 ± 11.2 1.4 ± 15.4 0.097

Diastolic BP (mmHg) 10.6 ± 12.0 2.8 ± 11.0 0.027

Mean BP (mmHg) 9.3 ± 10.9 1.7 ± 11.8 0.022

Pulse BP (mmHg) −2.2 ± 6.7 −1.4 ± 10.0 0.95

Stroke volume (mL) −4.8 ± 14.2 1.6 ± 15.6 0.15

Cardiac output (L min−1 ) −0.3 ± 1.0 −0.7 ± 1.0 0.19

SVR (mmHg min L−1) 2.86 ± 3.57 2.27 ± 3.49 0.66

TAC (mL mmHg−1) −0.00 ± 0.28 0.07 ± 0.43 0.52

Ea (mmHg mL−1) 0.20 ± 0.28 0.01 ± 0.30 0.021

EDV (mL) −5.14 ± 22.59 −1.40 ± 21.10 0.537

EF (%) −1.73 ± 4.47 −0.24 ± 5.49 0.27

LV mass (g) 6.24 ± 18.91 −3.60 ± 13.56 0.1

CR index (g mL−1) 0.08 ± 0.16 −0.02 ± 0.13 0.018

BP, blood pressure; CR, concentric remodeling; CRP, c reactive protein; Ea, effective

arterial elastance; EDV, end-diastolic volume; EF, ejection fraction; HbA1c, hemoglobin

A1c; HDL, high density lipoprotein; LDL, low density lipoprotein; LV, left ventricular; TAC,

total arterial compliance; SVR, systemic vascular resistances.

(see Table 2). Although the aging process may partially explain
these deteriorations, they were likely accelerated by obesity in
this instance.

The aggravation of obesity, characterized by significant weight
gain over a 6-year time frame, affected 21% of our obese
population, and its only significant predictive factor was a higher
prescription rate of hypolipidemic drugs, particularly of statins
(Table 2). Statins have previously been reported to be associated
with weight gain, but a mechanism to substantiate this effect is
still a matter of much debate (31).

We also noted time-related increases in Ea and in the LV
concentric remodeling index in our obese subjects with weight
gain but not in those without weight gain. Ea is a steady-
state arterial parameter that provides a comprehensive measure
of the vascular load impacting the LV contraction (23–28).
That is why this parameter is commonly associated with an
LV concentric remodeling in both transversal and longitudinal
studies in men (14) as well as in animal models (32). In our
study this consideration is strengthened by the strong correlation
observed between the 6-year changes in Ea and the LV concentric
remodeling index (see Figure 1).

This LV concentric remodeling index is an established
independent prognostic parameter (8–12). It reflects the LV
adaptation to an excessive LV afterload, such as in hypertensive
or pre-hypertensive states (14, 33) and in patients with aortic
stenoses, and contributes to prevent excess systolic LV wall stress
(34). A high LV concentric remodeling index also reflects an
inappropriate LV mass relative to the LV cavitary volume. In
support of this consideration, an index of the appropriateness
of LV mass was additionally computed relative to the normal
reference values using an echography method (35–37). In the
present study, this appropriateness index provided equivalent
results than our concentric remodeling index - i.e., higher values
in obese than in non-obese subjects, and follow-up increases
correlated with weight gain in obese subjects (results not shown).

FIGURE 1 | Correlation between baseline to follow-up changes in effective arterial elastance (Ea) and in the left ventricular concentric remodeling (CR) index in the

overall population of obese subjects.
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A sympathetic overactivity has also been previously found
to occur during time periods characterized by weight gain in
animal models (38) and in non-obese subjects (39). This may
potentially play a role in the weight gain-related hemodynamic
alterations documented in our study, including changes in
heart rate.

Indeed, the aging-related decrease in heart rate, which is
usually documented in the decade ranging from 50 to 60 years
of age (6, 40), was clearly observed in our obese subjects without
weight gain but not in those with weight gain. This observation
strengthens the hypothesis of a difference in the activity of the
sympathetic nervous system between these two groups. However,
future studies which include more direct measurements of this
sympathetic activity will be required to confirm the nature of
this correlation. If this were to be confirmed, drugs which lower
sympathetic activation could be tested to lower this weight gain-
related increase in arterial load and concentric LV remodeling.
Beta-blockers with additional vasodilating properties and
with neutral or beneficial effects on insulin sensitivity and
lipid metabolism (41), may be particularly interesting for
this purpose.

The current study has several limitations, the first being its
small sample size and, consequently, the necessity to confirm
the results in a larger cohort. A second limitation is that
cardiovascular remodeling may be impacted by variables that
could only be poorly or not at all taken into account here
-i.e., changes in comorbidities, drug therapies and physical
activity throughout the long follow-up period; and the impact
of aging compared to that observed in a non-obese population
of the same age range. Another limitation is the uncertainty
regarding the actual clinical impact of the cardiovascular
changes specifically related to additional weight gain. Indeed,
several vascular and blood metabolic parameters have been
observed to deteriorate over time in the absence of weight
gain (Table 2), and these parameters may at least have an
equivalent prognostic importance than the weight gain-related
parameters (i.e., concentric remodeling index and effective
arterial elastance).

CMR is not a widely available worldwide, and although our

study measured LV concentric remodeling and Ea by CMR,
these parameters may also be assessed using echography-Doppler
techniques (25, 26). However the accuracy of thesemeasurements
is likely to be lower for echography-Doppler compared to
CMR. Echography-Doppler nevertheless has the advantage of
an easier evaluation of the LV diastolic function, an additional
prognostic indicator (41), which is frequently affected in obese
subjects (42). Unfortunately, the LV diastolic function could not
be assessed in the present CMR study, which constitutes an
additional limitation.

A final limitation is the absence of quantification of epicardial
adipose tissue, a parameter that might significantly impact
cardiovascular hemodynamics (43).

CONCLUSION

This MRI study shows that time periods characterized by
significant weight gain are associated with additional increases
in arterial load and load-related concentric LV remodeling in
subjects with isolated abdominal obesity. Such changes indicate
a real increase in cardiovascular risk, particularly for concentric
LV remodeling, a recognized strong prognostic indicator (8–12).
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Heart failure (HF) is a burden in pandemic medicine resulting in high mortality and

morbidity. Because acute HF is a life-threatening event, its diagnosis and choice of

optimal treatment are important to improve outcomes. Furthermore, understanding the

cause and hemodynamics of acute HF is important in selecting the optimal treatment

for these patients. Echocardiography is widely used in daily clinical practice because

of its non-invasive nature and excellent portability to understand cardiac function and

hemodynamics. Echocardiography is highly recommended by guidelines in the practice

of HF, but evidence is limited. In this review, I would like to share clinical value of

echocardiography in the treatment of patients with acute HF and discuss the usefulness

of echocardiography.

Keywords: heart failure, echocardiography, acute heart failure, diagnosis, prognosis

INTRODUCTION

Heart failure (HF) places a burden on the healthcare system, which has increased during the
pandemic, and resulted in high mortality and morbidity (1–5). More than 1 million people
in the US and Europe are hospitalized annually for acute decompensated HF (ADHF) (1–5).
Echocardiography is widely used for the diagnosis and during the management of HF and is
used in various situations such as evaluation of cardiac function and hemodynamics, guiding
treatment decisions, and assessing the efficacy of treatment. Performing echocardiography, as an
initial investigation, is a class I recommendation in the HF guidelines of various countries (6–
10). Furthermore, echocardiography is considered to be useful for guiding treatment of ADHF
because it is the only imaging modality available at the patient’s bedside that can be evaluated in
real time with minimal invasion. However, while there is much evidence that echocardiography
is useful in chronic HF, there is little evidence to suggest that echocardiography is useful in
the management of ADHF (10, 11). Despite guideline recommendations, echocardiography was
infrequently performed in patients with HF in routine clinical practice (10, 12, 13). Thus, it
is unclear whether and how echocardiography can be used in patients with ADHF and what
phenotypic echocardiographic findings can be used to select patients for intervention. In this
review, I would like to share the clinical value of echocardiography and discuss its usefulness in
the treatment of patients with acute HF.

ETIOLOGY OF HF

Determining the etiology of HF is important for selecting the appropriate management. The
incidence of valvular disease is increasing in an aging society. According to the Euro Heart
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Survey, valvular heart disease was present in one-third of the
patients with acute HF in Europe. Approximately 10% of patients
with acute HF have aortic stenosis, and more than 40% have
MR (14). Acute HF with valvular disease is not uncommon,
and echocardiography is the only modality that can be used
to diagnose valvular disease in an emergency setting. Herein,
we present chest radiographs and echocardiography findings
for four patients with HF who developed acute pulmonary
edema (Figure 1). The etiologies of HF with preserved ejection
fraction (EF) were different in each case: Patient A had aortic
stenosis, B had hypertrophic obstructive cardiomyopathy, C had
acute MR, and D had HF without structural abnormalities. It
is important to determine the cause of the HF when deciding
on an appropriate treatment. Vasodilators and diuretics are the
mainstay of treatment; however, vasodilators should be avoided
in cases similar to those of patients A and B, and their use is
recommended in cases similar to those of C and D.

EVALUATION OF HEMODYNAMICS

Echocardiography is performed for the evaluation of
hemodynamics and estimation of left ventricular (LV) filling

FIGURE 1 | Four cases of acute heart failure. All patients had dyspnea and acute pulmonary edema with systolic blood pressure >140mm Hg (clinical scenario 1)

and preserved left ventricular ejection fraction. (A) 88-year-old female with severe aortic stenosis. Lower panel shows peak velocity of 4.2 m/s and mean pressure

gradient of 45.5 mmHg. (B) 78-year-old female with hypertrophic cardiomyopathy. Middle and lower panels show severe mitral regurgitation due to systolic anterior

motion of the mitral valve. (C) 64-year-old male with acute mitral regurgitation. Middle and lower panels show severe mitral regurgitation due to posterior leaflet

prolapse without left atrial enlargement. (D) 78-year-old female with heart failure with preserved ejection fraction. Middle and lower echocardiographic images show

severe left ventricular diastolic dysfunction without structural abnormalities.

pressures as well as assessment of structural disorders in
patients with acute HF (10, 15–18). Forrester classification
using pulmonary wedge pressure and cardiac index is useful
for evaluating hemodynamics and determining treatment
options for acute HF (19, 20). However, this requires an invasive
procedure i.e., Swan-Ganz catheterization, and is, therefore,
used less frequently. We can estimate the wedge pressure using
echocardiography as well. Based on the American Society of
Echocardiography guidelines, interpretation of the LV inflow
pattern is simple and can be used to estimate the LV filling
pressure. E/A of 2 or greater indicates that the LV filling pressure
is increased (16). E/A is a simple and highly reproducible test
that is useful in an emergency setting. However, during the 0.8
∼2 of E/A, patients with HFpEF and/or atrial fibrillation often
suffer from an elevated left ventricular filling pressure. Making a
diagnosis with an E/e’≥13 on tissue Doppler imaging, a tricuspid
flow velocity ≥2.8 m/s, and BNP may be helpful in daily clinical
practice (21). Measurement of the velocity time integral (VTI)
at the LV outflow tract (LVOT) is a simple and useful method
of estimating the forward stroke volume and cardiac output
(22–25). LVOT VTI is useful for estimating not only the cardiac
output but also the prognosis in HF with either preserved or
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reduced EF (25, 26). Changes in LV inflow pattern and LVOT
VTI are useful for assessing treatment response. A case of acute
HF with reduced EF is shown in Figure 2. It describes the
case of a 58-year-old male with non-ischemic cardiomyopathy.

Echocardiography showed severely impaired LVEF and severe
secondary MR. On admission, LV inflow had a restrictive pattern
and VTI was very low. The patient was determined to have
Forrester classification IV HF, and he was started on vasopressor

FIGURE 2 | Echocardiographic images of a 58-year-old man with dilated cardiomyopathy showing response to heart failure therapy. (A) On admission. Upper panel

shows severe secondary mitral regurgitation with dilated left ventricle. Middle panel shows restrictive left ventricular inflow pattern and velocity time integral of only

4.7 cm, which suggested low forward cardiac output. (B) After 14 days of hospitalization. Color Doppler echocardiography shows a significant reduction in mitral

regurgitation (upper panel). Doppler echocardiography showed decreased left ventricular filling pressure (middle panel) and significantly improved forward cardiac

output (lower panel).
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support. Repeat echocardiography was performed to confirm
the response to treatment. The LV inflow pattern gradually
improved, and LVOT VTI increased. Secondary MR improved
dramatically in this case, and we could confirm the impact of
HF treatment on echocardiography. Estimation of peak systolic
pulmonary arterial pressure (SPAP) is important in clinical
practice (27–29). Most patients with ADHF had either passive
or mixed pulmonary hypertension (30). There are two forms of
pulmonary hypertension due to left-sided heart disease: post-
capillary pulmonary hypertension, which is caused by the passive
propagation of elevated left atrial or pulmonary venous pressures
into the pulmonary arteries, and pre-capillary pulmonary
hypertension, which is caused by pulmonary artery remodeling
and further pulmonary artery pressure elevation. Combined pre-
and post-capillary pulmonary hypertension has been shown to
have a worse prognosis than passive pulmonary hypertension. It
has been suggested that therapeutic intervention is necessary for
patients with reactive pulmonary hypertension, and it is critical
to consider this diagnosis and subsequent management strategies
for patients with acute heart failure. SPAP is estimated from the
peak velocity of the tricuspid regurgitation jet and right atrial
pressure (28, 30). A correlation between echocardiographic and
invasive assessment of SPAP in patients with acute HF has been
reported, and echocardiography is used to assess SPAP in clinical
practice (27). A Japanese multicenter study reported that changes
in tricuspid regurgitation peak gradient (TRPG) had additive
value in predicting the prognosis of worsening renal failure in
acute HF. Worsening renal failure with increased TRPG levels is
associated with a poor prognosis (31).

ASSESSMENT OF CARDIAC FUNCTION

Although there are various parameters for assessing cardiac
function, left ventricular EF (LVEF) is simple and is one of the
most commonly used parameters in clinical practice. A recent
US study of Medicare recipients reported that ∼40% of patients
with ADHF did not have an echocardiographic EF assessment
after diagnosis of HF (12). In that study, the proportion of
patients who underwent LVEF evaluation increased over time,
but still a lower proportion of women, blacks, older patients,
and outpatients underwent echocardiography. In contrast, in the
US registry study, the percentage of patients who underwent
echocardiographic LVEF assessment was significantly higher
when LVEF assessment was considered as one of the endpoints
(32, 33). In the ADHERE registry, which entered 160,000 HF
patients admitted to 285 hospitals in the United States between
January 2002 and December 2004, the percentage of patients who
evaluated echocardiographic LVEF increased from 82.5 to 88.9%
over 3 years (32). In the OPTIMIZE-HF registry, which was
designed to test whether performing guidelines would improve
patient care in ADHF, performance of evidence-based practice
reportedly improved over time, and the percentage of patients
who underwent LVEF assessment increased from 89 to 92% over
a 21 month period. Fonarow et al. (33) Hospitals that received
achievement award in the American Heart Association program

for improving outcomes in cardiovascular diseases, including
HF, have higher rates of echocardiographic LVEF assessment
compared to hospitals that have not received the award (34).
Currently, ∼50% of the patients with HF have preserved EF
(35, 36). Adamopoulos et al. reported that the prognostic value of
LVEF assessed at admission increased when combined withmean
arterial pressure of patients with acute HF (37). Furthermore,
the effect of medication for HF differs based on LVEF. The
prognostic value of response to β-blockers and angiotensin-
converting enzyme inhibitor/angiotensin receptor blocker has
been demonstrated in many studies in patients with reduced EF,
but not in patients with preserved LVEF (36). Echocardiography
is less invasive and expensive than computed tomography or
magnetic resonance imaging, and it can be performed repeatedly
for patients with HF. LVEF changes with treatment, the so-called
reverse remodeling; therefore, changes in LVEF can predict the
prognosis. Many studies have reported that HF with recovered
EF has a better prognosis (38, 39). Echocardiographic follow-up
can be used to estimate the prognosis of patients with HF. Since
LVEF reflects not only LV contractility but also other factors, such
as heart rate, blood pressure, and volume overload, it is necessary
to consider these factors when evaluating contractility using
LVEF. When evaluating mitral and aortic valve insufficiency
using LVEF, it is especially important to be aware of these
factors to ensure that contractility is not overestimated. LVEF also
overestimates contractility when LV wall thickening is present
(hypertensive heart disease, hypertrophic cardiomyopathy, etc.);
in such cases, mid-wall fractional shortening or other calculations
are preferred.

Acute right heart failure is a complex disease that is difficult
to diagnose and manage in daily clinical practice. Ventricular
interactions also affect the structure and function of each
ventricle, as well as ventricular hemodynamics and events. It is
important to evaluate not only the LV in acute heart failure,
but also the right ventricular geometry, function, and pulmonary
artery coupling using echocardiography (40). Assessing the
inferior vena cava diameter and respiratory collapse helps in
estimating the right atrial pressure, although the quantitative
method (pulmonary artery systolic pressure—tricuspid pressure)
is more reliable than the more invasive measurement. An apical
or subcostal view is used to assess the RV size, LV-RV balance,
and RV sphericity.

ADDITIVE VALUE OF LUNG ULTRASOUND

A recent meta-analysis reported that B-profiles identified using
lung ultrasound were more accurate for detecting cardiogenic
causes of dyspnea than pleural effusion and TTE (41–43). The
AHF Group of the European Society of Cardiology has stated
that for patients with dyspnea and shock, lung ultrasound can
be easily and rapidly interpreted, and it is necessary to perform
lung ultrasound, in addition to transthoracic echocardiography,
in an emergent setting for patients with suspected acute heart
failure (44).
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CONCLUSIONS

Echocardiography can reveal structural abnormalities, and assess
cardiac function and hemodynamics. Although evidence is
limited, echocardiography can provide important information
for the diagnosis and treatment of acute HF. In addition,
national guidelines recommend echocardiography in acute HF,

and I believe that echocardiography should be used for the
management patients with acute HF in the clinical setting.
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Background: Ventricular arrhythmias are associated with sudden cardiac death

(SCD) in hypertrophic cardiomyopathy (HCM). Previous studies have found the

late gadolinium enhancement (LGE) on cardiac magnetic resonance (CMR) was

independently associated with ventricular arrhythmia (VA) in HCM. The risk stratification

of VA remains complex and LGE is present in the majority of HCM patients. This study

was conducted to determine whether the scar heterogeneity from LGE-derived entropy

is associated with the VAs in HCM patients.

Materials and Methods: Sixty-eight HCM patients with scarring were retrospectively

enrolled and divided into VA (31 patients) and non-VA (37 patients) groups. The left

ventricular ejection fraction (LVEF) and percentage of the LGE (% LGE) were evaluated.

The scar heterogeneity was quantified by the entropy within the scar and left ventricular

(LV) myocardium.

Results: Multivariate analyses showed that a higher scar [hazard ratio (HR) 2.682; 95%

CI: 1.022–7.037; p= 0.039] was independently associated with VA, after the adjustment

for the LVEF, %LGE, LV maximal wall thickness (MWT), and left atrium (LA) diameter.

Conclusion: Scar entropy and %LGE are both independent risk indicators of VA. A high

scar entropy may indicate an arrhythmogenic scar, an identification of which may have

value for the clinical status assessment of VAs in HCM patients.

Keywords: hypertrophic cardiomyopathy, ventricular arrhythmias, scar entropy, cardiac magnetic resonance, late

gadolinium enhancement
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INTRODUCTION

Cardiac magnetic resonance imaging is a valuable tool for the
risk stratification of sudden cardiac death (SCD) in hypertrophic
cardiomyopathy (HCM). The current gold standard for the
visualization of a scarred myocardium is the late gadolinium
enhancement (LGE) during cardiac magnetic resonance imaging
(CMR) (1) and previous studies have demonstrated an
association between ventricular LGE and ventricular arrhythmias
(VAs) (2–4). The presence and extent of left ventricular (LV)
scarring may have predictive utility for VAs in HCM patients (5).

Myocardial fibrosis is a significant cause of arrhythmogenesis
in HCM patients (3, 6). However, LGE can be observed in the
majority of HCM patients. Electrophysiology studies have shown
that HCM patients with malignant arrhythmias have increased
electrical dispersion and inhomogeneity of intraventricular
conduction, which may be related to myocardial fibrosis in HCM
patients with malignant arrhythmias (7). The measurement of
entropy is useful for the evaluation of the heterogeneity in
fibrotic lesions (8). The measurements convert the uncertainty
of the signal intensity (SI) into the uncertainty of the tissue
composition by taking all the SI values from the LGE-CMR.
Entropy is reflected in the image complexity as a set of completely
white pixels that would have an entropy value of zero, but
the value increases as the scarring image intensifies, enabling
the evaluation of the scar complexity. Previous studies have
correlated the spatial heterogeneity of fibrosis, as defined by
entropy measurements, with VAs in other cardiomyopathies
(9, 10). The current study aims to determine whether the
quantification of (1) scar heterogeneity, quantified by the entropy
within the scar, may be considered a marker for inhomogeneous
scar composition and to assess any association with VAs, and (2)
the entropy of the entire LV quantify inhomogeneous fibrosis and
assess any association with VAs.

MATERIALS AND METHODS

Study Population
Sixty-eight patients with a diagnosis of HCM (11), in whom
scarring was observed by LGE-CMR at the Sir Run Run
Shaw Hospital between January 2013 and January 2020 were
retrospectively enrolled in the study (Figure 1). HCM was
defined as having the maximal left ventricle wall thickness
on CMR images ≥15mm or as ≥13mm, plus a documented
family history of HCM according to the guidelines (11). The
exclusion criteria included the following: prior septal reduction
therapy; coronary artery disease; myocardial hypertrophy due
to other causes (including aortic stenosis, myocardial storage
diseases, hypertension); absence of a 24 h dynamic ECG (DCG)
monitoring. TheHCMpatients without visible scarring and those
for whom the LGE CMR quality was poor were also excluded.
All the HCM patients had undergone clinical examination, CMR,
and 24-h DCG. The participants in the study were divided into
HCM with VA (31 cases) and HCM non-VA groups (37 cases).
Evidence was collected from the patient medical records or via
telephone. The study protocol was approved by the Sir Run

Run Shaw Hospital ethics committee and complied with the
Declaration of Helsinki.

Assessment of VAs and SCD Risk
Estimation
Ventricular arrhythmias included previous aborted cardiac
arrest, documented sustained ventricular tachycardia (VT) (12),
and non-sustained VT (NS-VT). VT was defined as the sustained
ventricular arrhythmia over 100 heartbeats per minute when
lasting longer than 30 s or requiring earlier intervention due to
hemodynamic instability. Non-sustained VT was defined as the
runs of ventricular beats between ≥3 beats lasting for <30 s with
a heart rate (HR) of >100 bpm (12) during DCG. The SCD risk
of the HCM patients was predicted using the ESC online HCM
SCD Risk stratification score calculator (13). According to this
risk model, the patients with an SCD score> 6%were considered
as high risk, ≥4–<6% as intermediate risk, and <4% as low risk.

Cardiac MRI Protocol and Analysis
Patients were imaged using 1.5 T CMR scanners [General
Electric (GE) Healthcare, Chicago, Illinois or Magnetom Avanto
Siemens, Erlangen, Germany]. All CMR images were acquired
with electrocardiographic gating and breath-holding. Typical
LGE CMR protocol parameters were applied: a repetition
time of 4.8ms, an echo time of 2.3ms, and an inversion
time of 200 adjusted to 300ms. The LGE imaging was
conducted 10min after a cumulative intravenous injection
of 0.2 mmol/kg of gadopentetate dimeglumine. A breath-
hold segmented magnetization-prepared turbo gradient echo
sequence was used with the inversion time chosen to null
the normal myocardial signal. The images were visualized in
8–14 matchings short-axis (8mm thick with 2mm spacing)
and three radial long-axis planes. The presence of LGE as a
categorical value was first assessed by two radiologists who were
blinded to the clinical data of the patients. The left ventricular
ejection fraction (LVEF), left atrium (LA) diameter, maximal
wall thickness (MWT), and %LGE were measured by standard
volumetric techniques and analyzed with commercially available
software (Circle Cardiovascular Imaging 42, version 5.10.1,
Calgary, Canada). Late gadolinium enhancement was defined
as the areas with adjusted gray-scale threshold ≥5 SD above

FIGURE 1 | Flow diagram showing the selection and group of hypertrophic

cardiomyopathy (HCM) with scar patients. CMR, cardiac magnetic resonance;

DCG, dynamic electrocardiogram; HCM, hypertrophic cardiomyopathy; VA,

ventricular arrhythmias.
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the mean of the normal myocardium (14). The extent of the
LGE (% LGE) was summarized and quantified as the percentage
of the total left ventricular mass. Maximal wall thickness was
defined as the greatest dimension at any site within the LV
myocardium. Manual segmentation was performed by a CMR-
trained cardiologist blinded to the patient identifiers and study
endpoints. For inter-rater reliability, a second CMR-trained
cardiologist performed a further manual segmentation, blinded
to the results from the initial assessor.

The LV entropy and scar entropy were performed as
previously described (9, 15) with the regions of interest drawn
around all the visible LGE, carefully incorporating the scar border
and excluding the surrounding myocardium. The quantification
of the tissue inhomogeneity assumes that the varying SI values in
LGE indicate the presence of tissues with different compositions.
Tissue entropy, as an indication of inhomogeneity, was quantified
for both the scar region and the entire LV myocardium. The

TABLE 1 | Clinical characteristics in HCM patients with or without ventricular

arrhythmias.

All HCM with

LGE (n = 68)

HCM with

VA (n = 31)

HCM without

VA (n = 37)

p

Mean age, years 54.5 ± 14.3 55.5 ± 13.5 53.8 ± 15.1 0.62

Male, n (%) 47 (69.1) 23 (74.2) 24 (64.9) 0.328

Hypertension, n (%) 26 (38.2) 12 (38.7) 14 (37.8) 0.941

Diabetes, n (%) 6 (8.8) 2 (6.5) 4 (10.8) 0.528

Creatinine(µmol/L) 76.9 ±18.1 80.7 ±18.9 73.8 ±17.2 0.15

Atrial fibrillation, n (%) 5 (7.3) 2 (6.5) 3 (8.1) 0.794

Syncope history, n (%) 9 (13.2) 6 (19.4) 3 (8.1) 0.173

Family history of SCD,

n (%)

6 (8.8) 4 (12.9) 2 (5.4) 0.278

Obstruction present,

n (%)

26 (38.2) 13 (41.9) 13 (35.1) 0.565

CMR findings

LVEF % 67.2 ± 12.9 62.5 ± 15.5 71.2 ± 8.7 0.005

LA diameter, mm 38.8 ± 6.7 41.0 ± 6.0 36.9 ± 6.7 0.01

Mean MWT, mm 22.7 ± 5.6 24.3 ± 5.8 21.7 ± 4.6 0.04

%LGE 8.7 ± 8.6 13.6 ± 10.3 8.8 ± 8.5 <0.001

Mean LGE entropy 6.5 ± 1.1 6.8 ± 0.7 6.2 ± 1.3 0.01

Mean LV entropy 6.3 ± 1.1 6.5 ± 0.7 6.1 ± 1.3 0.127

Medications

β-blockers, n (%) 46 (67.6) 21 (67.7) 25 (67.6) 0.988

Calcium antagonists,

n (%)

21 (30.9) 9 (29.0) 12 (32.4) 0.762

ESC SCD risk

% 5-year ESC SCD

risk

3.4 ± 2.3 5.2 ± 2.2 1.8 ± 0.7 <0.001

High 6 (8.9) 6 (19.4) 0 (0)

Intermediate 15 (22.1) 15 (48.4) 0 (0)

Low 41 (60.3) 10 (32.3) 31 (100)

Values are mean ± SD or n (%). The p-values reflect comparison between 2 groups.

HCM, hypertrophic cardiomyopathy; VA, ventricular arrhythmia; CMR, cardiac magnetic

resonance; LVEF, left ventricular ejection fraction; LA, left atrium; LV, left ventricular; LGE,

late gadolinium enhancement; SCD, sudden cardiac death.

borders of the endo-, epi-cardial, and scar regions were manually
annotated. The range of the SI for each patient was normalized to
a range of 0–1,024. For the LV entropy calculations, the SI values
for all the pre-annotated pixels within the myocardium were
used to evaluate the probability distributions for each patient. To
calculate the entropy of the scar for each patient, the pixels within
the pre-annotated scar areas were used to evaluate the probability
distributions. Data loading and normalization were performed
with PyRadiomics, and the scar-entropy and LV-entropy were
calculated by Python using the following formula, derived from
Shannon’s formula:

H (I) = −

n
∑

i=1

p (Ii) log2p(Ii)

where
∑n

i=1 describes n SI values in the region of interest and
p(Ii) is the probability of value Ii, which can be computed from
the probability distribution. As the maximum intensity value was
normalized to 1,024, the entropy ranges from 0 to 10, with 0 being
a homogeneous distribution of a single intensity value, and 10
being a uniform distribution of varying intensity.

Statistical Analysis
The continuous variables are presented as mean ± SD, and the
categorical data are summarized as frequencies and percentages.
The data that did not follow a normal distribution are presented
as median and quartile (interquartile range). The differences in
baseline characteristics between the patients were analyzed using
a Student’s t-test or Fisher exact test, as appropriate. Univariable
and multivariable logistic regression analyses were used to study
the relationship between age, LVEF, LA diameter, %LGE, scar
entropy, LV entropy, and VAs. The HR was defined after the
adjustment for the pre-determined potential confounders based
on clinical relevance. The HR with 95% confidence intervals
(CIs) are reported. The optimal cut-off values were determined
by calculating the Youden index. Kaplan-Meier curves and
log-rank tests were used to explore the association of the
LGE and entropy with VAs. Receiver operator characteristic
(ROC) curves were created and the value closest to the upper
left corner determined the optimal sensitivity and specificity
to discriminate between HCM patients with VAs. The inter-
and intra-observer variabilities were expressed by the intra-
class correlation coefficients. The inter-observer variability for
quantitative scar and left ventricular entropy was assessed in
a subset of 20 randomly selected CMR studies. Two readers
(WLZ and CLP) independently quantitated the LGE without
prior knowledge of the clinical data and were blinded to the
previous results. For the intraobserver variability, two readers
(CQ Z and ZP J) independently quantitated the entropy in a
subset of 20 randomly selected CMR studies. The inter-rater
agreement was evaluated using a Bland-Altman plot and linear
regression analysis. All tests were two-tailed and p < 0.05 was
considered significant.
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TABLE 2 | Univariate and multivariate logistic regression analyses for predictors of ventricular arrhythmia in HCM patients with LGE-CMR.

Univariate logistic regression p Multivariate logistic regression p

OR, 95% CI OR, 95% CI

Age (years) 1.018, 0.984–1.054 0.307

MWT (mm) 1.120, 1.011–1.241 0.03 1.161, 1.011–1.333 0.034

Family history of SCD (yes vs.no) 0.386, 0.066–2.265 0.291

Syncope (yes vs.no) 1.000, 1.000–1.000 0.551

LA diameter 1.129, 1.037–1.228 0.005 1.104, 1.007–1.209 0.036

LVEF% 0.955, 0.915–0.996 0.032 0.986, 0.928–1.047 0.642

Obstruction presence (yes vs.no) 0.750, 0.281–2.002 0.566

%LGE 1.255, 1.109–1.420 <0.001 1.251, 1.088–1.439 0.002

Scar entropy 2.870, 1.372–6.001 0.005 2.682, 1.022–7.037 0.039

LV entropy 1.557, 0.854–2.839 0.149

Values are mean ± SD or n (%). The p-values reflect a comparison between two groups with or without VA. HCM, hypertrophic cardiomyopathy; MWT, maximal wall thickness; SCD,

sudden cardiac death; LA, left atrium; LVEF, left ventricular ejection fraction; LV, left ventricular; LGE, late gadolinium enhancement; %LGE, the percentage of late gadolinium enhancement

(LGE) to left ventricular mass.

RESULTS

Patient Characteristics
The baseline characteristics for all patients were presented in
Table 1. A total of 68 HCM patients with scarring identified by
both LGE-CMR and DCG were enrolled in our study (Mean
age: 68.7 ± 12.2 years; 69.1% male). Twenty-seven patients were
scanned with a Siemens 1.5-T scanner (Munich, Germany) and
41 patients were scanned with a 1.5-T GE scanner (Boston, MA,
United States). Of the former, 48.2% (n= 13) had HCMwith VA,
and of the latter, 43.9 % (p = 0.81) (n = 18). In HCM with VAs,
the 5-year SCD risk score was much higher among those with
VA than those without VA {[5.2 (2.69, 4.80) vs. 1.80 (2.00, 2.00)];
p < 0.001; Table 1}.

Assessment of Entropy by CMR
The data for the left cardiac function and myocardial entropy
data are summarized in Table 2 along with the respective patient
age (55.5 ± 13.5 vs. 53.8 ± 15.1 years, p = 0.63). The mean
entropy within the scar was significantly higher in the VA group
(6.8 ± 0.7 vs. 6.1 ± 1.2, p = 0.004). There was no significant
difference in the mean LV entropy between the two groups
(Table 1). All the HCM patients had LGE detectable by CMR
(Table 1). There was a weak association between the presence and
extent of LGE and scar entropy (r = 0.287, p = 0.018) but none
between LGE and LV entropy (r = 0.106, p= 0.398).

Assessment of VA in HCM Patients With
LGE by CMR
Ventricular arrhythmias were documented in 31 patients
(45.6%). Of these, 4 patients (12.9 %) hadVAwith aborted cardiac
arrest, 7 (22.6 %) had sustained VT, and 20 (64.5%) had NS-VT.
The HCM patients with VAs had poorer LVEF (62.2 ± 15.5% vs.
71.2 ± 8.7%; p = 0.005) and thicker MWT (24.3± 5.8 vs. 22.7 ±
5.7; p= 0.030) compared with those without VA.

The univariate analysis showed that the mean entropy within
the scar, %LGE,MWT, LA diameter, and LVEFwere all associated
with the appropriate VA (Table 2). The CMR-derived parameter,
higher scar entropy, is clearly associated with VA (HR: 2.870 per

unit entropy; 95% CI: 1.372–6.001; p = 0.005) (Table 2). The
multivariate analysis also related scar entropy with VA (HR: 2.682
per unit entropy; 95% CI: 1.022–7.037; p= 0.039; Table 2).

There was no significant difference between %LGE and scar
entropy by DeLong’s test (p = 0.175). The efficiency of scar
entropy in predicting the occurrence of VAs was evaluated by the
ROC curve analysis (Figure 2). The green curve represents the
scar entropy with a C-statistics value of 0.708 (95% CI: 0.586–
0.812) and the blue curve represents the scar entropy with a
C-statistics value of 0.821 (95% CI: 0.709–0.903; p = 0.175 vs.
%LGE). The red curve represents the effect of adding entropy to
the %LGE values and producing a better prediction of VAs in
the HCM patients [area under the curve (AUC) = 0.900; 95%
CI: 0.803–0.960] (p = 0.04 vs. %LGE; Figure 2). Figure 3 shows
examples of the entropy model in two HCM subjects with or
without VA. Patient A (orange line) had little heterogeneity of
the scar tissue (in red) and this patient had a scar entropy of 6.09.
Patient B (blue line) had a more dispersed distribution of SI and
a scar entropy of 6.88.

The optimal cut-off values from the ROC analyses
demonstrated that the patients with scar entropy values
higher than 6.166 experienced VAs more frequently, with the
sensitivity of 0.903% and the specificity of 0.459%. Similarly, the
optimal cut-off values from the ROC analyses showed that the
patients with %LGE higher than 6.14% had VAs more frequently.
Patients with an ESC risk score higher than 4% (intermediate to
high risk), combined with %LGE > 6.14% had significant risk
stratification for VAs compared with those with a 5-year risk
score≥ 4% (p < 0.001; Figure 4). A scar entropy value of >6.166
further refined the % LGE-modified SCD Risk stratification
score (p < 0.001 compared with the group of 5-year risk score
≥4%+%LGE > 6.14%; Figure 4).

At a median follow-up time of 25 months (IQR 13–13), no

patients died. Among these, 12 of the HCM patients with VA had

received implantable cardiac defibrillation (ICD) devices. During

the follow-up, the median time of the VAs after CMR was 1

month (IQR 0–4.75). Among the HCMpatients without VA, only
one received an ICD for primary prevention.
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FIGURE 2 | (A) Levels of scar entropy in HCM patients with or without ventricular arrhythmia (VA) (Groups VA and non-VA). (B) The receiver operator characteristic

(ROC) curve of the scar entropy to predict the presence of VAs in the HCM cohort. AUC, area under the curve; CI, confidence interval; HCM, hypertrophic

cardiomyopathy; VAs, Ventricular arrhythmias; The ROC curve of the percentage of the LGE (%LGE), scar entropy, and combined %LGE and scar entropy to predict

the presence of VAs in the HCM cohort.

FIGURE 3 | Scar entropy model and signal intensity (SI) histograms in two HCM subjects with or without VAs. The image demonstrates the uniformity of signal

intensity in the scar, with the epicardial border in green and the endocardial border in red. The area shaded in red identifies the scar detected by the full width at the

5-SD method. (A) Image from an HCM patient who experienced VA events. (C) Image from an HCM patient who experienced non-VA events. (B) The histogram

(middle) shows the probability distribution of the pixel signal intensities for both patients. Note the high frequency of pixels within a narrow range of SIs for patient B

(blue line), suggesting little heterogeneity of the scar tissue and this patient had scar entropy of 6.09. Note the more dispersed distribution of SIs for patient A (orange

line). The patient had scar entropy of 6.88, indicating a much more heterogeneous scar. Both patients were scanned using 1.5-T scanners.

Intra- and Inter-observer Reproducibility
We found a good reproducibility of scar and LV entropy
measurements for the intra- and inter-observer variability and
the intraclass correlation coefficient (ICC) values for entropy
were over 0.9. The summaries of the ICC values in both
the intra- and inter-observer reproducibility are shown in
Supplementary Figures 1A–D.

DISCUSSION

Our study demonstrated that the LGE-CMR-based calculations
of entropy within the scar were associated with the occurrence

of VA. The incorporation of the scar entropy values provides a
significant refinement of the % LGE-modified 5-year SCD risk
score. This modification has the potential to greatly assist the
identification of high-risk HCM patients using LGE-CMR.

CMR Findings Related to VAs in HCM
Patients
Currently, available risk stratification indices only identify a
limited proportion of HCM patients at risk of SCD. The current
study used univariate analysis to show that the mean entropy
within the scar, %LGE, MWT, LA diameter, and LVEF were
all associated with the occurrence of VAs (Table 2). The HCM
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FIGURE 4 | Incremental value of scar entropy >6.166 and LGE > 6.14% over

the conventional 5-year sudden cardiac death (SCD) risk stratification score.

The %LGE significantly improves the risk stratification of VAs when added to

the 5-year SCD risk score ≥4% while scar entropy further significantly

improved the %LGE-modified 5 year SCD risk stratification score.

patients with VAs had thicker MWTs and larger LA diameters
compared with those without (Table 1). Our study is consistent
with the findings of previous studies which have linked MWT
and LA diameter with VAs (16). The increased maximal left
ventricular wall thickness is a marker of the risk for SCD in
HCM (17). The left atrial size may also be used to predict adverse
cardiac events in HCM patients (18, 19).

The current study showed that the HCM patients with VAs
had worse LVEF by univariate analysis although no significant
association could be shown by the multivariate analysis. The
LVEF is not incorporated into the ESC risk model (13). Previous
reports have indicated that ∼3–4% of HCM patients have a
reduced LVEF (20, 21). The low rate of this abnormality may be
explained by the fact that hypertrophic myocardium pathology
can produce normal or even higher LVEF (10). However, the
early myocardial strain might be a predictor of worsening
conditions in HCM patients (22). Adding LVEF to the ESC risk
model is useful for further risk assessment of life-threatening
arrhythmic events (23).

We demonstrated that a higher entropy within the scar was
the CMR-derived parameter most closely associated with the
occurrence of VAs (HR: 2.870 per unit entropy; 95% CI: 1.372–
6.001; p = 0.005) (Table 2). Multivariate analysis confirmed this
association (HR: 2.682 per unit entropy; 95% CI: 1.022–7.037; p
= 0.039; Table 2). Using the optimal cut-off values from the ROC
analyses, the patients with scar entropy values higher than 6.166
(log-rank p = 0.021) and %LGE higher than 6.14% (log-rank
p < 0.001) had VAs more frequently. There was no significant
difference between the %LGE and scar entropy by DeLong’s
test (p = 0.175). The efficiency of scar entropy in predicting
the occurrence of VAs was further evaluated using ROC curve
analysis (Figure 2). The green curve represents the scar entropy
with a C-statistics value of 0.708 (95% CI: 0.586–0.812), the blue
curve represents the scar entropy with a C-statistics value of
0.820 (95% CI: 0.586–0.812; p = 0.175 vs. %LGE) and the red
curve represents the scar entropy combined with %LGE with a
C-statistics value of 0.900 (95% CI: 0.803–0.906; p = 0.04 vs.

%LGE). Using the optimal cut-off values from the ROC analyses,
the patients with a scar entropy higher than 6.166 had VAs more
frequently (sensitivity: 0.903% and specificity: 0.459%). A value
for %LGE> 6.14% significantly refined the risk stratification for
VAs when added to the conventional SCD Risk stratification
score ≥4% (p < 0.001; Figure 4). The combination of %LGE
with scar entropy >6.166 further refined the risk stratification,
producing a performance that exceeded that of the SCD Risk
stratification score modified by %LGE alone (p < 0.001).

Many new techniques and modifications of CMR require
further research. Myocardial texture analysis helps in the
detection of myocardial disease (24) and this could help in
stratifying risk in HCM patients. In addition, myocardial T1
mapping and extracellular volume (ECV) fraction assist with
HCM risk stratification (25) and T2 mapping has the potential
to be a biomarker (26).

LGE and Entropy in HCM Patients
Late gadolinium enhancement is an independent predictor of
SCD in HCM patients (27) and the presence of LGE and
its extent may be associated with a worse prognosis (5–8).
However, current strategies for identifying high-risk patients
are limited. Cardiac magnetic resonance with LGE can identify
areas of myocardial fibrosis where life-threatening VAs originate
(28). However, controversies remain regarding the independent
prognostic importance of LGE-CMR in HCM since the presence
of LGE may not always equate with the severity of fibrosis (6).
Indeed, HCM patients with the same degree of LGE may have
different outcomes.

The current study identified the novel marker, scar entropy,
which refines the uncertainty in the LGE signal (8). Recent
studies have shown that scar entropy correlates with VAs in other
cardiomyopathies (9, 10). The current study showed a very weak
association between LGE and scar entropy and no association
between LGE and LV entropy in HCM patients. Multivariate
analysis identified the entropy within the scar but not that of the
total LV myocardium as the LGE-derived parameter associated
with the occurrence of VAs. As such, the entropy calculated
two-dimensional LGE MR imaging seems to be a promising
parameter to indicate the presence of an arrhythmogenic scar.
The LGE extent is not a satisfactory predictor of risk due
to the variable phenotype of HCM. The current retrospective
study has shown that some patients with similar LGE extents
experienced different outcomes. This may be partially explained
by the heterogeneity of fibrosis which can be equated with
scar entropy.

Entropy independently predicts adverse cardiac events and
all-cause mortality in HCM patients (9, 29). Higher scar entropy
has been associated with VAs, indicating the presence of an
arrhythmogenic scar following myocardial infarction (9). Our
findings show that scar entropy in HCM patients could further
help to stratify the risk of patients at risk of VAs. The LGE
volume and scar entropy in combination could refine the risk
stratification for VAs. We have shown that the %LGE refined the
risk stratification for VAs. We have shown that the %LGE refined
the risk stratification for VAs when added to the conventional
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SCD risk stratification score and the addition of scar entropy
provided a further refinement (p < 0.001).

The CMR assessments of LGE constitute a promising tool
for SCD risk in HCM patients (30). However, there is little
correlation between LGE and the degree of myocardial damage
and risk (31–33), underscoring the need to improve risk
stratification beyond themere presence of LGE. LGE is associated
with the occurrence and burden of VAs on Holter monitoring
(2, 5, 34). Quantitative LGE analysis for a 5 SD threshold
confirmed the correlation between entropy abnormalities and
%LGE. A previous study has shown a linear correlation
between the extent of LGE and the magnitude of risk with
a value above 15% producing a two-fold increased risk in
the otherwise “low risk” patients (6). However, the previous
study cited above included only 50% of the patients with LGE
by CMR. The present study adopted a cutoff value of 6.14%
for the %LGE in the patients with VAs and all the HCM
patients enrolled had LGE, thus accounting for some differences
in findings.

We found that scar entropy was higher in the HCM
patients with VAs and constituted an independent predictor
of arrhythmias, indicating a continuum of risk assessed by
this parameter. We suggest that a noninvasive identification of
inhomogeneous scars and their evaluation by scar entropy is a
superior tool to the mere presence and extent of LGE for risk
stratification in HCM patients.

Clinical Implications
Ventricular tachycardia is an important risk factor of SCD
in large HCM studies and is most frequently assessed
by Holter monitoring. However, this approach carries a
risk of missing and underestimating events within the
timescale available for registration. The present study
shows that scar entropy could help assess the arrhythmic
risk in HCM patients, assisting with the identification of
high-risk individuals.

LIMITATION

We acknowledge several limitations to our study. First, this study
was retrospective, including relatively low numbers of HCM
patients with both DCG and CMR results from a single medical
center. Second, our 24 h monitoring period may be too short to
accurately represent the overall picture of the arrhythmic burden
of a patient making it quite limited in terms of follow-up. Though
most patients had NS-VT and a high percentage had VAs in our
HCM cohort, all had scarring identified by LGE-CMR. Third,
risk stratification within these narrow parameters is quite difficult
and challenging and further studies are needed to confirm the
validity of the information contributed by our new technique.
Future prospective investigations including larger cohorts with
outcomes including VA and SCD are required to confirm our
findings. Fourth, we did not get the information of the genetic
testing results as this could also affect accurate risk stratification
for a clinical diagnosis of HCM. Mapping techniques might

add more values for risk stratification in HCM, which could be
evaluated in future studies.

CONCLUSION

The entropy used to quantify scar tissue in homogeneity within
the scar was independently associated with VAs and therefore
seems to be a promising marker of an inhomogeneous and
arrhythmogenic scar in HCM patients.
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Background: There have been no systemic studies about right heart filling pressure

and right ventricular (RV) distensibility in patients with chronic thromboembolic

pulmonary hypertension (CTEPH). Therefore, we aimed to explore combinations of

echocardiographic indices to assess the stages of RV diastolic dysfunction.

Methods andResults: We recruited 32 healthy volunteers and 71 patients with CTEPH.

All participants underwent echocardiography, cardiac catheterization (in patients with

CTEPH), and a 6-min walk test (6MWT). The right atrial (RA) end-systolic area was

adjusted for body surface area (BSA) (indexed RA area). RV global longitudinal diastolic

strain rates (SRs) and RV ejection fraction (EF) were measured by speckle tracking and

three-dimensional echocardiography (3D echo), respectively. All 71 patients with CTEPH

underwent pulmonary endarterectomy. Of the 71 patients, 52 (73%) had decreased

RV systolic function; 12 (16.9%), 26 (36.6%), and 33 (46.5%) patients had normal RV

diastolic pattern, abnormal relaxation (stage 1), and pseudo-normal patterns (stage 2),

respectively. The receiver operating characteristic curve analysis showed that the optimal

cut-off values of early diastolic SR < 0.8 s−1 and indexed RA area > 8.8 cm2/BSA

had the best accuracy in identifying patients with RV diastolic dysfunction, with 87%

sensitivity and 82% specificity. During a mean follow-up of 25.2 months after pulmonary

endarterectomy, the preoperative indexed RA area was shown as an independent risk

factor of the decreased 6MWT distance.

Conclusions: Measuring early diastolic SR and indexed RA area would be useful in

stratifying RV diastolic function.

Keywords: chronic thromboembolic pulmonary artery hypertension, right ventricular diastolic dysfunction, early

diastolic strain rate, indexed right atrial area, right heart filling pressure
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INTRODUCTION

Pulmonary arterial hypertension (PAH), left heart failure
(HF), mechanical ventilation, and left ventricular assist
device implantation are associated with right HF (1–3). Early
recognition of right ventricular (RV) dysfunction may provide
opportunities to optimize treatment strategy and delay the
progression of heart failure. By the use of combined Doppler
transtricuspid flow velocities and annular tissue Doppler velocity,
RV diastolic dysfunction has been described (4). However, the
methods were limited in some patients due to undetermined
doppler patterns affected by heart rate, volume load, and other
factors. To date, many studies have reported some hemodynamic
indices of heart failure, including elevated central venous
pressure, pulmonary capillary wedge pressure, increased left or
RV pressure, and pulmonary artery pressure (PAP).

Recently, Mele et al. (5) reported 496 patients with HF
and found patients with high left heart filling pressure had a
worse prognosis than those with normal filling pressure and
noticed that high mean RA pressure (>8 mmHg) could identify
a subgroup of patients with worse prognosis. The relationship
between right heart filling pressure, RV function, and outcomes
in patients with PAH seem to be very important. As the right
heart filling pressure increases, the RV systolic and/or diastolic
dysfunction may deteriorate and influence clinical outcomes.

Our study aimed to explore echocardiographic parameters
in assessing RV diastolic function, to prove the correlations
between the right heart filling pressure and stages of RV
diastolic function, and to observe the outcomes in patients with
chronic thromboembolic pulmonary hypertension (CTEPH)
after pulmonary endarterectomy.

MATERIALS AND METHODS

Participants
The Institutional Review Board of Fuwai Hospital approved the
study protocol (January 16, 2018, No. 2018-991), which was in
accordance with the “Declaration of Helsinki.”

In total, 71 patients (mean age, 47.6 ± 13.6 years; 63% men)
who were diagnosed with CTEPH at Fuwai Hospital between
January 2018 and June 2020 were included. Their diagnosis
was based on echocardiography, CT, and cardiac catheterization.
None had a history of cancer. All these patients underwent
pulmonary endarterectomy. Pre- and post-operative medical
records of patients with CTEPH were collected.

Thirty-two healthy volunteers (mean age, 42.5 ± 8.0 years;
47% men) with no history of heart or lung diseases or symptoms
and with normal physical examination findings were selected
as control participants. Written informed consent was obtained
from all participants.

Echocardiography
Transthoracic echocardiography was performed using a 3–
4.5-MHz transducer (Vivid E95, GE Vingmed Ultrasound,
Horten, Norway). Measurements were performed according to
the American Society of Echocardiography guidelines for the

assessment of heart chambers (6). The right atrial (RA) end-
systolic area was traced in the apical four-chamber view and
adjusted for body surface area (BSA) (indexed RA area). RV end-
diastolic and end-systolic areas were measured in the apical four-
chamber view to calculate RV fractional area change (RV FAC).
Tricuspid annular peak systolic excursion (TAPSE) was obtained
using the M-mode echo of the lateral annulus.

Mitral and tricuspid inflow velocities were recorded. These
parameters included early filling velocity (E), atrial filling velocity
(A), E/A ratio, and deceleration time (DT). Mitral and tricuspid
annular systolic velocity (s’), early-diastolic velocity (e’), and late-
diastolic velocity (a’) were assessed in the apical four-chamber
view. The RV index of myocardial performance (RIMP) was
defined as the ratio of the sum of the isovolumic contraction
time and the isovolumic relaxation time (IVRT) divided by the
ejection time.

Images were further analyzed using two-dimensional speckle
echo software (EchoPAC, General Electric/Vingmed Ultrasound,
Horten, Norway) with a calculation of RV global longitudinal
strain (GLS), and early and late diastolic strain rates (SRs)
for the entire traced contour of the right ventricle (Figure 1).
Measurements were performed on an average of three beats.

Three-dimensional echocardiography (3D echo) was
performed at the cardiac apex using a matrix-array transducer
(4VC). All images were analyzed by four-dimensional RV
analysis software (EchoPAC version 20, TomTec Imaging, Inc.,
Munich, Germany). RV end-diastolic volume (EDV) and RV
end-systolic volume (ESV) were obtained. RV ejection fraction
(EF) was then measured as the percentage change of the volumes.

Right ventricular systolic dysfunction was defined when at
least two parameters were below the lower recommended limit
of normal [i.e., RVEF ≤ 40%, TAPSE ≤ 17mm, tricuspid valve
(TV) annular s’ ≤ 9.5 cm/s, FAC ≤ 35%, and/or GLS ≥ −20%]
(7). We followed the criteria established by the American Society
of Echocardiography for determining RV diastolic dysfunction in
adults, grading it as normal (E/A ratio > 0.8), stage 1 (impaired
relaxation: E/A < 0.8), stage 2 (pseudo normal: E/A 0.8–2.1
with E/e′ >6), and stage 3 (restrictive filling: E/A > 2.1 with
DT < 120ms) (4).

Hemodynamic Measurements
In this study, all patients underwent left- and right-sided cardiac
catheterization before or after echocardiography within 3 days.
RA pressure, RV pressure, and PAP were obtained during
systole and diastole. Left-heart catheterization was performed
to exclude significant coronary artery disease or left-sided valve
disease and to obtain LV pressure. Cardiac output was calculated
and was adjusted by BSA as a cardiac index. Pulmonary
vascular resistance was subsequently calculated and expressed
as dynes.s.cm−5.

Statistical Analysis
SPSS 24.0 was used for statistical analysis. Results were expressed
as mean (±standSD) unless stated otherwise. When comparison
among three groups was needed, a one-way ANOVA was
carried out. The independent samples t-test was chosen to
analyze differences between the two groups. The correlation was
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FIGURE 1 | A six-segment model of the right ventricle was created by the tracking algorithm after manual delineation of the endocardial border. The global

longitudinal strain rate (SR) (dotted line) is calculated by averaging the regional peak values. In this patient with chronic thromboembolic pulmonary artery hypertension

(CTEPH), the global early diastolic SR is severely depressed (0.27 s−1).

analyzed by performing a bivariate linear regression estimation.
The diagnostic accuracy was determined by receiver operating
characteristic (ROC) curve analysis. The chi-square test was used
to compare proportions. Differences were considered significant
if the p < 0.05.

RESULTS

CTEPH Groups vs. Normal Control
Participants
The baseline characteristics of all control participants and
medical records of patients with CTEPH are shown in Table 1.
In this study, 44 of 71 (62%) patients presented with New
York Heart Association (NYHA) function class III or IV heart
failure. Forty-nine (69%) patients completed the 6MWT. Among
the 71 patients with CTEPH, 22 patients had trace tricuspid
regurgitation (TR), 27 had mild TR, 17 had moderate TR,
and five had severe TR. Fifty-two patients had RV EF ≤

40%, 41 had TAPSE ≤ 17mm, 26 had TV annular s’ ≤ 9.5
cm/s, 42 had RV FAC ≤ 35%, and 52 had GLS <-20%. In
total, 52 patients presented with decreased RV systolic function.
Normal RV diastolic pattern, abnormal relaxation (stage 1), and
pseudonormal patterns (stage 2) were present in 12 (16.9%), 26

(36.6%), and 33 (46.5%) of 71 patients, respectively, based on the
TV E/A ratio, E/e’ ratio, and DT.

Correlation Between Echocardiographic
Indices and Right Heart Filling Pressure
Moderate correlations were found between PASP, mean PAP and
RIMP (R= 0.67 and 0.68, both p= 0.0001), IVRT (R= 0.60 and
0.60, both p = 0.0001), TV annular e’ (R = −0.62 and −0.61,
both p = 0.0001), early diastolic SR (R = −0.77 and −0.71, both
p = 0.0001), and indexed RA area (R = 0.73 and 0.72, both
p= 0.0001). The linear regressionmodel showed that the indexed
RA area was mostly impacted by increased PASP (β = 2.84,
p= 0.0001) and mean PAP (β = 1.4, p= 0.001), including RIMP,
IVRT, TV e’, early diastolic SR, indexed RA area, TV E/A ratio,
TV E/e’ ratio, and TV DT (Figure 2).

Receiver operating characteristic curve analysis showed that
the optimal cut-off values of early diastolic SR <0.8 s−1, RIMP
>0.45, IVRT >82ms, and indexed RA area >8.8 cm2/m2 had
the best accuracy in identifying RV diastolic dysfunction, with
sensitivities of 82, 97, 84, and 87; specificities of 84, 87, 87, and
82%; and areas under the curve of 0.91, 0.96, 0.90, and 0.86,
respectively (Figure 3). RV diastolic dysfunction was detected in
67 of 71 (94.4%) patients with CTEPH, when at least two novel
parameters were beyond the recommended limit of normal (i.e.,
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TABLE 1 | Mean values and SDs of the baseline characteristics of all participants

and preoperative general medical records of CTEPH patients.

Variables Control

(n = 32)

CTEPH

patients

(n = 71)

P-Value

Age, years 42.5 ± 8.0 47.6 ± 13.6 0.052

Male, no. (%) 15 (46.9%) 45 (63.4%) 0.134

SBP/DPB, mmHg 121/72 114/70 0.329

BMI 23.7 ± 2.4 23.3 ± 3.4 0.608

BSA 1.8 ± 0.2 1.8 ± 0.2 0.234

Blood glucose 5.0 ± 0.2 4.5 ± 0.6

Hemoglobin (g/dL) 130 ± 5.6 140 ± 20

Renal function

BUN (mmol/L) 4.5 ± 0.4 5.7 ± 1.6

Creatinine (mol/L) 61.8 ± 10.2 85.2 ± 16.0

Liver function

Total bilirubin (mol/L) 7.5 ± 2.5 17.2 ± 9.4

Direct bilirubin (mol/L) 1.4 ± 0.3 4.7 ± 3.9

NT pro-BNP 799.0 ± 882.1

(5 ∼ 4,585)

NYHA I 32 (100%) 0 (0%)

II 27 (38%)

III 42 (59.2%)

IV 2 (2.8%)

6MWT ≤300m 12 (24.5%)

300–375m 11 (22.4%)

375–449.9m 17 (34.7%)

≥450m 32 (100%) 9 (18.4%)

GFR ≥90 ml/min 32 (100%) 34 (47.9%)

60–89 ml/min 25 (35.2%)

30–59 ml/min 10 (14.1%)

15–29 ml/min 2 (2.8%)

CTEPH, chronic thromboembolic pulmonary hypertension; BMI, body mass index; BSA,

body surface area; BUN, blood urea nitrogen; NT pro-BNP, N-terminal prohormone of

brain natriuretic peptide; 6MWT, 6-minute walk test; GFR, glomerular filtration rate.

early diastolic SR <0.8 s−1, RIMP >0.45, IVRT >82ms, indexed
RA area >8.8 cm2/m2). Furthermore, early diastolic SR <0.31
s−1 and indexed RA area >10 cm2/m2 could further separate
stage 2 RV diastolic dysfunction from stage 1, with sensitivities
of 74% and 74%, and specificities of 27 and 53%, respectively.

Table 2 summarizes echocardiographic parameters assessing
RV systolic and diastolic function in normal control participants
and in patients with CTEPH with the normal or elevated right
heart filling pressures. The patients with CTEPH with mean RA
pressure ≤8 mmHg or RV diastolic pressure ≤4 mmHg had
better diastolic function indices than the patients with CTEPH
with mean RA pressure >8 mmHg or RV diastolic pressure
>4 mmHg (8, 9). With the elevation of mean RA pressure or
RV diastolic pressure, the proportions of the patients with RV
diastolic dysfunction increased, especially those with stage II,
with chi-square values of 4.89 (p = 0.08) and 11.86 (p = 0.003).
When early diastolic SR, indexed RA area, RIMP, and IVRT
were added, the detection rate of RV diastolic dysfunction was

increased, with chi-square values of 6.71 (p = 0.03) and 5.36
(p= 0.04).

Follow-Up
We followed 68 patients with CTEPH from 1 to 45 (25.2 ±

9.3) months after pulmonary endarterectomy. Three patients
were lost for follow-up after discharge. During the follow-up
period, three late deaths occurred (4.4%). One patient died from
advanced gastric cancer with gastrointestinal hemorrhage, and
two patients died from a lung infection, probably related to
residual pulmonary hypertension. Furthermore, 61 of 65 patients
(93.8%) were in NYHA I or II. Among the 65 patients, 57
(87.7%) patients had mild or trace TR, five (7.7%) patients
had mild-to-moderate TR, and the remaining three (4.6%)
patients had moderate TR. Finally, 34 of 63 (54%) patients
completed the 6MWT during follow-up. Compared with the
25 patients with a 6MWT distance ≥450m, the nine patients
whose 6MWT distance ranged from 375 to 499.9m had a
larger preoperative indexed RA area (14.2 ± 3.8 vs 10.1 ± 2.5,
p = 0.002). Univariate logistic regression analysis showed that
only preoperative indexed RA area was significantly associated
with the decreased 6MWT distance during follow-up among
all related factors, including preoperative mean PAP, PASP, TR
degree, early diastolic SR, RIMP, IVRT, the follow-up PASP, and
TR degree (p = 0.023). Furthermore, the multivariate logistic
regression model found that the preoperative indexed RA area
was an independent risk factor of the decreased 6MWT distance
during follow-up (Table 3).

DISCUSSION

This study analyzed the echocardiographic parameters assessing
RV diastolic performance and hemodynamic data measured by
right-heart catheterization. The main findings of this study are as
follows: (1) early diastolic SR and indexed RA area were useful
in stratifying RV diastolic dysfunction; (2) stages of RV diastolic
dysfunction were related to the degree of the increased right
heart filling pressure, and (3) preoperative indexed RA area could
predict postoperative 6MWT distance.

The criteria recommended by the American Society of
Echocardiography for RV diastolic function evaluation have been
described, with differences in the E/A ratio, E/e’ ratio, and DT.
However, some patients had overlapping E- and A-waves and
were markedly influenced by the respiratory cycle, especially
the patients with PAH or CTEPH. Consequently, this would
hamper the assessment of the appropriate and reproducible RV
diastolic function.

Additional Indices to Stratify RV Diastolic
Function
In an earlier report from our laboratory, we found good
correlations between PASP and echocardiographic parameters
assessing RV diastolic function (10). Our evaluation further
confirmed that PASP was significantly related to early diastolic
SR and indexed RA area.

Our study found that RV-impaired relaxation pattern (stage
1) mostly occurred in patients with CTEPH with normal right
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FIGURE 2 | Correlations between pulmonary artery systolic pressure (PASP) and early diastolic SR (A) and indexed right atrial (RA) area (B).

FIGURE 3 | Receiver operating characteristic (ROC) curve analysis finds the echocardiographic parameters to identify right ventricular diastolic dysfunction based on

early diastolic SR, indexed RA area, right ventricular index of myocardial performance (RIMP), and isovolumic relaxation time (IVRT).

heart filling pressure. The proportion of patients with stage 2 RV
diastolic dysfunction was higher among those with the increased
right heart filling pressure. RV diastolic dysfunction was an early
sign ofmyocardial remodeling in CTEPH, and it presented earlier
than the actual increase in RA or ventricular filling pressure (11).

In the chronic setting, as the ventricle thickens, RV
filling becomes more dependent on RA performance driven
by progressive perturbation of the normal Frank-Starling

mechanism to preserve cardiac output. With RV deteriorating
diastolic function, increased RA contractility and right heart
filling pressure caused the RA chamber to distend. Maniar et al.
(12) reported a 33% increase in RA elastance and a 45% increase
in RA-diastolic stiffness during acute RV pressure overload.
Nagueh et al. (13) confirmed that RA volume was significantly
related to mean RA pressure, and the specificity of minimal RA
volume (>30 mm3) for separating normal from elevated mean
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TABLE 2 | Right ventricular systolic and diastolic parameters of normal control participants and CTEPH patients with different right atrial and right ventricular pressures.

Variables Control CTEPH patients CTEPH patients

With RAMP ≤8 mmHg With >8 mmHg With RVDP ≤4 mmHg With >4 mmHg

(Group 1) (Group 2) (Group 3) (Group 4) (Group 5)

Numbers 32 52 19 46 25

PASP (mm Hg, by echo) 21.09 ± 3.09 76.06 ± 26.75a 91.80 ± 22.15a,j 73.98 ± 25.66a 92.11 ± 24.60a,h

RV EDV (ml, by 3D echo) 72.07 ± 18.16 129.67 ± 54.63a 157.86 ± 56.58a 136.63 ± 59.28a 140.31 ± 52.45a

RV EF (%, by 3D echo) 56.27 ± 3.13 33.89 ± 10.39a 29.90 ± 9.68a 33.65 ± 10.68a 31.27 ± 9.77a

RIMP 0.28 ± 0.09 0.71 ± 0.32a 0.63 ± 0.17a 0.66 ± 0.27a 0.75 ± 0.32a

TVE/A ratio 1.36 ± 0.25 0.97 ± 0.32a 1.26 ± 0.46j 0.95 ± 0.33a 1.21 ± 0.41i

TV annular e’ (cm/s) 11.58 ± 2.47 7.26 ± 1.89a 7.93 ± 3.01a 7.51 ± 2.09a 7.44 ± 2.57a

E/e’ ratio 4.94 ± 1.19 6.44 ± 2.61c 7.74 ± 2.63b 6.44 ± 2.88c 7.59 ± 1.98a

TV DT (ms) 262.09 ± 73.83 240.20 ± 92.32 220.07 ± 67.98 245.11 ± 89.86 210.94 ± 75.17d

IVRT (ms) 57.50 ± 18.46 122.88 ± 54.17a 97.66 ± 32.71a,j 112.93 ± 50.53a 119.29 ± 50.70a

Indexed RA area (cm2/m2 ) 6.82 ± 1.10 11.36 ± 3.47a 14.24 ± 4.73a,j 11.67 ± 3.82a 12.91 ± 4.33a

Early diastolic SR (s−1) 1.40 ± 0.39 0.51 ± 0.29a 0.65 ± 0.34a 0.52 ± 0.29a 0.57 ± 0.33a

Late diastolic SR (s−1) 1.14 ± 0.32 0.94 ± 0.29c 0.59 ± 0.32a,f 0.84 ± 0.28a 0.87 ± 0.40d

Mean RA pressure (mm Hg) 4.37 ± 2.34 12.00 ± 3.27e 5.76 ± 3.9 7.61 ± 4.8a

RV diastolic pressure (mm Hg) 1.20 ± 5.95 3.83 ± 4.06 −0.53 ± 5.12 6.91 ± 2.14g

RV diastolic pattern1 Normal 32 8 4 10 2

Stage 1 23 3 22 4

Stage 2 21 12(χ2
= 4.89) 15 18 (χ2

= 11.86)h

RV diastolic pattern2 Normal 32 2 2 3 1

Stage 1 22 2 20 4

Stage 2 28 15 (χ2
= 6.71) 24 (χ2

=5.36)i

CTEPH, chronic thromboembolic pulmonary artery hypertension; RAMP, right atrial mean pressure; RVDP, right ventricular diastolic pressure; PASP, pulmonary artery systolic pressure; 3D

echo, three-dimensional echocardiography; RV EDV, right ventricular end-diastolic volume; EF, ejection fraction; RIMP, right ventricular index of myocardial performance; DT, deceleration

time; IVRT, isovolumic relaxation time; RA area, right atrial area; SR, strain rate.

RV diastolic pattern1, based on the E/A ratio, E/e′ ratio, and DT.

RV diastolic pattern2, added early diastolic strain rate, indexed right atrial area, RIMP, and IVRT.

In comparison with group 1, aP = 0.0001; bP = 0.001; cP < 0.007; dP < 0.03.

In comparison with group 2, eP = 0.0001; fP = 0.001; jP ≤ 0.03.

In comparison with group 4, gP = 0.0001; hP < 0.01; iP ≤ 0.04.

TABLE 3 | The relations between the relative factors and the decreased 6MWT distance during follow-up based on logistic regression models, including preoperative

pulmonary artery systolic pressure (PASP), mean pulmonary artery pressure (PAP), indexed right atrial area, early diastolic strain rate, right ventricular index of myocardial

performance, isovolumic relaxation time, tricuspid regurgitation (TR) degree, the follow-up PASP, and TR degree.

Variables Univariate logistic regression model Multivariate logistic regression model

B Ward Exp (B) P-Value B Ward Exp (B) P-Value

PASP (mm Hg) 0.004 0.04 1.004 0.841 −0.080 0.757 0.923 0.384

PAP (mean, mm Hg) 0.024 0.50 1.024 0.479 0.173 1.225 1.189 0.268

Indexed RA area (cm2/m2 ) 0.319 5.193 1.375 0.023 3.383 3.949 1.606 0.036

Early diastolic SR (s−1) 0.649 0.266 1.913 0.606 1.830 0.946 6.235 0.331

RIMP −1.156 0.474 0.315 0.491 −3.034 0.417 0.048 0.519

IVRT (ms) −0.219 0.456 0.993 0.50 0.004 0.026 1.004 0.872

TR degree 0.802 0.721 2.057 0.37 −0.932 0.382 0.394 0.537

TR degree (FU) 0.975 −0.997 0.369 0.324 3.891 1.105 0.323 0.293

PASP (FU, mm Hg) 0.003 0.003 1.003 0.957 −0.223 1.853 0.800 0.173

PASP, pulmonary artery systolic pressure; PAP (mean), pulmonary artery mean pressure; RA area, right atrial area; SR, strain rate; RIMP, right ventricular index of myocardial performance;

IVRT, isovolumic relaxation time; TR, tricuspid regurgitation; FU, follow up.
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RAP (>8mmHg) was approximately 90%. ACanadian study (14)
showed that increased indexed RA volume (>33 ml/m2) and RA
area (>20 cm2) could detect elevated RV end-diastolic pressure
with a sensitivity of 90% and a specificity of 80%. Our study
confirmed that indexed RA area >8.8 and >10 cm2/m2 were
helpful to identify stage 1 and stage 2 RV diastolic dysfunction.
Unlike the findings of previous studies, we measured the indexed
RA area, instead of the indexed RA volume, since the accuracy of
RA volume was limited. Until now, the three-dimensional echo
software, which is used to measure RA volume, is developed for
LV analysis.

The early rapid and active filling depends more on the
ventricular myocardial relaxation which could be assessed by SR
accurately (15–17). Okumura et al. (18) found that early diastolic
SR is significantly correlated with the time constant of RV
relaxationmeasured by cardiac catheterization. Early diastolic SR
was an independent predictor of RV relaxation time in children
with PAH without intracardiac shunts.

Thus, the indexed RA area and early diastolic SR could be
used to evaluate the stages of RV diastolic function, especially
when the E/A and E/e’ ratios could not be accurately obtained. To
enhance the accuracy and reliability of RV diastolic dysfunction
assessments, the new diagnostic model was tested based on at
least two abnormal results of the four novel parameters in this
study, including indexed RA area, early diastolic SR, RIMP,
and IVRT.

Predictive Value of the Indexed RA Area
Recent data suggested that decreased 6MWT was associated
with lower LV EF, LV diastolic dysfunction, and increased left
atrial dimensions (19, 20). Some researchers found that RA
size and function correlated well with the functional capacity
of the patients with known right heart involvement, such as in
idiopathic PAH or chronic obstructive pulmonary disease (21,
22). Nógrádi et al. investigated 80 patients with systemic sclerosis
and reported that RA stiffness (ratio of TV E/e’ to RA reservoir
strain) was an independent predictor of 6MWT distance (21).
Faludi et al. (22) reported that RV diastolic function and RV
filling pressure significantly correlated with 6MWT distance,
and the indexed RA area was an independent predictor of
6MWT distance in patients with chronic obstructive pulmonary
disease. Our study found that markedly increased preoperative
indexed RA area could predict decreased exercise performance
of patients with CTEPH after pulmonary endarterectomy.
One possible explanation for this phenomenon is that the
larger RA size and higher right heart filling pressure may
impair atrial function more seriously and require longer
recovery periods or indicate irreversible impairment. The
RA size could reflect ventricular relaxation state and predict
exercise performance.

Study Limitations
This is a single-center study, albeit prospective, with some
limitations. RV diastolic function is determined by multiple
factors at the cellular, myocardial, and heart chamber size levels.
Right heart filling pattern and filling pressures reflect the net

balance of many variables. It is difficult to capture all these
variables by either invasive or non-invasive techniques. We feel
that RV diastolic dysfunction could not be adequately assessed by
a single parameter. Some investigators suggested that a diastolic
RV pressure increase by>4mmHg or end-diastolic pressure>10
mmHg could define RV diastolic dysfunction, but we did not
measure pressure waveforms generated by the pulmonary artery
catheters or monitor pressure-volume loops by conductance
catheters in this study.

CONCLUSIONS

We found that RV diastolic dysfunction is a common feature
in patients with CTEPH. Measurements of early diastolic SR
and indexed RA area were very helpful in stratifying RV
diastolic dysfunction. RV diastolic dysfunction preceded RV
systolic dysfunction and might occur earlier before the RA or
ventricular filling pressure increase. An increased preoperative
indexed RA area might predict a decreased postoperative
exercise performance.
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15. Puwanant S, Park M, Popović ZB, Tang WH, Farha S, George

D, et al. Ventricular geometry, strain, and rotational mechanics

in pulmonary hypertension. Circulation. (2010) 121:259–

66. doi: 10.1161/CIRCULATIONAHA.108.844340

16. Fukuda Y, Tanaka H, Sugiyama D, Ryo K, Onishi T, Fukuya H, et al. Utility

of right ventricular free wall speckle-tracking strain for evaluation of right

ventricular performance in patients with pulmonary hypertension. J Am Soc

Echocardiogr. (2011) 24:1101–8. doi: 10.1016/j.echo.2011.06.005

17. Herod JW, Ambardekar AV. Right ventricular systolic and diastolic function

as assessed by speckle-tracking echocardiography improve with prolonged

isolated left ventricualr assist device support. Clin Invest. (2014) 20:498–

505. doi: 10.1016/j.cardfail.2014.04.017

18. Okumura K, Slorach C, Mroczek D, Dragulescu A, Mertens L, Redington

AN, et al. Right ventricular diastolic performance in children with pulmonary

arterial hypertension associated with congenital heart disease correlation of

echocardiographic parameters with invasive reference standards by high-

fidelity micromanometer catheter. Circ Cardiovasc Imaging. (2014) 7:491–

501. doi: 10.1161/CIRCIMAGING.113.001071

19. Gardin JM, Leifer ES, Fleg JL, Whellan D, Kokkinos P, LeBlanc MH, et al.

Relationship of doppler-echocardiographic left ventricular diastolic function

to exercise performance in systolic heart failure: the HF-ACTION study. Am

Heart J. (2009) 158:S45–52. doi: 10.1016/j.ahj.2009.07.015

20. Bajraktari G, Dini FL, Fontanive P, Elezi S, Berisha V, Napoli AM, et al.

Independent and incremental prognostic value of doppler-derived left

ventricular total isovolumic time in patients with systolic heart failure. Int J

Cardiol. (2011) 148:271–5. doi: 10.1016/j.ijcard.2009.09.567

21. Nógrádi A, Porpáczy A, Porcsa L, Minier T, Czirják L, Komócsi

A, et al. Relation of right atrial mechanics to functional capacity

in patients with systemic sclerosis. Am J Cardiol. (2018) 122:1249–

54. doi: 10.1016/j.amjcard.2018.06.021

22. Faludi R, Hajdu M, Vértes V, Nógrádi A, Varga N, Illés MB, et al. Diastolic

dysfunction is a contributing factor to exercise intolerance in COPD. COPD.

(2016) 13:345–51. doi: 10.3109/15412555.2015.1084614

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Meng, Song, Liu, Hsi, Wan, Li, Zheng, Wang, Ren and Yang.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 November 2021 | Volume 8 | Article 755251245

https://doi.org/10.1161/01.CIR.93.8.1509
https://doi.org/10.1016/j.amjcard.2019.05.021
https://doi.org/10.1016/j.ijcard.2007.06.093
https://doi.org/10.1016/j.echo.2010.05.010
https://doi.org/10.1016/j.echo.2020.05.027
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1097/HCO.0000000000000315
https://doi.org/10.1007/s00408-018-0089-7
https://doi.org/10.1016/j.hlc.2018.08.005
https://doi.org/10.1111/echo.14328
https://doi.org/10.1111/echo.14113
https://doi.org/10.1152/ajpheart.00444.2002
https://doi.org/10.1161/01.CIR.93.6.1160
https://doi.org/10.1016/j.cjca.2012.06.024
https://doi.org/10.1161/CIRCULATIONAHA.108.844340
https://doi.org/10.1016/j.echo.2011.06.005
https://doi.org/10.1016/j.cardfail.2014.04.017
https://doi.org/10.1161/CIRCIMAGING.113.001071
https://doi.org/10.1016/j.ahj.2009.07.015
https://doi.org/10.1016/j.ijcard.2009.09.567
https://doi.org/10.1016/j.amjcard.2018.06.021
https://doi.org/10.3109/15412555.2015.1084614
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


ORIGINAL RESEARCH
published: 30 November 2021

doi: 10.3389/fcvm.2021.765274

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 November 2021 | Volume 8 | Article 765274

Edited by:

Giulia Elena Mandoli,

University of Siena, Italy

Reviewed by:

Gabriel Balaban,

Simula Research Laboratory, Norway

Laura Stefani,

University of Florence, Italy

*Correspondence:

Marco Merlo

marco.merlo79@gmail.com

†These authors share

senior authorship

Specialty section:

This article was submitted to

Cardiovascular Imaging,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 26 August 2021

Accepted: 03 November 2021

Published: 30 November 2021

Citation:

Cittar M, Cipriani A, Merlo M,

Vitrella G, Masè M, Carrer A,

Barbati G, Belgrano M, Pagnan L, De

Lazzari M, Giorgi B, Cova MA,

Iliceto S, Basso C, Stolfo D, Sinagra G

and Perazzolo Marra M (2021)

Prognostic Significance of

Feature-Tracking Right Ventricular

Global Longitudinal Strain in

Non-ischemic Dilated

Cardiomyopathy.

Front. Cardiovasc. Med. 8:765274.

doi: 10.3389/fcvm.2021.765274

Prognostic Significance of
Feature-Tracking Right Ventricular
Global Longitudinal Strain in
Non-ischemic Dilated
Cardiomyopathy
Marco Cittar 1, Alberto Cipriani 2, Marco Merlo 1*, Giancarlo Vitrella 1, Marco Masè 1,

Anna Carrer 2, Giulia Barbati 3, Manuel Belgrano 4, Lorenzo Pagnan 4, Manuel De Lazzari 2,

Benedetta Giorgi 5, Maria A. Cova 4, Sabino Iliceto 2, Cristina Basso 2, Davide Stolfo 1,

Gianfranco Sinagra 1† and Martina Perazzolo Marra 2†

1Cardiovascular Department, Azienda Sanitaria Universitaria Integrata Giuliano Isontina, University of Trieste, Trieste, Italy,
2Department of Cardio-Thoraco-Vascular Sciences and Public Health, University of Padua, Padua, Italy, 3 Biostatistics Unit,

Department of Medical Sciences, University of Trieste, Trieste, Italy, 4Department of Radiology, Azienda Sanitaria Universitaria

Integrata Giuliano Isontina, University of Trieste, Trieste, Italy, 5Department of Radiology, Azienda Ospedaliera of Padua,

University of Padua, Padua, Italy

Aims: Left ventricular global longitudinal strain (GLS) by cardiac magnetic resonance

feature tracking (CMR-FT) analysis has shown an incremental prognostic value compared

to classical parameters in non-ischemic dilated cardiomyopathy (NICM). However, less

is known about the role of right ventricular (RV) GLS. Our objective was to evaluate the

prognostic impact of RV-GLS by CMR-FT analysis in a population of NICM patients.

Methods: In this multicenter study, we examined NICM patients evaluated with

a comprehensive CMR-FT study. Major cardiac events (MACEs) were considered

as the study primary outcome measure and were defined as a composite of (a)

cardiovascular death, (b) cardiac transplant or destination therapy ventricular assist

device, (c) hospitalization for life-threatening ventricular arrhythmias or implantable

cardiac defibrillator appropriate intervention. Heart failure (HF) related events, including

hospitalizations and life-threatening arrhythmia-related events were considered as

secondary end-points. Receiver operating time-dependent analysis were used to

calculate the possible additional effect of RV-GLS to standard evaluation.

Results: We consecutively enrolled 273 patients. During a median follow-up of 39

months, 41 patients (15%) experienced MACEs. RV-GLS and LV late gadolinium

emerged as the strongest prognostic CMR-FT variables: their association provided an

estimated 3-year MACEs rate of 29%. The addition of RV-GLS significantly improved

the prognostic accuracy in predicting MACEs with respect to the standard evaluation

including LGE (areas under the curve from 0.71 [0.66–0.82] to 0.76 [0.66–0.86],

p = 0.03). On competing risk analysis, RV-GLS showed a significant ability to reclassify

overall both HF-related and life-threatening arrhythmia-related events, regardless of LV

and RV ejection fraction.
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Conclusions: In NICM patients, RV-GLS showed a significant prognostic role in

reclassifying the risk of MACEs, incremental with respect to standard evaluation with

standard prognostic parameters.

Keywords: non-ischemic cardiomyopathy, cardiac magnetic resonance feature-tracking analysis, right ventricle

global longitudinal strain, prognosis, heart failure

BACKGROUND

The implementation of prognostic stratification in non-ischemic
dilated cardiomyopathy (NICM) is a demanding issue in clinical
practice (1). NICM patients are in fact a specific model of
heart failure with reduced ejection fraction, characterized by
young patients with low comorbidity profiles and competing
risks between heart failure and life-threatening arrhythmias (1).
Cardiac magnetic resonance (CMR) is the gold-standard in
defining left ventricular (LV) and right ventricular (RV) ejection
fraction (EF) as well as tissue characterization, through the
late gadolinium enhancement (LGE) assessment (2–4). Feature-
tracking (FT) analysis has emerged as a method to study the
intrinsic performance of the myocardial wall, able to identify
subtle systolic dysfunction. FT-derived LV global longitudinal
strain (GLS) assessment has been associated with prognosis
in both NICM and ischemic cardiopathy, showing additional
prognostic power when combined with the above-mentioned
classical parameters (5, 6). However, to date, only few studies have
evaluated the prognostic impact of RV-GLS, calculated by CMR-
FT analysis, in the setting of NICM (7), despite RVEF is a known
prognostic tool in this setting (2). Therefore, the aim of this study
was to test the possible prognostic role of RV-GLS measured by
FT when added to standard, comprehensive CMR evaluation in a
large cohort of Caucasian NICM patients.

METHODS

Study Population
We retrospectively analyzed all the consecutive patients with
a diagnosis of NICM based on current international criteria
(8), with an available CMR evaluation, prospectively referred
to two Italian Tertiary Referral Centers for the diagnosis and
management of cardiomyopathies (Cardiovascular Departments
of Trieste and Padua) from July 2008 to August 2017. Inclusion
criteria were: LVEF <50% and absence of (a) significant
coronary artery disease (stenosis ≥50% of a major coronary
artery at coronary angiography or Computed Tomography), (b)

Abbreviations: AUCs, area under the curves; CI, confidence interval; CMR,

cardiac magnetic resonance; CRT, cardiac resynchronization therapy; EDV,

end diastolic volume; ESV, end systolic volume; FT, feature tracking; GLS,

global longitudinal strain; HF, Heart Failure; HR, hazard ratio; ICC, intraclass

correlation coefficient; ICD, implantable cardiac defibrillator; IQR, interquartile

range; LGE, late gadolinium enhancement; LV, left ventricle; LVEF, left ventricle

ejection fraction; LVRR, left ventricle reverse remodeling; MACEs, Major Cardiac

Events; NICM, non-ischemic dilated cardiomyopathy; ROC, receiver operating

characteristics; RV, right ventricle; RVD, Right ventricular dysfunction; RV-GLS,

right ventricle global longitudinal strain; RVEF, right ventricle ejection fraction;

SSFP, steady-state free precession; STE, speckle tracking echocardiography; SVT,

sustained ventricular tachycardia; VF, ventricular fibrillation; χ2, chi-square.

significant primary valve disease, (c) congenital heart disease, (d)
tachy-induced cardiomyopathy, (e) peripartum cardiomyopathy
or (f) acute myocarditis (1, 8).

All the available and readable ECGs were systematically and
retrospectively analyzed by three clinicians (i.e., authors MMa,
MC, and MMe). The ECG analysis was performed according to
the main important acknowledged parameters and measured by
standardized measurements (9).

Significant alcohol consumption was defined as ethanol intake
>90 g/day for ≥5 years (10). All patients were under evidence-
based medical and device treatments (11). This investigation
conforms with the principles outlined in the Declaration of
Helsinki (12) and was approved by the institutional ethical boards
of Trieste and Padua Cardiovascular Departments.

CMR Acquisition Protocol
All patients were assessed as close as possible to the disease onset
using 1.5T CMR imaging scanners (Intera, Philips Healthcare,
Best, the Netherlands [183 patients]; Magnetom Avanto, Siemens
Healthcare, Erlangen, Germany [90 patients]). All cine images
were acquired using a balanced, steady-state, free precession
(SSFP) sequence during an expiratory breath-hold. Short-axis
cine images from cardiac base to apex, and long-axis cine images
in 2-, 3-, and 4-chamber views were obtained using the following
scan parameters: TE/TR/flip-angle = 1.5 ms/3.0 ms/60◦, slice
thickness = 8mm, gap = 2mm (Intera); TE/TR/flip-angle = 1.0
ms/2.3 ms/60◦, slice thickness = 8mm, gap= 2mm (Magnetom
Avanto). LGE imaging was carried out using a standard LGE
technique: two-dimensional segmented breath-held fast low-
angle shot inversion recovery sequences (TE/TR/flip-angle =

3 ms/6.1 ms/25◦, slice thickness 10mm, gap = 2mm [Intera];
TE/TR/flip-angle = 3.2 ms/5.2 ms/25◦, slice thickness = 8mm,
gap = 2mm [Magnetom Avanto]) were applied 10–15min after
contrast agent intravenous administration (gadopentate (Gd-
DTPA) or gadobenate dimeglumine (Gd-BOPTA; 0.2 mmol/kg
of body weight) in the same views of the cine images; inversion
times were adjusted to null normal myocardium using Look-
Locker sequence. To exclude artifacts, images were repeated in
2 separate phase-encoding directions.

CMR Imaging Analysis
All post processing analysis were performed using CVi42 R©

software (Circle Cardiovascular Imaging Inc, Calgary, Canada).
Ventricular volumes and systolic function were measured
by planimetry of endocardial borders, on short-axis cine
images, excluding papillary muscles from the myocardium.
LV end-diastolic volume (EDV), LV end-systolic volume
(ESV), RVEDV, and RVESV were calculated by summation of
these images (“Simpson’s rule”). LV mass was calculated by
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FIGURE 1 | Representative cases of CMR-FT analysis are shown. In (A) from left to right, a four-chamber view of patients with preserved (−20%) and reduced (−4%)

LV-GLS and in (B) preserved (−24%) and reduced (−9%) RV-GLS are illustrated.

subtracting endocardial from epicardial volume at end-diastole
andmultiplying by 1.05 g/cm3. Ventricular volumes and LVmass
were indexed to body surface area. The LVEF and RVEF were
calculated by dividing the stroke volume (EDV minus ESV) by
the EDV of the respective ventricle (13). LV focal fibrosis, as
demonstrated by LGE, was evaluated and was deemed present
only if appreciable on 2 contiguous or orthogonal slices or
another readout direction. Patterns of LGE were classified as
subendocardial, subepicardial, mid-wall or transmural (14). All
measurements were performed by radiologists with ≥10-year
experience in cardiac imaging, blinded to patient clinical data.

For LV short- and long-axis FT analysis, a modified 16-
segment LV model derived from the standard American Heart
Association 17-segment model was applied omitting the apical
cap. An expert operator manually delineated LV endocardial and
epicardial borders in all standard cine SSFP short- and long-
axis images, with the initial contour set at end-diastole. Values
of 2D longitudinal, circumferential and radial peak strain were
calculated. For RV strain analysis, we used the 4-chambers view to
determine peak global longitudinal strain and 3 short-axis views
(basal, mid and apical) for global radial and circumferential strain
(Figure 1). Endocardial and epicardial contours were manually
drawn during end-diastole with subsequent automatic tracking
during the cardiac cycle. Tracking quality was checked using
a cine mode, which shows endocardial and epicardial borders
tracking throughout the cardiac cycle as well as the resulting
strain curves. Segments that did not allow reliable tracking were
excluded from analysis. Intercenter reproducibility wasmeasured
using a randomly selected sample of 20 cases (10 for each center)
by 2 independent observers.

End-Points
Major cardiovascular events (MACEs) were considered as the
study primary outcomemeasure and were defined as a composite
of: (a) cardiovascular death, (b) cardiac transplant or destination
therapy ventricular assist device for end-stage heart failure (HF),

(c) hospitalization for life-threatening ventricular arrhythmias
or implanted cardioverter defibrillator appropriate intervention
on sustained ventricular tachycardia >185 beats per minute
or ventricular fibrillation (15). Secondary outcomes were: (1)
overall cardiovascular mortality; (2) HF-related events defined
as a composite of HF death/heart transplant/destination therapy
VAD implantation, hospitalization for HF; (3) Arrhythmia-
related events: sudden cardiac death or life-threatening
ventricular arrhythmias including ICD appropriate intervention.
Time to event was calculated as the period between the CMR
evaluation and the first MACE. If a single patient experienced
more than a single event, the closest event to the CMR study has
been used to censor follow-up data. Patients’ outcome status was
obtained through extensive contact of civic registries, families
and general practitioners for patients without recent clinical
evaluation. Follow-up ended at the date of end-point or at the
last available contact with the patient. No patients included in
the study were lost-to-follow-up.

Statistical Analysis
Continuous variables were expressed as median and interquartile
range (IQR) [25◦; 75◦]. Differences between two groups were
compared using Mann-Whitney U test for continuous variables
and the chi-square (χ2) or Fisher exact test for dichotomous
variables, as appropriate. The linear correlation between LVEF-
LVGLS, RVEF-RVGLS, LVGLS-RVGLS and LVEF-RVEF was
evaluated by means of Pearson’s Correlation Coefficient.
Kaplan-Meier survival curves and cumulative incidence curves
(considering the competing risk of death) were estimated to
evaluate the possible association of the considered CMR variables
with respect to time to the primary outcome measures and
secondary outcome measures, respectively. In the absence of
established cut-off values for LV-GLS and RV-GLS at CMR-FT
analysis from the literature, median values of our study cohort
were used as a cut-off in order to visually compare survival curves
and cumulative incidences. Conversely, recognized cut-offs from
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the literature were used for LVEF and RVEF. Log-rank test and
Gray tests were used to assess differences across groups (16).
Calculation of hazard ratios (HR) for study outcome measures
and 95% confidence intervals (CI) were performed using
univariable Cox proportional hazard regression analysis. The HR
is calculated for 1-unit increase in the scale of the variable. Given
the low number of events, a penalized multivariable Cox model
was estimated starting from a list of eight parameters significant
at univariable analysis and relevant from a clinical point of
view, and the penalized estimation selected the most promising
predictors of events (i.e., with a p-value < 0.10). Cross-validation
was used to choose the optimal value for the tuning parameter
lambda1 of the penalized ML estimation. Since it is not possible
to estimate the standard errors of the regression coefficients
from the penalized estimation (17) a bootstrap-based calculations
was performed in order to derive the confidence intervals
and p-values reported in Supplementary Table 1. Using this
selection, we calculated three additional standard Cox models:
Model (a) including clinical variables (i.e., NYHA III/IV class
plus presence of sinus rhythm); Model (b) considering clinical
variables plus the presence of LGE at CMR; Model (c) including
clinical variables, presence of LGE plus RV-GLS considered as
a continuous variable. We checked if the proportional hazard
assumption in the estimated model was verified by means of the
test reported in (18). We also performed an internal validation
of the performance estimated model, in terms of calibration and
discrimination, by means of a bootstrap procedure (using the
function “validate” of the “rms” R package).

Finally, we compared the predictive performance of these
models in terms of time-dependent ROC curves, that estimates
a AUC suitable for censored data (19). Interobserver and
intraobserver variability were analyzed using the intraclass
correlation coefficient (ICC) on a group of 46 subjects (four
measures per subject: two different operators and for each
operator a double measurement on each subject at least 1
day in blind mode). This allowed us to achieve 80% power
to detect an ICC of 0.90 under the null hypothesis of ICC
= 0.80, by using an F-test at a significance level of 0.05 (20)
(Supplementary Table 2), finally the method used to calculate
ICC is a mixed effects model (i.e., when patients effects are
treated as random and the raters effects are treated as fixed)
evaluating the absolute agreement between raters. A p-value
of <0.05 was considered statistically significant, except in the
univariable covariate’s selection as explained above. Analyses
were performed using IBM SPSS Statistical Package 20 (IBM,
Armonk, New York) and R statistical software version 3.3.2 (R
Foundation for Statistical Computing, Vienna, Austria), libraries
“cmprsk,” “coxphf” and “timeROC.”

RESULTS

Study Population
Study population counted 273 patients (men 66%, median age
51; LVEF 34%; LGE present in 52%; median difference from
disease onset to CMR: 1 month [IQR 0–3 months]) followed for
a median follow-up of 39 months (IQR 20-71). During follow-
up, 49 MACEs occurred: 10 cardiovascular deaths (nine due

TABLE 1 | Characteristics of the study population according to experience of the

primary end-point*.

All patients

(n = 273)

Patients with

MACEs

(n = 41)

Patients

without

MACEs

(n = 232)

p

Clinical data

Male sex 181 (66%) 28 (68%) 153 (66%) 0.460

Age, yrs 51 [41; 60] 46 [35; 69] 51 [41; 60] 0.110

NYHA Class III/IV 64 (23%) 22 (54%) 42 (18%) <0.0001

Atrial fibrillation 25 (8%) 9 (22%) 16 (6%) 0.002

LBBB, ECG 55 (21%) 7 (17%) 48 (21%) 0.360

LV Hypertrophy, ECG 70 (26%) 9 (22%) 61 (27%) 0.327

Comorbility

Hypertension 95 (35%) 13 (32%) 82 (25%) 0.397

Diabetes/IGT 43 (16%) 7 (17%) 36 (16%) 0.477

Familial cardiomiopathy 55 (20%) 11 (27%) 44 (19%) 0.174

Alcohol abuse 23 (8%) 1 (2%) 22 (10%) 0.109

Chronic renal failure 20 (7%) 5 (12%) 15 (7%) 0.163

Laboratory data

BUN, mg/dL 30 [18; 41] 33 [21; 40] 28 [17; 41] 0.459

Serum creatinine, mg/dL 0.95

[0.8; 1.12]

0.97

[0.76; 1.19]

0.95

[0.8; 1.1]

0.559

Hb, g/dL 13.8

[12.7; 14.9]

13.8

[12.7; 14.5]

13.9

[12.7; 15]

0.392

Therapy

β-blockers 250 (92%) 37 (90%) 213 (92%) 0.465

ACEi/ARBs/ARNi 252 (92%) 38 (93%) 214 (92%) 0.610

MRA 129 (47%) 27 (66%) 102 (44%) 0.008

Values are median [IQR] for continuous variable or n (%) in binary variables.

ACEi, angiotensin converter enzyme inhibitors; ARBs, angiotensin receptor blockers;

ARNi, Angiotensin Receptor Neprilysin Inhibitor; BUN, blood urea nitrogen; GLS, global

longitudinal strain; IGT, impaired glucose tolerance; LBBB, left bundle branch block; LGE,

late gadolinium enhancement; LV, left ventricular; LVEF, left ventricle ejection fraction;

MACEs, major cardiovascular events; MR, mitral regurgitation; MRA, mineralocorticoid

receptor antagonists; NYHA, New York Heart Association; RV, right ventricle; RVEF, right

ventricle ejection fraction.

Missing values: BUN 28%, Serum creatinine 12%, Hb 14%. No-missing values for

other parameters.

*MACEs were considered as the study primary outcome measure and were

defined as a composite of: (a) cardiovascular death, (b) cardiac transplant or

destination therapy ventricular assist device for end-stage heart failure (HF), (c)

hospitalization for life-threatening ventricular arrhythmias or implanted cardioverter

defibrillator appropriate intervention on sustained ventricular tachycardia >185 beats per

minute or ventricular fibrillation.

Bold values correspond to significative p of interaction (p-value < 0.05).

to HF and one sudden cardiac death), 16 cardiac transplants,
four VAD implantations, 15 appropriate ICD interventions,
and four hospitalizations due to life-threatening arrhythmias.
Because only the first event was censored, 41 MACEs (15%,
5/100 patients/year) were eligible for statistical analysis. No
other cause of death other than cardiovascular were found in
the present population. Finally, 44 patients were hospitalized
due to HF during follow-up. Tables 1, 2 summarize baseline
clinical, demographic, therapeutic and CMR-FT characteristics
of patients with and without MACEs. Compared to survivors,
patients with MACEs showed more frequently NYHA classes
III-IV and less frequently sinus rhythm. Moreover, at CMR
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TABLE 2 | Baseline CMR-FT parameters of the study population according to

experience of the primary end-point*.

All patients

(n = 273)

Patients with

MACEs

(n = 41)

Patients

withoutMACEs

(n = 232)

p

Standard CMR-data

LVEDVi, ml/m2 125 [107; 159] 162 [120; 180] 123 [104; 153] <0.0001

LVEF, % 34 [25; 43] 25 [21; 33] 36 [27; 44] <0.0001

RVEF, % 51 [40; 59] 37 [33; 52] 53 [44; 60] <0.0001

LGE presence 140 (52%) 31 (76%) 109 (48%) 0.001

CMR-FT strain values

LV peak GRS, % 20.4 [12.7; 27.1] 13.7 [8.2; 21] 22 [14; 27.4] 0.002

LV peak GCR, % −10.7

[−7.8; −13.5]

−8.2

[−5.7; −11.3]

−11.3

[−8; −13.6]

0.003

LV peak GLS, % −10.7

[−7; −13.7]

−8

[−6.6; −10.7]

−11.3

[−7.7; 13.9]

0.001

RV peak GRS, % 17.6 [12; 23.7] 14.6 [9.9; 20.7] 18.5 [12.9;

24.1]

0.006

RV peak GCS, % −10.5

[−7.5; −13.2]

−8.8

[−5.4; −11.2]

−10.8

[−7.7; −13.3]

0.013

RV peak GLS, % −19.1

[−15.4; −23]

−15.8

[−11.4; −18.6]

−20

[−16.4; −23.8]

<0.0001

Values are median [IQR] for continuous variable or n (%) in binary variables.

CMR, cardiac magnetic resonance; FT, feature tracking; GCS, global circumferential

strain; GLS, global longitudinal strain; GRS, global radial strain; LGE, late gadolinium

enhancement; LV, left ventricle; LVEDVi, left ventricle end diastolic volume indexed; LVEF,

left ventricle ejection fraction; MACEs, major cardiovascular events; RV, right ventricle;

RVEF, right ventricle ejection fraction.

No missing values were present.

*MACEs were considered as the study primary outcome measure and were

defined as a composite of: (a) cardiovascular death, (b) cardiac transplant or

destination therapy ventricular assist device for end-stage heart failure (HF), (c)

hospitalization for life-threatening ventricular arrhythmias or implanted cardioverter

defibrillator appropriate intervention on sustained ventricular tachycardia >185 beats per

minute or ventricular fibrillation.

Bold values correspond to significative p of interaction (p-value < 0.05).

evaluation, they presented a significantly reduced EF of both
ventricles and more frequently displayed LGE. Finally, they had
significantly more impaired LV- and RV-GLS (LV-GLS −8% vs.
−11.3%, p = 0.001; RV-GLS −15.8% vs. −20%, p = <0.001
respectively. Finally, we found moderate to strong correlations
between the major CMR variables (Supplementary Figure 1).

The Prognostic Role of RV-GLS
At CMR-FT evaluation, we found that LGE, LV end-diastolic
volume, LVEF, RVEF, LV-GLS and RV-GLS were all associated to
MACEs, as shown at univariable analysis (Table 3). Multivariable
analyses, derived from the penalized model including the
variables shown in Supplementary Table 1, showed RV-GLS as
independently associated to MACEs, along with LGE, NYHA
classes III-IV and sinus rhythm (Table 3).

Receiver operating time-dependent analysis derived from
the multivariable models, showed a progressively incremental
prognostic role of CMR variables in predicting MACEs: model
(a), the “clinical model,” showed the prognostic power of NYHA
class III-IV and sinus rhythm (AUC of 0.66 [0.54–0.77]; model

TABLE 3 | CMR-FT model. Uni- and multivariable Cox analysis to predict MACEs

(primary end-point)*.

Univariable

analysis

HR (95% CI)

p Multivariable

analysis

HR (95% CI)

p

Clinical data

NYHA III-IV 3.97 (2.15–7.33) <0.0001 2.98 (1.60–5.55) 0.001

Sinus rhythm 0.25 (0.12–0.53) <0.0001 0.35 (0.17–0.75) 0.007

Standard CMR-data

LVEDVi, ml/m2 1.01 (1–1.02) <0.0001

RVEDVi, ml/m2 1.02 (1.01–1.03) <0.0001

LVEF, % 1.08 (1.04–1.11) <0.0001

RVEF, % 1.05 (1.03–1.08) <0.0001

LGE presence 3.14 (1.54–6.4) 0.002 2.51 (1.22–5.13) 0.012

CMR-FT strain values

LV peak GLS, % 1.08 (1.02–1.15) 0.008

RV peak GLS, % 1.06 (1.02–1.1) 0.001 1.06 (1.02–1.1) 0.008

CI, confidence interval; CMR, cardiac magnetic resonance; FT, feature tracking; GCS,

global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; HR,

hazard ratio; LGE, late gadolinium enhancement; LV, left ventricle; LVEDV, left ventricle end

diastolic volume indexed; LVEF, left ventricle ejection fraction; RV, right ventricle; RVEF,

right ventricle ejection fraction.

Only significant variables were reported in univariable analysis.

*MACEs were considered as the study primary outcome measure and were

defined as a composite of: (a) cardiovascular death, (b) cardiac transplant or

destination therapy ventricular assist device for end-stage heart failure (HF), (c)

hospitalization for life-threatening ventricular arrhythmias or implanted cardioverter

defibrillator appropriate intervention on sustained ventricular tachycardia >185 beats per

minute or ventricular fibrillation.

(b), the “clinical model” plus LGE, increased the AUC to 0.71
(0.61–0.82), p = 0.03 vs. model (a); model (c), including model
(b) plus the RV-GLS as a continuous variable, further increased
the AUC to 0.76 (0.66–0.86), p= 0.03 vs. model (b) (Figure 2).

Consistently with multivariable analysis, RV-GLS >-19.1%
(i.e., the median value found in our population) was significantly
associated to higher rates of MACEs, independently to RVEF
and LVEF. Of note, LV-GLS did not show the same prognostic
value (Figure 3).

The simultaneous presence of LGE and RV-GLS >-19.1% was
associated to particularly poor outcomes (estimated 3-year and 5-
year MACEs rate of 29% and 37% respectively). On the contrary,
patients without LGE and with preserved RV-GLS (<-19.1%)
showed. a very good prognosis, with an estimated 3-year and
5-year MACEs rate of 1% (Figure 4).

Concerning secondary outcomes measures, RV-GLS >-19.1%
was associated to higher rates of cardiovascular mortality, HF-
related events, and life-threatening arrhythmia-related events.
Therefore, RV-GLS was capable of predicting also individual
components of MACEs (Figure 5). Moreover, RV-GLS showed
ability to reclassify arrhythmia-related events mostly in patients
with LVEF>35% and RVEF>45% and HF-related events mostly
in patients with LVEF<35% and RVEF<45% (Figure 6). Finally,
RV-GLS >-19.1% was associated to higher rates of HF-related
events (both excluding HF hospitalization and considering HF
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FIGURE 2 | Time dependent ROC curves showing the progressive incremental

power of CMR analysis in predicting MACEs when adding LGE (model b) and

LGE + RV-GLS (model c) to clinical model (i.e., model a: NYHA III-IV + sinus

rhythm). The three models are derived from the multivariable analysis is

showed in Table 3. Model a vs. Model b, p = 0.03. Model a vs. Model c, p =

0.01. Model b vs. Model c, p = 0.03. AUC, area under the curves; CMR,

cardiac magnetic resonance; LGE, late gadolinium enhancement; MACEs,

major cardiovascular events; NYHA, New York heart association; ROC,

receiver operating curves; RV-GLS, right ventricular global longitudinal strain.

hospitalization alone) particularly in patients with LVEF <35%
and RVEF <45% (Supplementary Figure 2).

Interobserver and Intraobserver Variability
All the ICC for CMR-FT measurements and RVEF are reported
in Supplementary Table 2. ICC for RV-GLS of intraobserver
repeatability was 0.91 (95% CI 0.83–0.95) while ICC of
interobserver repeatability was 0.88 (95% CI 0.79–0.93). ICC for
RVEF of intraobserver repeatability was 0.95 (0.92–0.96) while
ICC of interobserver repeatability was 0.92 (0.85–0.94).

DISCUSSION

The present study shows for the first time an independent
prognostic role of FT-derived RV-GLS, when added to standard
clinical parameters and comprehensive CMR evaluation, in a
large cohort of Caucasian NICM patients: in Figure 2, it is
evident that patients presenting with NYHA classes III-IV, no
sinus rhythm, LGE and reduced RV-GLS, are at a significantly
increased risk of developing MACEs.

Our population included “recently onset NICM patients” (i.e.,
1 month) and allowed us to explore the possible prognostic
impact of RV function (and in particular RV-GLS) over the LV
function in the initial, crucial phases of the medical treatment
in NICM patients. In fact, RV improvements under therapy
might be faster than LV reverse remodeling, as previously

suggested (21), and might emerge as an early therapeutic and
prognostic target.

The prognostic impact of RV-GLS emerged in predicting
the MACEs, independently from LVEF, RVEF and respect its
counterpart LV-GLS (Figure 3), and both HF-related and life-
threatening arrhythmia-related events (Figure 5). Finally, on
exploratory analysis, RV-GLS appears as a potential additional
prognostic tool in the arrhythmic stratification of patients
without severe LV and RV dysfunctions, and in the HF-related
stratification of patients with severe LV and RV dysfunctions. In
those challenging subgroups, RV-GLS might potentially identify
patients who might benefit from closer clinical evaluations
(Figure 6; Supplementary Figure 2).

Compared to standard clinical and CMR features, the possible
additive significance of RV strain was widely unexplored, despite
RV dysfunction is a known prognostic tool in NICM, when
measured by RVEF (2). Despite previous reports addressed
the clinical utility of RV-GLS assessment at speckle tracking
echocardiography evaluation in the broad setting of heart failure
with reduced ejection fraction (22), few data existed about FT-
derived RV-GLS in the specific NICM setting. So far, data on
the role of RV-GLS in the setting of NICM were available only
in highly selected cohorts (Asian, without AF, HF in stages
C and D). Conversely, our data on a large Caucasian NICM
population, highlighting the prognostic role of a comprehensive
evaluation of biventricular function through standard and
emerging CMR techniques, appear novel, reliable and potentially
impactful in clinical management of those patients (7). The
present results appear clinically relevant and potentially useful
in the global assessment of challenging patients such as those
affected by NICM. It’s well-known that echocardiography is the
first choice method to study systolic and diastolic function,
due to his wide availability and reproducibility. Recent data
suggested a possible link between RV-GLS measured with
speckle tracking echocardiography and adverse outcome in
NICM (23, 24). However, it is also known that RV evaluation
in echocardiography can suffer from limitations such as poor
acoustic window and RV anatomical position (25). Furthermore,
so far the amount of data about CMR-FT analysis in NICM were
mostly focused on LV strain analysis (5, 6).

The Vertical Ventricle
RV is a crescent-shaped structure. Traditionally, RV is divided
in 3 anatomical regions: (1) inlet; (2) apex; (3) outlet. The
thin RV free wall is histologically arranged in two main layers,
the superficial (with circumferentially oriented myocytes) and
a more represented subendocardial sheet (with longitudinally
oriented fibers). Physiologically, RV function is preload-based.
It guarantees a nearly constant stroke volume streamlining
blood flow in a low impedance circulation. RV stroke volume
is generated by the coupling with the LV (20–40%) and
by intrinsic RV contraction which, probably due to the
predominantly longitudinal architecture, is mainly developed by
vertical shortening (26). This assumption might explain the tight
relationship between RV-GLS and outcomes in NICM patients.

Many contributors may lead to RV dysfunction (RVD)
in NICM: (1) LV dysfunction; (2) pressure overload due
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FIGURE 3 | Ability of RV-GLS to further stratify MACEs in NICM patients regardless severe LV and RV dysfunctions. Note how RV-GLS identifies MACEs

independently to EF: in (A,B) are depicted patients with non-severe reduction of left (A) and right (B) ventricular ejection fraction, while in (C,D) are shown the

remaining patients with severe reduction of left (C) and right (D) ventricular ejection fraction. The same power is not appreciated by LV-GLS in this recently onset NICM

population. LVEF, left ventricular ejection fraction; LV-GLS, left ventricular global longitudinal strain; RVEF, right ventricular ejection fraction; RV-GLS, right ventricular

global longitudinal strain; MACEs, major cardiovascular events.
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FIGURE 4 | Kaplan-Meier curves. The association of RV-GLS > −19% and LGE were strongly associated to MACEs in NICM patients. Blue curve shows survival in

patients without LGE and with preserved RV-GLS; yellow curve shows survival in patients without LGE and with reduced RV-GLS; green curve shows survival in

patients with LGE and preserved LV-GLS; purple curve shows survival in patients with LGE and reduced RV-GLS. LGE, late gadolinium enhancement; RV-GLS, right

ventricular global longitudinal strain; MACEs, major cardiovascular events.

FIGURE 5 | Cumulative incidence curves showing the significant association between RV-GLS and secondary endpoints: (A) overall cardiovascular mortality; (B)

HF-related events (HF death/heart transplant/destination therapy VAD implantation, hospitalization for HF); (C) Life threatening arrhythmia-related events (sudden

cardiac death or life-threatening ventricular arrhythmias including ICD appropriate intervention). RV-GLS confirms its ability to predict events also in secondary

endpoints. CIF, cumulative incidence curves; MACEs, major cardiovascular events; RV-GLS, right ventricular global longitudinal strain.

to pulmonary hypertension; (3) mitral regurgitation; (4) the
cardiomyopathic process itself. On the other hand, given
the strict ventricular interdependence, RVD might further
impair LV function thereby aggravating prognosis of NICM
patients (27, 28).

RV-GLS: Relationship With RVEF
Despite CMR is recognized as the gold standard technique for
RV systolic function assessment, tissue deformation analysis

might identify subtle RV dysfunction, undetectable by RVEF (29).
This has been suggested at echocardiographic analysis (30) but
has never been described in a CMR study on a large NICM
population. The results of this study show how RV-GLS should be
integrated in the CMR evaluation, implementing the prognostic
information obtained by RVEF measurement. Future studies
will be necessary to confirm the cut-off value here suggested of
−19,1%, derived from the median value in our population, in the
absence of referral values in literature.
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FIGURE 6 | Cumulative incidence curves showing the association of RV-GLS in secondary endpoints such as life-threatening arrhythmia-related events and

HF-related events after stratification for LVEF and RVEF. In (A) RV-GLS discriminates patients at risk of arrhythmic events in those with LVEF and RVEF are not severely

depressed whereas, in (B) discriminates patients at risk of HF related events (including HF hospitalizations) in those with severe reduction of EF, both left and right. HF,

heart failure; LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection fraction; RV-GLS, right ventricular global longitudinal strain.

RV-GLS: Relationship With LV Function
RV-GLS was demonstrated to be a prognostic feature in our
NICM population, independently from LV function, measured
by both LVEF and LV-GLS (28, 31). These results could be
explained by the relatively short follow-up time (3 years). As a
matter of fact, it is well-known that the prognostic power of LV
systolic function in NICM patients is more evident in the long-
term (32). As a consequence, it clearly emerges the necessity
of an early global evaluation of NICM patients, which should
include a systematic comprehensive CMR morpho-functional
and deformation biventricular assessment other than tissue
characterization, in order to provide a more complete prognostic
stratification, particularly in the short-term. Furthermore, it
could be speculated that RV-GLS may be a helpful tool for

better selection of candidates to ICD in patients with non-severe
LV dysfunction and, on the other hand, to LV assist device or
for better estimating the timing for heart transplant in patients
with severe LV or RV dysfunction (Figure 6). Nevertheless,
even if interesting, further studies are needed to confirm these
exploratory findings, that should be only hypothesis-generators.

RV-GLS: Relationship With LGE
Given its ability to detect myocardial scar tissue, the presence
of LGE is currently recognized as the most powerful CMR
prognostic finding in NICM (3, 4, 33). From our results, after
including RV-GLS in the CMR-FT evaluation, a significant
increase in AUC was reached in comparison not only to standard
clinical evaluation but also to LGE (Figure 2). The presence of
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a reduced RV-GLS associated to the presence of LGE identified
the highest-risk patients with a MACEs estimated risk of 29% at
3 years (Figure 4). Therefore, an impaired RV-GLS appears to
confer a higher risk of events, independently to the presence of
LGE, which is one of the strongest predictors in NICM (33). This
finding might be explained by the fact that both ventricles are
affected from the cardiomyopathic process.

Study Limitations
This study suffers by the common referral and inclusion
biases of retrospective observational studies. Despite the study
population is the largest NICM population in which RV-GLS
prognostic impact has been evaluated during an adequate follow-
up period, the present results cannot be generalized to all
NICM patients. Furthermore, an external validation is cohort
might be required to confirm the hypothesis generated by our
model regarding the use of RV-GLS in clinical practice. The
results of internal validation (i.e., a moderate rate of optimism
in the calibration slope and in discrimination evaluated by
means of a boostrap procedure, respectively 0.09 and 0.02)
only partially overcome this limit. To date, Feature Tracking
RV GLS is not validated because of the lack of large studies
based on this method. We assessed reproducibility between
high-trained expert in cardiovascular imaging and the results
were consistent and reliable. However in future, large studies
are needed to confirm these data and to compare CMR
data to echocardiographic data. Important variables were not
routinely performed, with a high rate of missing values, especially
regarding NTproBNP, which could not be used for analysis.
Also, some CMR data were not systematically available in
both centers, such as both atrial volumes. Although CMR is
crucial for NICM assessment, it was not performed in all
the patients who eventually received a diagnosis of NICM
in the two centers involved, especially in the first years of
enrollment period. This, however, is a real-world limitation
and the present results highlight how the availability of this
methodic should be further implemented. LGE has been treated
as a categorical variable since its quantification is not definitely
validated in literature. Despite the penalized multivariable
procedure adopted, multivariable analysis results should be used
as hypothesis generating, due to the limited number of events.
Furthermore, due to the retrospective nature of the study,
multivariable analysis has not been performed for secondary
endpoints. We acknowledge that ICD appropriate interventions
do not always correspond to SCD, however they have been
considered in the MACEs and in the arrhythmia-related end-
points due to the relevance of this event in the natural history
of the disease, as previously reported (34). Even though low
event-rate is a known limitation of studies on NICM (35)
and our population represents, to the best of our knowledge,
the largest existing NICM group evaluated with a complete
biventricular CMR-FT assessment, higher number of events
are needed in order to build more comprehensive and multi-
parametric multivariable models. This should be accomplished
by larger, possibly prospective studies.

CONCLUSIONS

In recently-onset NICM patients, FT-derived RV-GLS
impairment emerges as strongly associated with MACEs.
Given this, RV-GLS appears to be a promising tool able to
further re-classify patient’s risk independently from LVEF,
RVEF and LV-GLS and potentially incremental if compared to
LGE. Furthermore, RV-GLS might be a tool for implementing
the prediction of arrhythmia- and HF-related events in
patients with LVEF >35% and of HF-related events in patients
with LVEF <35%. In conclusion, a comprehensive CMR-FT
study, always complementary to an advanced systolic and
diastolic echocardiographic evaluation, should be systematically
performed in patients with NICM, including RV-GLS, in order
to globally improve the prognostic stratification and therapeutic
management of this population.
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Background: Heart failure with preserved ejection fraction (HFpEF) is a growing

healthcare burden, and its prevalence is steadily increasing. Lung ultrasound (LUS) is

a promising screening and prognostic tool in the heart failure population. However, more

information on its value in predicting outcome is needed.

Aims: The aim of our study was to assess the prognostic performance of LUS

B-lines compared to traditional and novel clinical and echocardiographic parameters

and natriuretic peptide levels in patients with newly diagnosed HFpEF in an

ambulatory setting.

Methods: In our prospective cohort study, all ambulatory patients with clinical suspicion

of HFpEF underwent comprehensive echocardiography, lung ultrasound and NT-proBNP

measurement during their first appointment at our cardiology outpatient clinic. Our

endpoint was a composite of worsening heart failure symptoms requiring hospitalization

or loop diuretic dose escalation and death.

Results: We prospectively enrolled 75 consecutive patients with HFpEF who matched

our inclusion and exclusion criteria. We detected 11 events on a 26 ± 10-months

follow-up. We found that the predictive value of B-lines is similar to the predictive value

of NT-proBNP (AUC 0.863 vs. 0.859), with the best cut-off at >15 B-lines. Having more

B-lines than 15 significantly increased the likelihood of adverse events with a hazard

ratio of 20.956 (p = 0.004). The number of B-lines remained an independent predictor of

events at multivariate modeling. Having more than 15 B-lines lines was associated with

a significantly worse event-free survival (Log-rank: 16.804, p < 0.001).

Conclusion: The number of B-lines seems to be an independent prognostic factor

for adverse outcomes in HFpEF. Since it is an easy-to-learn, feasible and radiation-

free method, it may add substantial value to the commonly used diagnostic and risk

stratification models.

Keywords: heart failure with preserved ejection fraction (HFpEF), diagnosis, lung ultrasonography (LUS),

echocardiography, prognosis
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INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) already
makes ∼50% of heart failure patients. Since the prevalence of
its common risk factors is rising, HFpEF is expected to be
diagnosed more often (1). Although its prognosis is considered
better than that of HF with reduced ejection fraction (HFrEF),
both the mortality and hospitalization rates are very high (1, 2).
HFpEF is a heterogeneous, multifactorial disease. The diagnosis
is often challenging; therefore, several score systems have been
devised to facilitate the diagnosis and assess the prognosis. The
score systems were mainly validated on the hospitalized and
acute HFpEF population (3–5). Imaging parameters are included
in the H2FPEF and HFA-PEFF scores, designed initially as
diagnostic score systems. A recent study based on more than 900
HFpEF patients could not validate their prognostic utility (6).
The diagnostic use of NT-proBNP in HFpEF is well-established
(7), and the data are convincing about its predictive value (8).
However, a number of studies suggested that its prognostic value
remains controversial (9–11).

A common abnormality in HFpEF is elevated left ventricular
(LV) filling pressure, leading to elevated left atrial (LA) pressures
and, eventually, to the development of pulmonary congestion
(PC) (12). PC is a universal finding in HF and implies a higher
risk for hospitalization and death in both acute and chronic HF
(13). Through B-line evaluation, lung ultrasound (LUS) has been
recently proposed as a simple, radiation-free, non-invasive tool to
assess PC (14, 15). The number of B-lines is related to pulmonary

capillary wedge pressure (16), NT-proBNP (17), and E/e
′

in HF
patients (18). LUS has a prognostic value in acute HF irrespective
of EF (19) and chronic HF regardless of EF (20, 21).

We aimed to assess the prognostic value of B-lines and
other novel ultrasound parameters (such as global longitudinal
strain and left atrial reservoir strain) in newly diagnosed
HFpEF patients.

MATERIALS AND METHODS

Study Population
One hundred and thirty-one consecutive patients were screened
at our cardiology outpatient clinic (University of Szeged,
Hungary) between January 2018 and December 2019. General
practitioners referred all patients with mild or moderate HF
symptoms. None of the patients had a previous diagnosis
of HF. Data collection was based on a standardized clinical
questionnaire performed by a researcher blinded to clinical
records. Our inclusion criteria were: (1) age ≥ 18 years; (2)
diagnosis of HFpEF defined in the 2016 ESC guideline (22);
(3) absence of atrial fibrillation with > 80/min at rest; (4)
no prior history of the following: interstitial lung disease,
moderate or severe COPD (Chronic Obstructive Pulmonary

Abbreviations: HFpEF, Heart failure with preserved ejection fraction; HFrEF,

heart failure with reduced ejection fraction; HF, heart failure; EF, ejection

fraction; LV, left ventricle; LA, left atrium; PC, pulmonary congestion; LUS,

lung ultrasound; TTE, transthoracic echocardiogram; COPD, chronic obstructive

pulmonary disease; eGFR, estimated glomerular filtration rate; LASr, left atrial

reservoire strain; NT-proBNP, N-terminal pro B-type natriuretic peptide.

Disease), bronchial asthma or pulmonary hypertension; (5)
absence ofmoderate or severe aortic ormitral valve disease on the
screening echocardiogram; (6) no history of cardiomyopathies;
(7) absence of severe kidney failure or anemia (eGFR ≥

35 ml/min, Hgb ≥ 100 g/l); absence of malignancy (except
localized basal cell carcinoma of the skin or localized prostate
cancer). Data handling and publication respected the Declaration
of Helsinki. The registration number of ethical approval
is 131/2018/SZTE.

Ultrasound Assessment
A comprehensive transthoracic echocardiogram (TTE) was
performed using a Vivid-S70 (GE Vingmed, Horten, Norway)
ultrasound machine equipped with the 3S probe (1.5–3.6 MHz).
An experienced cardiologist with EACVI-TTE certification
performed all measurements according to the recommendations
of the American Society of Echocardiography and the European
Association of Cardiovascular Imaging (23, 24). Myocardial
deformation was analyzed with GE EchoPAC (version v202)
software. LV strain was measured according to EACVI
recommendations (25). QRS complex was used as a time
reference. LA strain parameters were recorded as per the
EACVI consensus document and were post hoc analyzed by two
experienced physicians (26). ECG trigger was used as a time
reference, using the upslope of the R wave as a surrogate of
end-diastole. In case of any uncertainty, the strain pattern itself
provided support (and mitral inflow pattern in patients with
sinus rhythm). From apical four- and two-chamber views with a
frame rate of 40–80 frames per second, three consecutive cardiac
cycles were acquired and averaged in each patient. Region of
Interest (ROI) was defined by using a point-and-click approach
for tracking the endocardial border. Longitudinal strains were
calculated, defined as strain in the direction tangential to the
endocardial atrial border. Strain curves during reservoir phase
were evaluated (Figure 1).

Immediately after transthoracic echocardiography, patients
underwent LUS performed by the same cardiologist, who
obtained the echocardiographic measurements to assess B-
lines using the same probe and echocardiography machine.
We screened the anterior and lateral hemithoraces, scanning
along the parasternal, midclavicular, anterior axillary and
midaxillary lines from the second to the fifth intercostal
space on the right hemithorax and the second to the fourth
intercostal space on the left, adding up to a total of 28
zones (27). A B-line was defined as a discrete, comet-like
vertical hyperechoic reverberation artifact starting from the
pleural line, extending to the bottom of the screen and
moving synchronously with lung sliding (28). The operator, with
dedicated training and previous experience in LUS, acquired
and analyzed all LUS studies and was blind to the NT-
proBNP value.

NT-proBNP
Within 1 hour of the cardiac and lung ultrasound, peripheral
venous blood samples were obtained from each patient. NT-
proBNP analysis was performed using the Elecsys 2010 analyzer
(Roche Diagnostics, Mannheim, Germany).
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FIGURE 1 | Assessment of B-lines by lung ultrasound and determination of left atrial reservoir strain (LASr) in patients with HFpEF.

Follow Up Data
Follow-up data were collected every 3 months via phone calls
to monitor clinical status and adverse outcomes. Outpatient
visits were performed 6-monthly when clinical status and
adverse events were recorded. A composite HF endpoint was
created, including death (any cause), hospitalization for acute
decompensation of HF, and worsening HF (defined as the
intensification of loop diuretic therapy). Information about the
endpoint events were retrieved from medical records.

Statistical Analysis
Our data are expressed as number and percentage for categorical
and mean ± standard deviation, or median for continuous
variables. Univariate comparisons were made by chi-square or
independent samples T-test, as appropriate. A p-value < 0.05
was accepted as statistically significant. Receiver-operating
characteristic (ROC) curves were used to compare the predictive
value of B-lines and NT-proBNP for the composite endpoint.
The corresponding area under the curves (AUC) was reported.
The correlations betweenNT-proBNP and other parameters were
analyzed with Spearman correlation. Univariate and multivariate
(Backward LRmethod) Cox regression analysis was used to assess
the prognostic capacity of parameters. Collinearity had been
excluded using variance inflation factor <3 before the analysis.
Results were reported as Hazard Ratios. Event-free survival was
calculated using Kaplan-Meier curves and the log-rank test to
determine significance between groups. Data were analyzed using
IBM SPSS 22 statistical software.

RESULTS

One hundred and thirty-one consecutive patients were screened
from January 2018 to December 2019. Fifty-six patients were
excluded (14 patients hadmoderate or severe mitral and/or aortic

valve disease, 2 patients had atrial fibrillation with heart rate
above 80/min at rest, 10 patients had an EF below 50%, 4 patients
had moderate or severe COPD or pulmonary disease, 2 patients
had eGFR below 35 mL/min/1.73 m², 3 patients had ischemic
heart disease, where subsequent examinations were confirming
significant coronary artery disease). In 21 patients, we could not
confirm any significant disorder that could support the referral
diagnosis. Finally, 75 patients (age: 70.33 ± 6.85, 73.3% female)
met our inclusion criteria. Ten patients had atrial fibrillation
with normal ventricular rate during the enrollment, and others
were in sinus rhythm. Patient characteristics are shown in
Table 1. Patients with adverse clinical events more frequently
had hyperlipidemia, diabetes mellitus, ongoing digoxin therapy,
higher NT-proBNP levels, more B-lines, lower LASr, DCT and S’
velocity than the event-free group.

The feasibility of lung ultrasound is 100%, and the mean
duration of the examination was 2.5 ± 0.47min. We found
a strong correlation between the number of B-lines and NT-
proBNP levels and moderate correlation between B-lines and
LASr (Figure 2). B-lines significantly correlated with estimated
pulmonary artery systolic pressures (PASP; r = 0.471, p < 0.001)
and left atrial volume index (LAVI; r = 0.243, p < 0.05), too.
The performance of the number of B-lines in the prediction of
HF events was similar to the performance of NT-proBNP levels
(Figure 3), with the best cut-off value at 16 B-lines (sensitivity
91%, specificity 79%), which corresponds with the widely used
cut-off for moderate PC (15). LASr predictive value was weaker
(Figure 3), with the best cut-off at 13.75% (sensitivity 71.4%,
specificity 70%). The feasibility of the LASr measurements was
92%. During the 26 [22,32] months follow up we detected 11
events: 4 patients were treated at an emergency department for
an acute HF episode, 2 patients were admitted to the cardiology
ward due to severe HF symptoms, 3 patients needed ambulatory
intensification of loop diuretic treatment due to worsening of
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TABLE 1 | Baseline demographic and echocardiographic parameters.

Parameters Overall n = 75 HF event free group n = 64 HF event group n = 11 Significance

Demographic parameters

Age (years) 70.33 ± 6.85 70.02 ± 7.02 72.18 ± 5.67 -

Gender (female, n, %) 55 (73.30%) 49 (76.56%) 6 (54.54%) -

Body mass index (kg/m2 ) 30.15 ± 4.89 29.96 ± 4.64 31.13 ± 6.20 -

Clinical parameters

Systolic blood pressure (mmHg) 134.24 ± 15.05 134.91 ± 15.60 130.33 ± 11.15 -

Diastolic blood pressure (mmHg) 79.00 ± 9.35 79.57 ± 9.70 75.67 ± 6.40 -

Heart rate (beats/min) 68.48 ± 10.55 67.65 ± 9.73 72.82 ± 13.81 -

NYHA I. (n, %) 3 (4%) 3 (4.69%) 0 (0%)

NYHA II. (n, %) 60 (80%) 53 (82.81%) 7 (63.64%)

NYHA III. (n, %) 11 (14.67%) 7 (10.77%) 4 (36.36%)

NYHA IV. (n, %) 0 (0%) 0 (0%) 0 (0%)

NT-proBNP level (pg/ml) 406.60 (165, 772) 376.95 (163, 640) 904.00 (668, 2,156) 0.01

eGFR (ml/min) 71.45 ± 17.54 73.12 ± 17.16 63.59 ± 18.32 -

Hemoglobin (g/l) 130.33 ± 14.83 130.57 ± 12.80 129.22 ± 22.80 -

Comorbidities

Hypertension (n, %) 65 (86.67%) 56 (84.50%) 9 (81.82%) -

Diabetes mellitus (n, %) 21 (28.00%) 15 (23.44%) 6 (54.54%) 0.025

Atrial fibrillation (n, %) 21 (28.00%) 16 (25.00%) 5 (45.45%) -

Hyperlipidaemia (n, %) 27 (36.00%) 19 (29.69%) 8 (72.72%) 0.006

Treatment

Beta-blocker (n, %) 55 (73.33%) 48 (75.00%) 7 (63.64%) -

Angiotensin convertase enzyme inhibitor (n, %) 30 (40.00%) 27 (42.19%) 3 (27.27%) -

Angiotensin receptor blocker (n, %) 28 (37.33%) 21 (32.81%) 7 (63.64%) -

Calcium channel blocker (n, %) 20 (26.67%) 16 (25.00%) 4 (36.36%) -

Digoxin (n, %) 4 (5.33%) 2 (3.12%) 2 (18.18%) 0.045

Loop diuretic (n, %) 44 (58.67%) 36 (56.25%) 8 (72.73%) -

Aldosterone antagonist (n, %) 5 (6.67%) 4 (6.25%) 1 (9.09%) -

Statin (n, %) 34 (45.33%) 27 (42.19%) 7 (63.64%) -

Anticoagulant (n, %) 23 (30.67%) 18 (28.12%) 5 (45.45%) -

Proton pump inhibitor (n, %) 32 (42.67%) 25 (39.01%) 7 (63.64%) -

Echocardiographic parameters

EF (%) 67.56 ± 8.32 68.92 ± 7.39 62.82 ± 6.69 0.013

LV GLS (%) −16.67 ± 6.38 −17.21 ± 6.52 −13.26 ± 4.27 -

IVS (mm) 11.35 ± 1.30 11.30 ± 1.11 11.64 ± 2.16 -

PW (mm) 11.20 ± 1.41 11.16 ± 1.21 11.45 ± 2.34 -

LV mass index (g/m2) 114.22 ± 26.07 112.70 ± 22.43 112.13 ± 40.66 -

RWT 0.45 ± 0.07 0.45 ± 0.07 0.44 ± 0.08 -

LAVI (ml/m2 ) 43.85 ± 16.22 45.57 ± 16.25 43.65 ± 16.81 -

LASr (%) 19.76 ± 8.83 20.71 ± 8.84 14.46 ± 6.98 0.038

E/A 1.04 ± 0.56 1.02 ± 0.56 1.18 ± 0.52 -

DCT (ms) 223.24 ± 69.08 231.45 ± 65.42 177.30 ± 74.89 0.021

E/E
′

mean 10.82 ± 3.81 10.61 ± 3.62 12.28 ± 4.93 -

S
′

(cm/s) 8.41 ± 2.76 8.73 ± 2.82 6.54 ± 1.37 0.014

PASP (mmHg) 37.50 ± 14.97 36.21 ± 14.1 45.10 ± 18.34 -

TAPSE (mm) 25.14 ± 5.42 25.31 ± 5.46 24.18 ± 5.31 -

No of B-lines 11 (5, 20) 9 (4,15) 21(17, 33) <0.001

B-lines > 30 (n, %) 50 (66.70%) 7 (10.94%) 3 (27.27%) -

B-lines > 15 (n, %) 25 (33.30%) 15 (23.44%) 10 (90.91%) <0.001

NYHA, New York Heart Association classification to stages of heart failure; NT-proBNP, N-terminal (NT)-prohormone B type natriuretic peptide; eGFR, estimated Glomerular Filtration

Rate; LV EF, Left Ventricular Ejection Fraction; LV GLS, Left Ventricular Global Longitudinal Strain; IVS, Inter Ventricular Septum Thickness; PW, Posterior Wall Thickness; LV mass index,

Left Ventricular Mass Index; RWT, Relative Wall Thickness; LAVI, Left Atrial Volume Index; LASr, Left Atrial Reservoir Strain; DCT, E wave deceleration time; E/E
′

mean, the relationship

between maximal values of passive mitral inflow (E, PW-Doppler) and the average of lateral and septal early diastolic mitral annular velocities (E, TDI); TDI, Tissue Doppler Imaging; S
′

,

systolic myocardial velocity measured with TDI; PASP, pulmonary artery systolic pressure; TAPSE, Tricuspid annular plane systolic excursion.
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FIGURE 2 | Correlation between the number of B-lines and NT-proBNP levels (A) and LASr values (B).

FIGURE 3 | ROC curves for the prediction of endpoint events (AUC, Area

under the curve; SE, standard error).

HF symptoms and 2 patients died (1 unknown cause, 1 patient
during HF event). Having >15 B-lines significantly increased the
risk of the endpoint events, and during the multivariate analysis,
proved it to be an independent predictor of endpoint events
(Table 2). The event-free survival was significantly worse among
patients with >15 B-lines (p < 0.001, Log Rank: 16.804). The
probability of cumulative event-free survival at 20 and 40months
in patients with ≤15 B-lines was 100 and 97.3%, respectively,
while in patients with >15 B-lines it was 72% at 20 and 58.2%
at 40 months (Figure 4).

DISCUSSION

In our study of newly diagnosed HFpEF patients, having more
than 15 B-lines at the time of diagnosis was highly suggestive of
a worse prognosis and performed better in predicting HF events
than NT-proBNP and the other clinical and echo parameters.

Assessing the number of B-lines is a simple, radiation-free
and easily accessible method to estimate PC with 100% feasibility
and short examination time (15, 28). Due to its advantages, a lot
of data have been gathered until now about its potential use in
different clinical settings. B-lines correlate with several clinical

TABLE 2 | Cox regression analysis demonstrating the prognostic capacity of the

predictor parameters.

Parameters Univariate analysis Multivariate analysis

p Hazard ratio p Hazard ratio

Diabetes mellitus – – – –

Hyperlipidemia 0.024 5.96 – –

Digoxin – – – - -

NT-proBNP 0.008 1.001 – –

LASr – – – –

S′ 0.029 0.769 – –

DCT 0.023 0.986 – –

B-lines > 15 0.004 20.956 0.01 15.473

NT-proBNP, N-terminal (NT)-prohormone B type natriuretic peptide; LASr, Left Atrial

Reservoir Strain; DCT, E wave deceleration time; S′, systolic myocardial velocity measured

with Tissue Doppler Imaging.

FIGURE 4 | Comparison of Kaplan-Meier curves for patients with and without

B-lines >15.

and echocardiographic parameters (16–18). We also found that
the number of B-lines has a relationship with LA volume and
estimated systolic pulmonary artery pressures. In our study, B-
lines showed a close relationship with left atrial dysfunction
represented by decreased LASr, which is a new observation.
The commonly used cut-off value is >15 for moderate and
>30 B-lines for severe congestion summing B-lines from 28
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anterolateral lung areas (15). Examining HFrEF outpatients,
Miglioranza et al. found the best cut-off value to be at 15 B-lines
(18). Another study with pre-discharge HF patients confirmed
this cut-off irrespective of EF (29), which correlates with our
findings since the best cut-off value was at 16 B lines in our
cohort. B-lines also have an exceptional prognostic value, shown
in patients with HF (19–21, 29–31). After a 1-year follow-up in
dyspneic patients, an increased number of B-lines was associated
with a higher hospitalization rate with a best cut-off at 6 B-lines
(8 sector LUS) (32). Measurement of PC at discharge provides
prognostic information for patients with either HFpEF (33, 34)
or HFrEF (34). Rueda-Camino et al. found significantly more
hospital readmissions and HF deaths among patients with at least
15 B-lines (using the 28-segment LUS method) (33). According
to Palazzuoli et al., B-lines ≥22 at discharge was associated with
higher HF rehospitalization rate and all-cause mortality, and that
prognostic value was similar in both HFpEF and HFrEF patients
(34). The learning curve is very short for the acquisition of B-
lines (35). With handheld ultrasound machines, this diagnostic
tool could aid general practitioners as a point-of-care test.

Natriuretic peptides are frequently used biomarkers for
diagnosis, risk stratification and therapeutic decision making
in HF; however, HFpEF is a very heterogeneous disease,
which makes both setting up the diagnosis and estimating
prognosis more difficult. BNP and NT-proBNP are recognized
outcome-predicting factors in acute HF regardless of EF
(36). However, many studies suggested that its prognostic
value remains controversial. The discharge NT-proBNP levels
predicted outcomes similarly in HFpEF and HFrEF; however,
Salah et al. concluded that comorbidities contribute more to
prognosis in patients with HFpEF with lower NT-proBNP levels
than in patients with HFrEF (10). Another pitfall of natriuretic
peptide-based prognosis estimation is that its cut-off may depend
on gender, age, body mass index, presence or absence of atrial
fibrillation and renal failure (37–40). Eriksson et al. described
significantly higher NT-proBNP values among HFmrEF and
HFpEF patients in the event cohort for all-cause mortality,
but the standard deviations were very high at 1, 3, and also
5 years (for HFpEF patients the means ± SD were 5,035.9 ±

5,630.3/3,785.1 ± 4,647.7/3,493.2 ± 4,365.5 ng/l), which reduces
the prognostic utility of NT-proBNP in clinical practice (41).
The levels are generally higher in patients presenting with acute
HF than in patients with chronic HF (42). Additionally, the
thicker myocardial wall, which is commonly seen in HFpEF,
can normalize the wall stress, so even in the case of invasively
proven HFpEF, the natriuretic peptide levels can be below
the widely used threshold (43). These weaknesses are not
characteristic of B-lines because PC is a frequent and almost
universal pathophysiological phenomenon in patients with HF.
It is not influenced by age, gender or body mass index. B-lines
have diagnostic and prognostic utility without being affected by
comorbidities except for diseases that involve lung parenchyma.

In the last 10 years, LA deformation imaging has becomemore
and more widespread in research and daily routine. The LA is
closely connected with the pulmonary venous system, and its
dysfunction may play an essential role in the pathophysiology
of PC. LA pressure increases to augment LV filling, resulting in

pulmonary and systemic venous congestion. The LASr is an easy
to measure and reproducible parameter, and it is now widely
recognized that it has diagnostic and prognostic value regardless
of EF (44, 45). LASr correlates well with diastolic dysfunction
(46, 47) and the invasively measured LV filling pressure (48, 49),
which plays a leading role in the pathophysiology of HFpEF, and
it may have a prognostic value, too (45, 50). In patients with
chronic HFrEF, LASr ≤ 12.9% showed a much worse outcome
than higher strain values (44). In another study enrolling post-
hospitalized HFpEF patients, LASr was an independent predictor
of cardiovascular events, and LASr < 31.2% was associated
with significantly worse event-free survival (45). In our current
study, the LASr was significantly reduced in the event group
compared to those without any events (14.46± 6.98% vs. 20.71±
8.84%). It correlated well with both NT-proBNP and the number
of B-lines. Still, we could not prove it to be an independent
prognostic factor in HFpEF. The possible explanation is that we
also included patients with atrial fibrillation. Park et al. found in
3,818 patients that the lowest tertile of the peak atrial longitudinal
strain is predictive in acute HF patients regardless of EF; however,
when subgroup analysis was performed, LASr did not show
predictive value in the AF population (51). These results also
emphasize the advantage of B-lines, which are not influenced by
atrial fibrillation.

Finally, several score systems exist to estimate the risk
of HFpEF patients, but until now, none of them has been
recommended by guidelines. The widely used H2FPEF and
HFA-PEFF scores were designed as diagnostic tools and were
validated only on hospitalized, acute HFpEF population. The
H2FPEF score might be a potentially useful marker for the
prediction of cardiovascular and HF-related events in HFpEF
patients (5, 52). Sotomi et al. found that the HFA-PEFF score
is an excellent diagnostic tool, and it also has a practical
prognostic value (4). Parcha et al. concluded that HFA-
PEFF and the H2-FPEF scores are reliable diagnostic tools;
however, their prognostic utility requires further validation (6).
The mentioned score systems incorporate echocardiographic

parameters like EF, E/e
′

, estimated systolic pulmonary pressure,
left atrial volume index, relative wall thickness, and left
ventricular mass index. Measurement of these parameters needs
a comprehensive echocardiographic examination, which is time-
consuming, requires an expert and might not be readily available.
On the other hand, B-line assessment is simple and feasible, takes
only a few minutes, and allows to visualize PC, which is the main
pathophysiological change and the direct cause of symptoms
in HF.

Limitations: As this is a single center study, the study
population was relatively small, and the number of events was
limited (n = 11). However, our results are consistent with
previous studies on larger populations demonstrating the value of
B-lines in patients with HFpEF and in patients with dyspnea and
all spectrum of resting EF (53, 54). We showed the prognostic
value of B-lines at rest. However, PC is a dynamic variable,
and one-third of patients with HFpEF (55) or HFrEF (56)
without B-lines at rest will develop PC during exercise. The
number of B-lines during stress outperforms the prognostic
value of B-lines at rest in patients with HFpEF (53, 55), in
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patients with HFrEF (56) and in consecutive patients with the
full range of underlying resting ejection fraction (57). Therefore,
our current study protocol has been adapted and currently
includes a dynamic evaluation of B-lines also during stress in
the framework of stress echo 2020 multicenter study (54). Many
diseases which could have had an impact on the number of B-
lines, the echocardiographic findings or the patient’s heart failure
symptoms were excluded at screening. The study population
still remained quite heterogeneous; however, this heterogeneity
reflects the circumstances under which the prognosis is estimated
in everyday practice. We used a 28-zone protocol, which is more
time-consuming than the simplified protocols, but performing
the lung ultrasound only took a few minutes. The detection of
B-lines does not necessarily imply their cardiogenic origin since
pulmonary fibrosis and non-cardiogenic pulmonary oedemamay
also result in the presence of B-lines; however, we were applying
strict exclusion criteria, so our study population did not have the
mentioned etiological backgrounds.

CONCLUSION

HFpEF is common, and prevalence is increasing. A feasible and
straightforward diagnosis is crucial. The visualization of PC by
LUS in HFpEF patients may contribute to the adequate diagnosis
in the ambulatory setting. According to our results, it seems that
B-lines in this population are good prognostic indicators. Also,
it can be a powerful help in everyday practice to put our most
vulnerable HFpEF patients in the spotlight. More studies with
larger patient numbers are needed to confirm these findings and
find lung ultrasound’s proper place among the currently used
diagnostic and prognostic score systems.
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Systemic amyloidosis is a rare, heterogenous group of diseases characterized by

extracellular infiltration and deposition of amyloid fibrils. Cardiac amyloidosis (CA) occurs

when these fibrils deposit within the myocardium. Untreated, this inevitably leads to

progressive heart failure and fatality. Historically, treatment has remained supportive,

however, there are now targeted disease-modifying therapeutics available to patients with

CA. Advances in echocardiography, cardiac magnetic resonance (CMR) and repurposed

bone scintigraphy have led to a surge in diagnoses of CA and diagnosis at an earlier stage

of the disease natural history. CMR has inherent advantages in tissue characterization

which has allowed us to better understand the pathological disease process behind

CA. Combined with specialist assessment and repurposed bone scintigraphy, diagnosis

of CA can be made without the need for invasive histology in a significant proportion

of patients. With existing targeted therapeutics, and novel agents being developed,

understanding these imaging modalities is crucial to achieving early diagnosis for patients

with CA. This will allow for early treatment intervention, accurate monitoring of disease

course over time, and thereby improve the length and quality of life of patients with a

disease that historically had an extremely poor prognosis. In this review, we discuss key

radiological features of CA, focusing on the two most common types; immunoglobulin

light chain (AL) and transthyretin (ATTR) CA. We highlight recent advances in imaging

techniques particularly in respect of their clinical application and utility in diagnosis of CA

as well as for tracking disease change over time.

Keywords: cardiac amyloid, CMR (cardiovascular magnetic resonance), echo, ATTR, light chain (AL) amyloidosis,

hATTR, patisiran, inotersen

INTRODUCTION

Systemic amyloidosis encompasses a rare, heterogenous group of diseases caused by extracellular
deposition of amyloid fibrils in the tissues which are identified by apple green birefringence when
stained with Congo red dye ex vivo and viewed under cross polarized light. This insoluble fibrillar
material is derived from a variety of normally soluble precursor proteins which misfold and self-
assemble with abnormal cross beta-sheet conformation that is typically stable and resistant to
proteolysis (1, 2). More than 30 human precursor proteins have been identified which can form
amyloid fibrils in vivo, and amyloidosis is classified accordingly. However, whilst amyloid fibrils
are derived from a variety of structurally different precursor proteins, they retain a shared core
structure that is relatively stable and resistant to proteolysis (2, 3).

Disease is caused once the accumulation of amyloid fibrils is sufficient to disrupt the inherent
structure and function of the affected organ (1). Amyloid deposition can occur in almost any
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organ of the body; cardiac amyloid deposition inevitably
results in a restrictive and/or infiltrative cardiomyopathy.
Whilst systemic amyloidosis is a multi-organ disease, cardiac
amyloidosis remains the leading cause of mortality (4, 5). Two
precursor proteins are responsible for the majority of cases
of CA, namely monoclonal immunoglobulin light chains in
AL amyloidosis and transthyretin in ATTR amyloidosis. AL
amyloidosis arises as a consequence of a clonal proliferation
of plasma cells or B cells which may, in itself, be very subtle.
Treatment of AL amyloidosis is based on chemotherapy to
eradicate ongoing production of amyloidogenicmonoclonal light
chains paired with supportive management such as diuretic
therapy to manage heart failure (6). Transthyretin, a circulating
protein which is synthesized in the liver and is responsible
for the transport of thyroxine and retinol binding protein,
may form amyloid when unmutated with advancing age (wild-
type ATTR amyloidosis) or in association with over 130
genetic variants (5, 6). Wild-type ATTR amyloidosis (wtATTR)
manifests as a predominant cardiomyopathy (ATTR-CM) whilst
variant (ATTRv) or hereditary (hATTR) ATTR amyloidosis is
typically associated with polyneuropathy (ATTR-PN) as well as
cardiomyopathy (4). In the absence of specific disease-modifying
therapy, ATTR-CM is inexorably progressive and ultimately fatal;
clinical management until recently was limited to supportive
management of heart failure with diuretics and rhythm control
(4, 5).

Studies have shown that ATTR-CM has been widely
underdiagnosed, with one large UK study indicating a median of
17 hospital attendances per patient before the correct diagnosis
was established, and 42% of patients waiting over 4 years from
the onset of cardiac symptoms to diagnosis (7). However, recent
advances in diagnostic imaging techniques involving advanced
echocardiography, cardiac magnetic resonance (CMR) imaging
and repurposed bone scintigraphy have allowed the diagnosis of
ATTR-CM to be establishedmore easily andmore widely without
a need for demonstration of amyloid on histology in ∼70% of
cases (8). The same imaging techniques also play an important
role in the accurate diagnosis of AL cardiomyopathy (AL-CM)
(6, 8), and have also contributed to a substantial increase in
recent years of this diagnosis (7). These advances in diagnostic
imaging have been accompanied by landmark developments
in therapy including novel disease-modifying therapeutics for
ATTR amyloidosis and better chemotherapeutic agents for AL
amyloidosis (6, 9–11). Together, the advances in imaging and
therapy have transformed the care of patients with CA in
recent years.

AL CARDIAC AMYLOIDOSIS

AL amyloidosis has long been considered themost common form
of systemic amyloidosis, with an approximate prevalence of 10
per million people per year (1). Cardiac amyloid infiltration is
present in∼80% of cases and is the main driver of morbidity and
mortality (12). AL cardiac amyloidosis (AL-CM) confers a poorer
prognosis and is associated with a more aggressive clinical course
than ATTR-CM, despite the fact that the cardiac amyloid burden

and left ventricular (LV) mass in ATTR-CM usually exceeds that
in AL-CM (6). AL amyloid infiltrates all cardiac chambers with
biventricular thickening leading to restrictive cardiomyopathy
and cardiac failure is common. Complicating conduction disease
resulting in significant bradyarrhythmia can also be a feature
(5, 6). A recent study demonstrated that myocardial oedema was
present by CMR imaging and by histology in untreated AL-CM
when compared to ATTR and treated AL cardiac amyloidosis,
consistent with the idea of light chain toxicity and related
mechanisms contributing to myocardial damage. The presence
of oedema was also significantly associated with a poor prognosis
(5, 13).

Whilst AL-CM remains the leading cause of mortality in
AL amyloidosis, extra-cardiac manifestations are common; AL
amyloid can infiltrate almost any organ in the body. This results
in a heterogeneous and often non-specific disease presentation
with consequent diagnostic delay (2, 4). However, ∼30% of
cases present with pathognomonic clinical signs which include
macroglossia and peri-orbital bruising (1, 2). Typical initial
clinical manifestations of AL-CM include dyspnoea, weight loss
and fatigue. The dyspnoea usually has a relatively rapid onset
and progression and is often accompanied by peripheral oedema
and/or ascites, which may not only be due to severe right sided
cardiac failure, but also contributed to by hypoalbuminaemia
secondary to renal amyloid infiltration resulting in heavy
proteinuria (3, 6). It is worth noting, that presentation with clear
cardiac symptoms may not be evident until the cardiac disease is
advanced (4).

Chemotherapy in AL amyloidosis, the mainstay of disease-
modifying therapy, is aimed at suppressing ongoing production
of amyloidogenic light chains by targeting the underlying clonal
dyscrasia, usually originating from plasma cells. Despite the
recent availability of novel agents which achieve higher rates
and speed of clonal suppression with fewer toxicities, overall
prognosis remains notably poor among those with advanced
AL-CM at diagnosis, compounded by the diagnostic delays
highlighted above (14–16). Early diagnosis, achieved through use
of the correct imaging modalities, is therefore key to improving
patient outcomes in this otherwise fatal disease.

ATTR CARDIAC AMYLOIDOSIS

Transthyretin (ATTR) amyloidosis is categorized into hereditary
and wild-type amyloidosis on the basis of sequencing of the
TTR gene. Wild-type ATTR cardiomyopathy (wtATTR-CM) is
an under-recognized cause of restrictive cardiomyopathy and
heart failure with preserved ejection fraction (HFpEF) (17,
18). Autopsy studies indicate that the prevalence of cardiac
wtATTR amyloid is greater than previously thought with one
particular autopsy study demonstrating deposits in ∼25% of
myocardial samples in patients aged 85 years and above (19,
20). Despite these studies, the true prevalence of wtATTR-CM
remains unknown. wtATTR-CM is diagnosed in males between
25 and 50 fold more often than in females, and usually presents
beyond the seventh decade of life although it may occasionally
present in patients as young as 50 years (4, 21). Whilst the

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 December 2021 | Volume 8 | Article 751293268

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Razvi et al. Imaging in Cardiac Amyloidosis

more frequent use of repurposed bone scintigraphy and CMR
imaging have resulted in a noticeable rise in diagnoses in the
past few years, the increasingly aged population is also likely to
be contributing to the prevalence statistics of wtATTR-CM (4).
Recent estimates suggest wtATTR-CM as the cause of 13–16%
of cases of HFpEF in elderly patients (17). Clinically, wtATTR-
CM typically presents with features of restrictive cardiomyopathy
often preceded by carpal tunnel syndrome, lumbar canal stenosis
and tendinopathies, in many cases up to 15 years prior (3, 21).

In contrast, patients with hATTR amyloidosis may present
at a younger age with features consistent with cardiomyopathy,
cardiac conduction disease, peripheral neuropathy and/or
autonomic neuropathy. The clinical phenotype can consist of
a mixture of both neuropathy and cardiomyopathy (22). There
are over 130 pathogenic mutations of the TTR gene and
although there is considerable overlap, there is a reasonably
strong association between the specific mutation and the
predominant clinical phenotype with certain mutations giving
rise to predominant ATTR-CM, others predominant ATTR-PN,
and the majority associated with a mixture of neuropathy and
cardiomyopathy (23). One of the most important mutations
is that encoding the p.V142I TTR variant (formerly known as
V122I), which is carried by 3–4% of the Afro-Caribbean and
African American population; an estimated 2 million mutation
carriers in the US alone (3, 24). The disease penetrance associated
with this mutation is thought to be low; however, the prevalence
of hypertension and diabetes is high in this ethnic group such
that misdiagnosis of hATTR-CM as hypertensive or uraemic
cardiomyopathy is likely in a proportion (4, 24). Other relatively
commonly encountered amyloidogenic mutations include those
encoding the p.V50M and p.T80A TTR variants, which typically
present at a younger age than wtATTR-CM with a combination
of neuropathy and cardiomyopathy, or in the case of early-onset
p.V50M with neuropathy in the absence of cardiomyopathy.
Whilst amyloid polyneuropathy results in severe and progressive
neurological disability and is associated with a significant disease
burden, it is the ATTR-CM which has the greatest negative
impact on prognosis, with a median survival in the absence
of disease-modifying therapy, of 4–5 years from diagnosis
(25). Given the impact of CA on prognosis in both AL and
ATTR amyloidosis and the availability of new disease-modifying
therapies, timely diagnosis using appropriate imaging techniques
is essential to improving both quality of life and prognosis in
these diseases.

ELECTROCARDIOGRAPHY

Electrocardiography is a widely accessible tool in both the
community and hospital setting. Historically, the medical
literature has characterized cardiac amyloidosis by low voltage
QRS complexes. However, whilst low voltage QRS complexes
coupled with evidence of LV thickening should correctly raise the
suspicion infiltrative cardiomyopathy, the absence of low voltages
by no means excludes CA. Indeed, the reported prevalence of
low voltage QRS complexes varies considerably, ranging from 27
to 84% of AL CA patients in different studies (26). Low voltage

QRS complexes are even less common in ATTR CA, with one
particular study demonstrating that 44% of patients diagnosed
with p.V142I-associated ATTRv CA had normal voltage QRS
complexes, and a further 26% actually meeting voltage criteria for
left ventricular hypertrophy (27). Therefore the absence of low
QRS voltages on ECG should not prevent the assessing clinician
from considering CA.

Cardiac conduction disease is a common finding in patients
with ATTR CA, and it is not uncommon for pacemaker insertion
to become necessary during the course of the disease. First
degree heart block has utility in identifying patients at high
risk of needing cardiac pacing (27). Pseudoinfarct patterns and
poor R wave progression are also common ECG findings. Atrial
arrhythmias, particularly atrial fibrillation are common in ATTR
CA, likely reflecting the burden of atrial amyloid infiltration.

ECHOCARDIOGRAPHY

Echocardiography is a widely accessible and risk-free first line
imaging modality to assess patients with possible amyloid
cardiomyopathy. The cardiac amyloid phenotype is characterized
by left ventricular or biventricular thickening associated with a
wall thickness >12mm, although cardiac amyloidosis, especially
of AL type, may be present in the absence of increased LV mass.
A “speckled” appearance of the myocardium, with sparkling
and thickened appearance of cardiac valves is described in CA,
however this is neither sensitive nor specific. In CA, longitudinal
function is usually affected before radial function, and therefore
ejection fraction cannot be used as a reliable measure of
ventricular function. Global longitudinal strain measurements
derived from myocardial speckle tracking has emerged as a
method to distinguish between amyloid cardiomyopathy and
other causes of myocardial thickening such as hypertensive
or hypertrophic cardiomyopathy (3, 4, 26). In CA two-
dimensional strain mapping characteristically demonstrates a
relative preservation of apical function leading to a bulls-eye
pattern on strain plotting (Figure 1) (4). The relative differences
in longitudinal strain in the basal and apical segments can be
quantified into a ratio of LV apical and basal strain, which carries
a poorer prognosis when apical sparing is seen (3, 4, 28).

Both mitral and tricuspid annular plane systolic excursion
(MAPSE, TAPSE) have been proven to be prognostic indicators
in CA (29, 30). The relatively early impairment of longitudinal
function with preserved radial function, affecting predominantly
basal segments over apical segments, is uncommon in other
cardiomyopathies and is highly characteristic of CA.

Diastolic function is frequently severely impaired in patients
with advanced disease with an E/e’ which is often significantly
elevated, reflecting diastolic dysfunction and raised filling
pressures (31). Amyloid infiltration into the myocardium
commonly affect the atria, causing atrial wall thickening, atrial
dilatation (although severe dilatation is uncommon, probably
reflecting the increased stiffness of the atrial wall), impaired
ejection force and strain (32). A recent large scale study
of 906 patients with ATTR-CM demonstrated that increased
atrial stiffness was an independent predictor of poor prognosis.
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FIGURE 1 | Echocardiographic findings in a patient with advanced transthyretin cardiomyopathy. Four chamber view demonstrating increased biventricular thickening

with a “speckled” myocardium (top left panels) with 2D-strain using speckle tracking echocardiography in the same patient (top right panel). Peak systolic strain for

individual myocardial segments in the four-chamber view panel and the strain curve samples in each of the corresponding colored myocardial segments panel can

then generate a longitudinal strain map (bottom). With an estimated GLS of −4.3%, the characteristic basal to apical gradient of impaired longitudinal function is

observed here.

Additionally, there was significant impairment of the 3 phasic
functional atrial components (atrial reservoir, conduit and
contraction function); indeed 22% of patients in sinus rhythm
with atrial electromechanical dissociation had absent atrial
contraction. The extensive amyloid infiltration of the left atria on
echocardiogram in this study was corroborated with histological
analysis of explanted ATTR hearts (33).

Amyloid infiltration of the cardiac valves is usually associated
with regurgitant physiology of the mitral and tricuspid valve.
Chacko et al. demonstrated the association between significant
mitral or tricuspid regurgitation and a poor prognosis in
ATTR-CM. Coexistence of cardiac amyloidosis and aortic
stenosis independently conferred a significant reduction in
survival in patients with ATTR-CM (median survival 23 vs.
55 months) (31, 34). The severity of dysfunction measured
by a range of echocardiographic parameters was also shown
to differ substantially at the time of diagnosis between

patients with three important ATTR-CM genotypes. Those with
p.V142I-associated ATTR-CM had the worst echocardiographic
parameters, followed by wtATTR-CM and finally p.T80A-
associated ATTR CM, entirely consistent with the prognosis of
these three conditions (33).

Both ventricular and atrial blood stasis have been
demonstrated in studies to be substrate for intracardiac
thrombi (35). Atrial electromechanical dissociation has been
identified as a distinct clinical phenotype in ATTR-CM
conferring a poorer prognosis, which merits discussion and
consideration of anticoagulant therapy in such patients (33). In
addition to the above, pleural and/or pericardial effusion are not
uncommon findings in CA, especially in AL-CM (36). Whilst it
is not possible to distinguish between AL-CM and ATTR-CM
by echocardiography alone, certain features are seen more
commonly in either type; namely a more symmetrical increase in
LV wall thickness in AL-CM vs. an asymmetrical thickening in
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ATTR-CM. Up to 70% of ATTR-CM cases have a sigmoid septal
morphology and there is septal curvature inversion in up to 30%
of cases; these features are unusual in AL-CM (3, 36).

A recent study looked to develop a scoring system using
specific echocardiographic parameters to identify patients who
were likely to have cardiac amyloid. Boldrini et al. studied two
cohorts of patients; one with systemic AL amyloidosis, and one
with a hypertrophic phenotype. These two cohorts represented
two key clinical scenarios; the first being a patient with systemic
AL amyloidosis in whom cardiac involvement must be confirmed
or excluded in order to guide chemotherapeutic decisions, and
the second being a patient with a hypertrophic phenotype
in whom CA must be confirmed or excluded as the cause.
Relative wall thickness, longitudinal strain, TAPSE, E/e’ and
septal apical-to-base ratio were identified as variables that had
diagnostic performance in identification of cardiac amyloid (see
Figure 2). These variables had reasonable specificity for CA,
and if significantly abnormal, could be considered as ‘red flags’
that should alert scanning clinicians to the possibility of CA.
Because confirming or excluding CA has a significant impact on
treatment strategy and prognosis, the authors proposed using

highly sensitive and specific cut offs to exclude or confirm the
diagnosis of CA. In patients with an intermediate probability
of CA, use of second-level imaging modalities was encouraged
(CMR, bone scintigraphy) as well as endomyocardial biopsy in
order to confirm CA and distinguish between AL and ATTR
types (37).

CARDIAC MAGNETIC RESONANCE

Cardiac magnetic resonance imaging has revolutionized the
field of cardiac imaging, particularly in cardiac amyloidosis.
CMR provides highly accurate, and detailed characterization
of cardiac tissue and morphology, and is instrumental in
distinguishing between cardiac amyloidosis and other
hypertrophic phenocopies. The expansion of extracellular
volume that results from amyloid fibril deposition within
the myocardial extracellular space is accurately visualized
using the administration of gadolinium-based contrast agent
Gd-DTPA (gadolinium diethylenetriamine penta-acetic acid).
“Late gadolinium enhancement” (LGE) on CMR gives rise

FIGURE 2 | Adaptation of echocardiographic scoring system proposed by Boldrini et al. Two scoring systems were proposed for the evaluation of the possibility of

cardiac amyloidosis depending on the clinical scenario. The first being confirming/excluding cardiac involvement in patients with systemic AL amyloidosis (A), the

second being confirming/excluding cardiac amyloidosis in patients with increased LV wall thickness (IWT) (B) (35). One could consider the variables used in this

scoring systems as echocardiographic “red flags” that would raise suspicion of CA to the sonographer/scanner. *RWT, relative wall thickness; **TAPSE, tricuspid

annular plane systolic excursion; ***LS, longitudinal strain; ****SAB, systolic apex to base ratio.
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to a characteristic, almost pathognomonic distribution; it is
typically diffuse, subendocardial and/or transmural on CMR
(36, 37). This is typically coupled with “abnormal gadolinium
kinetics” whereby the gadolinium and the blood null at the same
time. In the context of CA, gadolinium passively distributes
in the expanded extracellular space created by amyloid fibrils,
which gives rise to the aforementioned appearances. It has also
been shown that the transmurality of LGE enhancement (i.e.,
from subendocardial through to transmural) is directly linked
to disease severity and prognosis and reflects the underlying
infiltrative process of CA (36, 38). However, the visualized LGE
appearances on CMR are dependent on the assumption that
there are areas of healthy and otherwise “normal” myocardium
for comparison in remote segments. These areas of healthy
remote myocardium may not always exist or be readily apparent
to the CMR operator in cases of CA. This can lead to the
human error of “nulling” abnormal myocardium as opposed
to normal myocardium (37). Over the years, this drawback
has been overcome with the development and adoption of
phase sensitive image reconstruction (PSIR) which is a more
reliable method as it overrides the need for operator chosen null
points (36, 37). However, LGE does have disadvantages, most
notably the risk of nephrogenic systemic fibrosis in those with
impaired renal function (eGFR <30 mL/min). There are also
studies demonstrating that although gadolinium is administered
in a chelated form, tissue retention, specifically neurological
tissue retention, of gadolinium contrast can occur in a dose
dependent nature. The clinical consequences of this are not
currently fully understood (39). It is not uncommon for patients
with CA, particularly AL CA, to have concurrent renal disease,
either as a result of direct renal infiltration of AL amyloid or
as part of the cardio-renal syndrome from their cardiac failure.
In these particular cases, the benefits of gadolinium contrast
administration must be carefully balanced against the risks whilst
closely involving the patient in these discussions and ensuring
their informed consent before proceeding. Usually, if it is felt
that a gadolinium contrast guided CMR would substantially
change the patient’s management by proving either the presence
of AL or ATTR CM and thereby making them eligible for
targeted therapy, the risk of nephrogenic systemic fibrosis
is usually outweighed by the availability of prompt, targeted
disease-modifying therapy.

Myocardial T1 mapping, a pixel-based reconstruction of
measured longitudinal relaxation times, complements the use of
LGE in the role of CMR in CA. In addition to its diagnostic
utility, it can be used to monitor and track myocardial amyloid
infiltration and therefore disease severity (40). In contrast to
LGE, native myocardial T1 (a measure of T1 time before the
administration of contrast) provides an objective quantitative
measurement as opposed to a subjective qualitative one; this
lends to its utility as a disease tracker. Native T1 provides
similar diagnostic performance in both AL and ATTR CA, and
is frequently found to be elevated in the early stages of CA prior
to the development of biventricular thickening or detectable LGE
(40, 41).

Whilst T1 mapping is a sensitive marker for CA, it is a
composite signal of both the extra and intracellular space.

However, by administering gadolinium contrast, the ratio of
pre and post contrast T1 maps can be used in conjunction
with the patient’s haematocrit level to isolate a signal to the
extracellular space, and the extracellular volume (ECV) maps
can be quantifiably measured (42). ECV maps are now the
standard measurement technique for quantifying myocardial
amyloid burden, and has demonstrated correlation with disease
severity in both ATTR and AL CA (3, 42). ECV has validated
utility in tracking changes over time, particularly in the context
of monitoring response to treatment in AL CA (43) (Figure 3).

Chacko et al. recently demonstrated that ECV measurements
during routine CMR can also quantify the burden of extracardiac
amyloid, specifically splenic and hepatic amyloid in systemic AL
amyloidosis patients (44). Not only does this provide important
information to the reviewing clinician of the amyloid type, but
it has potential to track extracardiac response to treatment.
Prior to this, the only method to non-invasively investigate
for extracardiac, namely hepatic and splenic amyloid, was
serum amyloid P component scintigraphy (SAP scintigraphy)
(45). Whilst this did provide an accurate visual assessment of
the presence of visceral amyloid, it is only available in two
centers globally. Being able to quantify splenic and hepatic
amyloid via routine CMR ECV mapping therefore means it is
now easier for clinicians to both diagnose disease, and track

FIGURE 3 | CMR images of two patients with AL CA regression and

progression. Four chamber CINE image demonstrating characteristic

biventricular thickening (left) with matched LGE images (middle) and ECV maps

(right). Top panel is from a patient with a complete hematological response to

chemotherapy treatment. Regression of cardiac amyloid is demonstrated by

reduction in LV thickness, visualized LGE and normalization of ECV. Bottom

panel is from a patient with disease progression reflected by increasing

ventricular wall thickness, higher volume LGE and increased ECV (41).
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response to treatment more routinely and with a more accessible
imaging modality.

T2 mapping serves to complement T1, LGE, and ECV
methods in CMR and is a sensitive method to detect myocardial
oedema found in a number of cardiac pathologies, both
ischaemic and inflammatory. Examples would include acute
myocardial infarctions, stress cardiomyopathies/Takotsubo’s and
myocarditis (46). T2 relaxation time is the constant governing
the decay of transverse magnetization, and the proportional
increase in T2 is larger than that found in T1 when free
water content is increased within the myocardium (47).
Modern developments have led to T2 mapping evolving into a
quantifiable measurement, and therefore a potential tracker of
disease progression and response to therapy (47). T2 mapping
has been shown to be prognostically relevant in AL CA.
Recent studies demonstrated that a cohort of untreated AL CA
patients had higher T2 values and therefore myocardial oedema
than treated AL and ATTR CA patients (13). The presence
of myocardial oedema further confirms the fact that multiple
pathophysiological processes and mechanisms of myocardial
damage exist in AL CA.

In summary, CMR is a sensitive, accurate and reproducible
imaging modality in the diagnosis and monitoring of patients
with both AL and ATTR CA. It has also been shown to have
utility in the quantification of extracardiac (hepatic and splenic)
AL amyloid burden, which previously could only be assessed with
SAP scintigraphy at two centers globally.

Bone Scintigraphy
The use of 99mtechnetium-labeled-pyrophosphate (Tc-PYP) for
bone scintigraphy andmyocardial uptake in patients with proven
CAwas first demonstrated 1983 (48). However, the specific ligand
responsible for tracer uptake in the myocardium of patients
with CA remains unknown today. In 2005, bone scintigraphy
using 99mTc-3,3-Diphosphono-1-2-Propanodicarboxylic Acid
(Tc-DPD) was shown by Rapezzi et al. to be highly sensitive
for ATTR-CM and specific for CA generally (49). Subsequent
work has provided greater clarity on the biological basis for the
different “Perugini” grades of uptake reported in the original
study (50).

An algorithm combining radionuclide scintigraphy (with
DPD, PYP or HMDP) with echocardiography, CMR and
biochemical investigations has enabled the diagnosis of ATTR
amyloidosis to be established in the absence of a tissue biopsy in a
substantial proportion of patients. In the absence of amonoclonal
protein (by serum and urine immunofixation as well as by
serum free light chain assay), a CMR and/or echocardiogram
suggesting CA with a Perugini grade 2 or 3 radionuclide scan
is diagnostic of ATTR-CM (8). However, it is important to
note that the radionuclide scan alone is not specific for ATTR-
CM since ∼40% with AL-CM have a positive radionuclide scan
(including Perugini grade 2 or 3 positivity in ∼10%) and cardiac
apolipoprotein A-I amyloidosis is also associated with low grade
cardiac uptake on Tc-DPD scintigraphy (8, 51). Patients with
a CMR or echocardiogram suggesting amyloid and grade 2
or 3 cardiac uptake on radionuclide scintigraphy who have a

monoclonal protein by any of the aforementioned tests have
a differential diagnosis of ATTR-CM and AL-CM. Subsequent
histological confirmation of the amyloid type is required for a
definitive diagnosis, often via an endomyocardial biopsy. The full
diagnostic algorithm for CA is shown in Figure 4.

One important role of radionuclide scintigraphy is in
excluding other cardiomyopathies in patients with biventricular
thickening or LV hypertrophy. In patients with diffuse cardiac
uptake on radionuclide scintigraphy one can be confident that
CA is the cause of the aforementioned biventricular thickening.
However, the converse is not true as radionuclide scintigraphy
cannot be used to exclude CA, since up to 60% of AL-CA is
associated with a negative radionuclide scan. Additionally, while
radionuclide scintigraphy is extremely sensitive in ATTR-CA,
rare hATTR variants such as S77Y and Y114C demonstrate
less than expected uptake on DPD scintigraphy. Therefore
should other imaging modalities (such as echocardiography and
CMR) be strongly supportive of ATTR-CA in patients with the
aforementioned TTR variants, CA cannot be excluded based on
bone scintigraphy and must still be considered.

The multimodality imaging advances highlighted above have
allowed clinicians to diagnose and exclude CA, and in some
cases, definitively determine the amyloid type without recourse
to invasive endomyocardial biopsies whilst also permitting
cardiac amyloid burden to be carefully tracked. Diagnosis of
ATTR-CM can be reliably established without recourse to
histology in ∼70% of patients using these newer imaging tools
which are increasingly accessible in most modern healthcare
systems in combination with biochemical testing. CMR has
proven to be a highly sensitive imaging modality in both
AL-CM and ATTR-CM allowing for earlier diagnosis and
subsequent successful therapeutic intervention in these diseases;
which were historically treated with considerable nihilism due
to the delays in diagnosis experienced by the vast majority
of patients. Whilst individual imaging modalities have their
own unique advantages, they also each have disadvantages
(see Figure 5). Therefore, a multimodality approach with
CMR, bone scintigraphy and echocardiography being used
synergistically must be adopted in order to achieve the
most accurate and comprehensive assessment of patients
with CA.

CURRENT AND FUTURE THERAPEUTICS

For many years, patients with systemic amyloidosis and in
particular those with cardiac involvement, had few or no
treatment options. Care mainly focused on supportive therapy
and symptomatic relief, with no targeted therapeutics available
to improve both quality and length of life. However, the past
few years have seen landmark drug discoveries, particularly
in the treatment of ATTR amyloidosis. Existing therapies are
targeted at either reducing production of circulating TTR,
or stabilizing circulating tetrameric TTR. Furthermore, novel
therapeutics aimed at accelerating removal of existing amyloid
are under development (3). Tafamidis, a TTR stabilizing
agent, demonstrated a reduction in all-cause mortality and
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FIGURE 4 | Non-invasive diagnostic algorithm and criteria for investigating patients with suspected CA. Echocardiographic features suggestive of CA include LV wall

thickening, “speckled myocardium,” reduced global longitudinal strain with apical sparing and diastolic dysfunction. CMR features of CA include increased LV wall

thickness and mass, elevated T1 values, subendocardial and/or transmural LGE in a diffuse circumferential pattern and elevated ECV measurements. In patients with

a plasma cell dyscrasia and cardiac uptake on DPD, histological confirmation by way of cardiac biopsy is almost always required in order to confirm amyloid type (AL

vs. ATTR) and guide appropriate therapeutic decisions. Equally, invasive histology is not required to confirm the diagnosis of ATTR CA should the appropriate imaging

and biochemical criteria be met (Grade2/3 uptake on Tc-DPD, normal free light chains and immunofixation) (8).

admissions to hospital in patients with ATTR-CM (52).
Both inotersen and patisiran, an antisense-olgionucleotide and
an RNA interference therapeutic, respectively, demonstrated
stability or improvements in quality of life and neurological
function in patients with hereditary ATTR amyloid neuropathy,
with the latter suggesting improvement in ATTR-CM (9,
11). These and next generation disease-modifying therapeutics
are also specifically being tested in ATTR-CM. Vutrisiran, a
next generational agent developed from patisiran is currently
being investigated in phase 3 clinical trials for patients with
ATTR CA and neuropathy (NCT04153149 and NCT03759379).
Vutrisiran is an RNA interference therapy similar to patisiran,
but has the advantage of being administered infrequently
and subcutaneously rather than intravenously every 3 weeks.
Acoramadis, a next generation TTR stabilizing agent, is in phase
III clinical trials in patients with ATTR-CM (NCT03860935).
An alternative to the RNA interference technology used in
current therapeutics is the clustered regularly interspaced
short palindromic repeats and associated Cas9 endonuclease

system (CRISPR-Cas9) to achieve in vivo TTR gene editing.
ATTR amyloidosis is an ideal disease for testing this new
therapeutic strategy since TTR has limited normal and specific
function (namely; transport of thyroxine and vitamin A for
which there is overlap in function with other proteins),
the clinical benefit of TTR knockdown in the disease is
established, and circulating TTR is entirely liver-derived.
Interim findings from a first-in-human dose escalation study
of the CRISPR-Cas9 therapeutic, NTLA-2001, were extremely
encouraging with patients achieving up to 96% knockdown
of circulating TTR concentration following a single infusion
(53). Further studies of NTLA-2001, specifically in ATTR-CM,
are anticipated.

Novel therapeutic targets have also been hypothesized for
ATTR amyloidosis; in transgenic mouse models, knockout of
specific complement pathway genes resulted in a significant
increase in amyloid deposition suggesting that complement
manipulation could be exploited as a future therapeutic
strategy (54–57).
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FIGURE 5 | Table highlighting the individual limitations and strengths of cardiac magnetic resonance, bone scintigraphy and echocardiography in the context of

assessing patients with cardiac amyloidosis (*costing estimates based on UK National Health Service Tariffs 2020/2021, estimate includes cost of reporting scans,

**whilst cannulation is required for contrast echocardiography, this is not routinely indicated when assessing for CA).

In AL amyloidosis, rapid suppression of the underlying clonal
dyscrasia is the mainstay of treatment. Aggressive chemotherapy

is the treatment of choice in this group of patients (1, 2).
The preferred first line chemotherapy regimen depends on

patient age and comorbidity as well as the extent and severity

of organ involvement (58). Whilst high dose melphalan and

autologous stem cell transplantation is one such option, a
significant proportion of patients with AL amyloidosis are
deemed unsuitable for this therapy due to age, renal impairment

and end organ damage including advanced AL-CM (58), further
emphasizing the critical importance of early diagnosis in a disease
which progresses rapidly in the absence of intervention.

CONCLUSION

Cardiac amyloidosis has, until recently, been considered to be
uniformly progressive and rapidly fatal. However, numerous
advances in both diagnosis and therapy in recent years have
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transformed the landscape for patients suffering with CA.
Imaging advances in CMR and echocardiography have helped
to develop our understanding of disease mechanisms, and
when used appropriately, serve as accurate, widely available and
sensitive diagnostic tools in assessing patients with suspected
CA. Radionuclide scintigraphy with DPD, PYP or HMDP plays
a vital role in complementing the above imaging modalities
which together, can exclude alternative cardiac pathologies
with a high degree of sensitivity. With promising therapeutics
available commercially, both through healthcare systems and
within clinical trials, early diagnosis facilitated by the advanced
multimodality imaging techniques highlighted in this review will
permit therapeutic intervention at an earlier stage of the disease

course in patients with CA and likely impact dramatically on
clinical outcomes. Furthermore, the ability to accurately evaluate
treatment responses using multimodality imaging which will
enable the plethora of novel therapies to be individually tailored,
hails a better future for patients with CA.
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The left atrium (LA) is emerging as a key element in the pathophysiology of several cardiac

diseases due to having an active role in contrasting heart failure (HF) progression. Its

morphological and functional remodeling occurs progressively according to pressure

or volume overload generated by the underlying disease, and its ability of adaptation

contributes to avoid pulmonary circulation congestion and to postpone HF symptoms.

Moreover, early signs of LA dysfunction can anticipate and predict the clinical course

of HF diseases before the symptom onset which, particularly, also applies to patients

with increased risk of HF with still normal cardiac structure (stage A HF). The study of

LA mechanics (chamber morphology and function) is moving from a research interest

to a clinical application thanks to a great clinical, prognostic, and pathophysiological

significance. This process is promoted by the technological progress of cardiac imaging

which increases the availability of easy-to-use tools for clinicians and HF specialists.

Two-dimensional (2D) speckle tracking echocardiography and feature tracking cardiac

magnetic resonance are becoming essential for daily practice. In this context, a

deep understanding of LA mechanics, its prognostic significance, and the available

approaches are essential to improve clinical practice. The present review will focus on LA

mechanics, discussing atrial physiology and pathophysiology of main cardiac diseases

across the HF stages with specific attention to the prognostic significance. Imaging

techniques for LA mechanics assessment will be discussed with an overlook on the

dynamic (under stress) evaluation of the chamber.

Keywords: left atrial strain, heart failure stages, myocardial deformation, echocardiography, cardiac magnetic

resonance, heart valve disease, cardiomyopathy, exercise echocardiography

INTRODUCTION

The notion of the left atrium (LA) in heart failure (HF) pathophysiology has progressively
moved from a by-stander chamber to a central and active element for cardiovascular balance
(1, 2). The anatomical, mechanical, hemodynamical, electrical, and rheological roles of LA have
been recognized and understood, especially in overt HF clinical syndrome (3, 4). The increasing
availability of non-invasive approaches for LA mechanics (structural and functional properties)
assessment has progressively moved the study of atrial chamber from a research interest to a clinical
tool and necessity (5).
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Heart failure (HF) syndrome starts with the presence
of predisposing factors (stage A) and progresses with overt
structural heart diseases (stage B) to a wide spectrum of clinical
phenotypes (stages C and D) (6). The clinical manifestation
may occur at different times of heart structural and functional
changes. LA plays a major role in the physiological coupling of
left ventricle (LV) filling pressures and pulmonary circulation
hemodynamic (7, 8). The adaptive remodeling, aimed at
contrasting volume or pressure overload and maintaining an
adequate LV filling, is time and size limited. The exhaustion of
compensatory mechanisms translates into overt HF or into a
worsening of clinical conditions.

Cardiovascular imaging is further evolving from a
morphology-based tool to a unique in vivo opportunity to
address heart function and structure (9, 10). The understanding
of LA mechanics changed with the introduction of myocardial
deformation analysis and its multimodality use during stress
conditions (5). The use of pharmacological or physical stressors,
in order to challenge the presence of a specific ischemic,
contractile, flow or diastolic “reserve” has become a standard
approach with diagnostic and prognostic importance (11). The
study of LA mechanics is developing in the same direction and
moving toward a dynamic assessment (at rest and under stress in
specific exercise) for early diagnosis and prognostic stratification
of patients with HF.

The aim of the present review is to discuss the non-
invasive evaluation of LA mechanics and its pathophysiological
and prognostic significance across the spectrum of HF stages
(including stages A and B, with the most clinically relevant
structural heart diseases) with a specific focus on the available
methods and the dynamic assessment. The contents will
be presented according with the natural history of disease
progression, starting with the conditions at risk (stage A) and
proceeding with the cardiac structural diseases (stage B) and
overt HF (stage C).

LA PHYSIOLOGY

The LA is the inflow chamber of left-side heart and is responsible
for blood accommodation from the pulmonary circulation
and for diastolic LV filling (12). The peculiar attachment of
pulmonary veins facilitates the blood flow during ventricular
systole and isovolumetric relaxation (the so-called reservoir
function) which are responsible for about 40–50% of stroke
volume (SV) (13). The conduit function corresponds to the
early LV diastole, or when blood flows directly from pulmonary
veins to LV throughout the LA, and it accounts for the 20–30%
of SV. Late diastole is characterized by active LA contraction
that provides final diastolic LV filling (about 20–30% of
SV). The optimal chamber function requires electromechanical
synchronization, and it is strictly influenced by LV mechanical
properties, transmitral gradients, and LA chamber compliance.

During exercise, the heart pumps more forcefully to generate
adequate cardiac output (CO) as required by peripheral demands.
At low level exercise, CO rises thanks to the SV and heart
rate increase, while at heavier workload, SV maintains a plateau

with chronotropic response becoming predominant (14). LA
guarantees an adequate blood flow to LV during the progressive
shortening of diastolic period. In normal subjects, LA volume
lowers, and ejection fraction increases at an earlier stage, assuring
about the 40% of flow increase with the enhancement of
conduit function (15). Then, conduit and contractile phases
are overlapped due to a further shortening of diastolic period,
therefore, the LV filling is maintained by an additional increase
of LV suction capacity during the reservoir phase.

The interplay between the active ventricular relaxation and a
coherent LA response is crucial to provide adequate LV filling.
Therefore, CO increase and when one or both of them fails
to adapt during exertion, the unbalance causes an increase in
LV filling and LA pressures, affecting the upstream pulmonary
circulation (16, 17). In early pathological stages, e.g., in HF, the
abnormal hemodynamic behavior can arise only during exertion,
producing the typical effort-related dyspnea. In the advanced
phase of the disease, the LA remodeling ends up with different
degrees of enlargement, loss of function, and increase of stiffness
generally associated with chronic and severe symptoms (18–20).

From the hemodynamic point of view, the pressure-volume
(PV) loops provide a unique description of the complex
physiological function, unfortunately limited by a low feasibility
in clinical practice. The “eight-shaped” loop develops across the
three steps of cardiac cycle, defining the active work of the
chamber (left component of the loop). In HF syndrome, the
PV loop shifts upward and rightward according to the chamber
compliance to the pressure and volume overload (Figure 1).
The use of myocardial deformation to study LA chamber
represents a non-invasive technique, alternative to cardiac
catheterization, and may be able to provide specific insights on
chamber physiology both in control conditions and during stress
conditions (physical or pharmacological).

CARDIOVASCULAR IMAGING TO
EVALUATE LA MECHANICS

Transthoracic echocardiography (TTE) and cardiovascular
magnetic resonance (CMR) are commonly used in clinical
practice for the assessment of all cardiac chambers, including LA.
Both techniques can be used at rest or under stress conditions.
Two- and three-dimensional (2D and 3D) TTEs have the
advantage to be widely available, feasible, and time-effective,
while CMR is the reference approach for cardiac volumes
quantification and tissue characterization (Figure 2).

Parameters Describing LA Function
Myocardial deformation analysis has been applied in several
clinical conditions. Table 1 provides an overview of the most
relevant parameters describing LA mechanics with reference
values and lower limits of normality (LLN) related to the imaging
technique and with specific comments. Tables 2, 3 show the cut-
off values of parameters with prognostic significance in patients
at risk of HF (stage A) or with cardiac structural abnormalities
(stage B) and in subjects with overt HF (stage C), respectively.
Current recommendations (56) support the use of longitudinal
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FIGURE 1 | Left Atrium (LA) mechanics and physiology. Comparison of LA mechanics and physiology in a control subject vs. a heart failure with reduced ejection

fraction (HFrEF) patient: (left) real LA pressure and volume traces in a control subject and HFrEF patient with severe mitral regurgitation; (center) LA Pressure-Volume

loops in the same subjects; (right) representation of progressive LA longitudinal strain decline in the HF stages; (bottom) average LA longitudinal strain with three

phasic components. LA pressure-volume (PV) loops show the right- and upward shifting of the loop of HF patient respect to the control subject, with loss of active

atrial contraction and MR-related pressure increase. LA longitudinal strain allows the study of chamber phasic function providing physiopathological insights

consistent with LA PV loop analysis. Abbreviations as in the text.

strain due to the large amount of available literature and to
the limited reliability of radial and circumferential deformation
related to the low thickness of LA wall. Moreover, a global rather
than regional analysis is recommended to overcome geometrical
and anatomical limitations. LA function changes with the age
being a dynamic instead of a static condition. Normal references
are therefore presented according with age distribution when
available. Figure 1 represents LA pressure, volume, and strain
waveform in healthy subject and HF patient.

Echocardiography
The quantification of LA size has largely evolved from parasternal
long axis diameter (57) to apical 4-chamber area, estimated LA
volumes (58), emptying fractions (related to reservoir, conduit
and contraction phases) (21, 59, 60), and 3D real-time volume
(61). Notably, the usage of 2D conventional 4- and 2-chamber
views (i.e., left ventricular focused) for the computation of LA
size is a common source of volume underestimation, since LV
and LA axes do not lie in the same plane. Hence, dedicated
apical LA views should be exploited (58). The algorithm used
for volume calculation represents another source of potential

bias, having been shown that the area-length method provides
larger volumes than Simpson disk summation (62). Nevertheless,
the LA expansion index, derived by volumes estimated using
Simpson disk summation, has been recently shown to predict
the presence of increased pulmonary wedge pressure. In a large
cohort of patients, the index has been validated with invasive
right heart catheterization, showing an accuracy higher than
standard echocardiographic indices (63).

The static volume has been enriched by functional assessment
based on phasic changes of volume (64). However, despite
the prognostic significance (65) and greater reliability of 3D
vs. 2D assessment, this approach is not commonly used in
clinical practice. The study of myocardial deformation, first with
tissue Doppler imaging (5, 66), then with 2D speckle-tracking
echocardiography (2DSTE) (23–25), has become the most widely
used approach, also showing high intra and inter-individual
reproducibility (67). Extensive recommendations for myocardial
deformation imaging have been endorsed by the European
Association of Cardiovascular Imaging (EACVI)/American
Society of Echocardiography (ASE)/Industry Task Force (56)
covering specific indications to standardize LA assessment.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 January 2022 | Volume 8 | Article 750139280

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Bandera et al. LA Mechanics in HF Stages

FIGURE 2 | Non-invasive assessment of LA mechanics. Some elaboration and output examples of the mostly used imaging techniques are reported: (top) 2D

speckle tracking echocardiography with atrial border contouring (top left), average longitudinal endocardial strain and volume changes (top right); (middle) 3D

speckle tracking echocardiography with 3D LA volume reconstruction (middle left) and multi-segment longitudinal endocardial strain; (bottom) feature-tracking

cardiovascular magnetic resonance (CMR) with atrial border contouring (left) and average longitudinal endocardial strain (bottom right). Abbreviations as in the text.

Briefly, using a non-foreshortened apical 4-chamber view with
temporal resolution of at least >50Hz, LA endocardial contour
should be manually drawn (< 3mm of thickness). End-diastole,
corresponding to R wave at ECG trace, is commonly used as
reference since it has shown to provide a slightly higher feasibility

and a lower wasting time compared to methods using atrial
contraction as reference (68).

A recent meta-analysis (69) systematically reviewed 10
studies that computed pre-interventional 2DSTE LA strain
capacity to predict AF recurrence in patients that underwent
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TABLE 1 | Most relevant parameters describing left atrium (LA) mechanics with reference values and lower limits of normality (LLN).

Parameter Definition Technique Normal range LLN Comments and accuracy References

Echocardiography Left atrial

expansion

index (LAEI)

Relative LA volume

increase during the

reservoir phase

(Maximal LA

Volume–Minimal LA

Volume)/Minimal LA

Volume

2D TTE 207.1 ± 68.4 % [mean ± SD] 73.0 - Based on phased-related volumes analysis

- Easy to calculate

- Able to predict increased PAWP

(21)

Total

Emptying

Fraction (TEF)

(Maximal LA

Volume–Minimal LA

Volume)/Maximal LA

Volume

2D TTE

2D TTE

2D TTE

3D TTE

68.5 (63.2–73.2) % [median (25th

percentile−75th percentile)]

65.8 ± 7.5 % [mean ± SD]

56.1 ± 12.2 % for men, 56.8 ±

12.6 % for women, p=0.21 [mean ±

SD]

57.3 (52.4 - 61.9) % [median (25th

percentile – 75th percentile)]

48.7 ± 1

51.1

32.2 for men, 32.1

for women

41.4 ± 1.1

- This parameter explores reservoir function

based on phase-related volumes change

- Time consuming

- 3D TTE can provide accurate volume

estimation but is limited by the presence of

adequate acoustic window

(22)

(21)

(23)

(22)

Reservoir

Strain

Function

Myocardial deformation

measured as difference

of strain value at mitral

valve opening minus

ventricular end-diastole

2D STE

2D TTE

2D TTE

2D TTE

2D TTE

42.5 (36.1–48.0) % [median (25th

percentile−75th percentile)]

45.5 ± 11.4 % [mean ± SD]

39.4 (33.2–46.6) % [median (25th

percentile−75th percentile)]

35.9 ± 10.6 % [mean ± SD]

37.95 ± 7.96 % for men, 39.34 ±

7.99 % for women, p<0.001 [mean

± SD]

26.1 ± 0

23.1

23.0

15.1

22.4 for men, 23.6

for women

- Reservoir strain is the most used parameter

to evaluate the LA function

- Reservoir strain function has been largely

shown to be prognostic in several disease (it

is related to LV systolic function)

- 2D STE is entering clinical practice for its

reliability but it provides information only on a

single plain

(22)

(21)

(24)

(25)

(23)

Cardiac magnetic

resonance

Total

Emptying

Fraction (TEF)

(Maximal LA

Volume–Minimal LA

Volume) / Maximal LA

Volume

CMR 58.8 ± 3.7 % [mean ± SD] 51.5 - CMR based volumes provide very high

accuracy

(26)

Reservoir

Strain

Function

Myocardial deformation

measured as difference

of strain value at mitral

valve opening minus

ventricular end-

diastole

MRI-FT 39.13 ± 9.27 % [mean ± SD] 21.0 - MRI-FT can overcome images limitations of

echocardiography, but it relies on lower

temporal resolution

(26)

TTE, transthoracic echocardiography; CMR, cardiovascular magnetic resonance; 2D STE, 2D speckle-tracking echocardiography; 3D TTE, 3D transthoracic echocardiography; MRI-FT, magnetic resonance imaging–feature tracking;

PAWP, Pulmonary Artery Wedge Pressure.
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TABLE 2 | Summary of studies showing the prognostic value of LA mechanics in patient at risk of heart failure (HF; stage A) or with cardiac structural abnormalities

(stage B) with respect to hard and soft outcomes.

References Year Study population (n) HF

stage

NYHA class Method Outcome LA

mechanic

phase

Predictive

value

HR or OR (*) (95% CI)

at multivariable

analysis

Paraskevaidis

(27)

2009 HCM (50) B-C 24 (48%) = I

26 (52%) = II

2D-STE MACE 1 Reservoir >21% 0.86 (0.77 ÷ 0.95)*

Roca (28) 2010 HCM (37) B–C 12 (32%) = I

15 (41%) = II

7 (19%) = III

3 (8%) = IV

2D-STE HF symptoms Contractile >−0.92 s−1 2.63 (1.02 ÷ 6.92)*

Debonnaire

(29)

2013 Severe organic MR

(121)

B–C 38 (32%) = I

49 (40%) = II

30 (25%) = III

4 (3%) = IV

2D-STE Indication of MV

surgery

Reservoir ≤24% 3.8 (1.10 ÷ 12.93)

Ancona (30) 2013 Mild to moderate

rheumatic MS (101)

B 101 (100%) = I 2D-STE AF Reservoir >17.4% 0.43 (0.22 ÷ 0.56)

Zito (31) 2015 Asymptomatic primary

MR (67)

B 67 (100%) = I 2D-STE Composite (All-cause

mortality + AHF

hospitalization + MV

surgery)

Reservoir >31.7% 0.73 (0.57 ÷ 0.93)

Yang (32) 2015 Asymptomatic primary

severe MR (104)

B 70 (67%) = I

34 (33%) =

Surgical class

IIA indication

2D-STE Composite (All-cause

mortality + MV surgery)

Reservoir

Reservoir SR

<26%

<2.21 s−1

3.61 (1.29 ÷ 10.05)*

2.86 (1.08 ÷ 7.57)*

Imanishi (33) 2015 Severe AS (40) B-C 20 (50%) = I

17 (42%) = II

3 (8%) = III

2D-STE HF symptoms Reservoir Per 1.0/sec

increment

0.242 (0.101 ÷ 0.583)*

Todaro (34) 2016 Asymptomatic severe

AS (82)

B 82 (100%) = I 2D-STE Composite (All-cause

mortality + AS

symptoms)

Reservoir ≥ 19.8% 0.87 (0.81 ÷ 0.94)#

Galli (35) 2016 Severe AS (128) B–C 50 (39%) >II 2D-STE MACE 2 Reservoir < 21% 2.88 (1.01 ÷ 8.22)

Kamijima (36) 2017 Asymptomatic

degenerative MR (91)

B 91 (100%) ≤ II 2D-STE Exercise-induced PH Reservoir ≤26.9% NA

Modin (37) 2018 Without AF, HF, IHD

(385)

A Not reported 2D-STE Composite (Incident

IHD, HF, Cardiovascular

mortality)

Reservoir per 5%

decrease

1.42 (1.01 ÷ 1.99) for

women

Ring (38) 2018 Moderate to severe MR

(117)

B Not reported 2D-STE Time to MV surgery Reservoir

Contraction

<28.5%

<12.5%

3.06 (1.66 ÷ 5.61)

2.01 (1.11 ÷ 3.65)

Mohty (39) 2018 RCM (systemic AL) (77) B–C 18 (23%) ≥III 3D-STE All-cause mortality Reservoir per %

increment

0.93 (0.88 ÷ 0.99)

Morris (40) 2018 Risk factor for LVDD

(517)

A Not reported 2D-STE HF hospitalization \ Reservoir <23% 5.7 (2.2 ÷ 14.7)*

Kobayashi

(41)

2019 HCM (126) B–C 96 (79%) ≤ II

25 (21%) ≥III

2D-STE Composite (All-cause

mortality + heart Tx

+LV assist device

implantation + clinical

worsening)

Reservoir per 1-SD

decrease

2.29 (1.52 ÷ 3.48)

Vasquez (42) 2019 HCM (104) B-C 62 (60%) = I

28 (27%) = II

14 (13%) = III

2D-STE Composite (All-cause

mortality + stroke +

HF)

Reservoir

Conduit

≤23.8%

≤10.2%

4.03 (1.61 ÷ 10.06)

3.64 (1.60 ÷ 8.26)

Cameli (43) 2019 Asymptomatic primary

moderate MR (276)

B Not reported 2D-STE Composite

(Cardiovascular

mortality + stroke/TIA

+ AHF)

Reservoir 25–35%

15–25%

<15%

2.5

3.2

8.6

(Continued)
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TABLE 2 | Continued

References Year Study population (n) HF

stage

NYHA class Method Outcome LA

mechanic

phase

Predictive

value

HR or OR (*) (95% CI)

at multivariable

analysis

Mateescu (44) 2019 Severe AS and

preserved LV EF (248)

B–C 186 (75%) = I

59 (24%) = II

3 (1%) = IV

2D-STE HF symptoms Reservoir >0.89 s−1 0.84 (0.73 ÷ 0.96)

Potter (45) 2020 Asymptomatic with

non-ischemic HF risk

factors (738)

A Not reported 2D-STE Incident HF Reservoir <24% 2.9 (1.25 ÷ 6.79)#

Mahfouz (46) 2020 Mild MS (75) B Not reported 2D-STE Reduced exercise

capacity

Reservoir ≤26.5% NA

Yang (47) 2021 HCM (359) B Not reported FT-CMR Composite

(Cardiovascular

mortality +

resuscitated CA + SCD

aborted by appropriate

ICD discharge + HF

hospitalization)

Reservoir

Conduit

≥19.5%

>8.1%

0.94 (0.90 ÷ 0.99)

0.89 (0.82 ÷ 0.97)

Huntjens (48) 2021 RCM (Cardiac

amyloidosis) (136)

B–C Not reported 2D-STE All- cause mortality Reservoir <13.2% 7.53 (3.87 ÷ 14.65)

Bandera (49) 2021 Transthyretin-amyloid

cardiomyopathy (906)

B–C 75 (8%) = I

646 (71%) = II

179 (20%) = III

6 (1%) = IV

2D-STE All- cause mortality lnLA stiffness per 1 unit

increase

1.23 (1.03 ÷ 1.49)

Mandoli (50) 2021 Primary severe MR (65) B-C 65 (100%) = II

or III

2D-STE Composite (All-cause

mortality + HF)

Reservoir ≥21% 0.74 (0.58 ÷ 0.94)

*Odds Ratio; #at univariate analysis; MACE 1: Composite (Cardiac mortality + hospitalization for cardiovascular causes).

Tx, transplantation; CA, cardiac arrest; SCD, sudden cardiac death; AHF, Acute heart failure; MV, Mitral Valve; MACE 2, All-cause mortality, cardiac hospitalization, and worsening HF;

IHD, ischaemic heart disease; other abbreviations as in the text.

catheter ablation. A subgroup analysis was performed comparing
studies that exploited GE EchoPac R© and those that used
TomTec R© (vendor-independent software) showing that the
mean strain values differed significantly between the two
subgroups, both in patients with and without AF recurrence
and those without. Moreover, the cut-off value predicting AF
recurrences and assessed through GE Echopac (18.1%) was
substantially different from the one calculated for all the
studies (21.9%). A similar difference has been reported in
the EACVI Normal Reference Ranges for Echocardiography
(NORRE) study where the 3D LA volume and the LA strain rate
significantly differed according to the different kind of vendor
used. Therefore, intervendor variability should be considered
in clinical setting and in the design of single and multicenter
trials. Of note, all the reviewed studies were performed
prior to the release of the EACVI/ASE/Industry Task Force
consensus document.

Normality ranges for 2DSTE-derived LA strain have
been established on a cohort of 371 healthy subjects (22)
enrolled in the EACVI NORRE study and evaluated using
a vendor-independent software (2D Cardiac Performance
Analysis, TomTec Imaging System R©, Munich, Germany).
Multivariable analysis showed that only age is independently
associated with all the LA strain components, while no
differences in gender were reported. In addition, LA

reservoir and conduit strain progressively decrease with
age, while contractile function slightly increases (Table 1 and
Supplementary Table 1).

Remarkably, 2DSTE analysis is intrinsically limited by the
ability of exploring only a static bi-dimensional plan where
a very mobile LA endocardium moves throughout at every
beat. 3D echocardiography (3DE) is therefore emerging as an
alternative approach to capture the overall LA volume and the
complex motion along the three dimensions. Starting from a
single LA dataset, 3DE allows the assessment of LA volumes at
multiple time points during the cardiac cycle. Data from several
studies (70–72) demonstrated that 3DE-derived LA volumes are
more accurate and reproducible than those calculated by 2D
echocardiography if compared to CMR. Only a few published
studies have reported reference values of 3DE-derived LA
volume. Reference values have been proposed based on a LA-
dedicated software used on a cohort of 276 healthy volunteers
(61) and were reported to be significantly larger (normality
range 18–43 ml/m2) than those obtained through 2D Simpson’s
method, in agreement with previous reports (73). Despite the
need of excellent image quality and the dependence on lower
temporal resolution (frame rate > 20 volumes per second),
3DE outperforms 2D echo in the assessment of LA volume
and, when available, is recommended in routine clinical practice
(70, 72).
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TABLE 3 | Summary of studies showing the prognostic value of LA mechanics in HF (stage C) with respect to hard and soft outcomes.

References Year Study population (n) HF stage NYHA class Method Outcome LA

mechanic

phase

Predictive

value

HR or OR (*)

(95% CI) at

multivariable

analysis

Carluccio (51) 2018 HFrEF (405) C 141 (35%) ≥ III 2D-STE Composite (All-cause

mortality + HF

hospitalization)

Reservoir per 1-SD

decrease

1.38 (1.05 ÷ 1.84)

Lundberg (52) 2019 HF (164) C 13 (8%) = I

27 (16%) = II

115 (70%) = III

9 (6%) = IV

2D-STE Composite (All-cause

mortality + heart Tx)

Reservoir <21% 2.4 (1.1 ÷ 5.2)

Reddy (53) 2019 Exertional dyspnoea

(363)

C Not reported 2D-STE HFpEF diagnosis Reservoir ≥24.45% 0.95 (0.94 ÷

0.97)*

Telles (54) 2019 Exertional dyspnoea

(71)

C 2.5 ± 0.6 2D-STE HFpEF diagnosis Reservoir ≤33% NA

Reddy (55) 2020 HFpEF (285) C Not reported 2D-STE Progression to

permanent AF

Reservoir <31.5% 6.8 (3.3 ÷ 14.1)

*Odds Ratio.

Tx, transplantation; other abbreviations as in the previous tables.

Left atrium (LA) mechanics can be studied with 3D speckle-
tracking (3DSTE) algorithms implemented in commercial
software. These tools compute LA strain along three spatial
dimensions (longitudinal, circumferential, and radial),
thus leading to deformation values that are truly able to
assess the complex 3D motion of the chamber. Different
studies (74–76) reported 3DSTE as a faster and more
reproducible method than 2DSTE for the measurement of
LA strain. The ability of 3DSTE to identify LA functional
impairments has been shown in patients affected by type 1
diabetes mellitus (77), hypertrophic cardiomyopathy (78),
hypertension (79), amyloidosis (39), and inappropriate
sinus tachycardia (80). Few studies addressed the normal
values of 3DSTE-derived LA longitudinal strain on healthy
people reporting lower values when compared with 2DSTE
(75, 76).

A specific strength of echocardiography is represented by its
application during physical exercise. If the patient is capable
of exercise, stress echocardiography can be performed with
a treadmill or a cycle ergometer (upright or supine). With
treadmill, the Bruce protocol is followed and images are acquired
at rest, immediately after peak exercise, and at recovery (81).
Using tiltable ergometer, images are continuously acquired
at baseline, at each 25W step, at peak stress, and during
recovery (82). To be successful, bicycle stress tests need the
cooperation of the patient and the perfect coordination of
the clinicians. In most of the cases, test interpretation is
then performed through the comparison of resting and peak
images (83).

In order to specifically assess the LA function during stress
test, images should be acquired with dedicated 4- and 2-chamber
views at rest and under exercise, optimizing the sector width and
depth. At baseline, the frame rate should be at least 60–70 per
second, while 80–90 per second during exercise, compensating
for the heart rate increase. Septal e’, lateral e’, and E wave of

mitral inflow should be measured to allow the atrial stiffness
estimation according to the formula E/e’/LA reservoir function.
Evaluating the atrial function at rest and during exercise with this
method is considered reliable and efficient to detect changes in
atrial stiffness (84). Specific attention should be paid to E and
A waves fusion occurring at HR >100–110 beats per minute.
The current European consensus for the diagnostic workup of
heart failure with preserved ejection fraction (HFpEF) indicates
the use of exercise echocardiography when the diagnostic score
is not conclusive. The recommendation consists in measuring
E/e’ at earlier stages of exercise (when E and A are still
separated) or during recovery when E and A are no longer
fused (85).

Cardiovascular Magnetic Resonance
Cardiovascular magnetic resonance (CMR) is characterized by
a high reproducibility and good non-isotropic spatial resolution
(in clinical practice slices have 8mm of thickness with in-
plane resolution of 1.5–2.5mm). Steady State Free Precession
(SSFP) provides a greater endocardial signal compared to
echocardiography due to the excellent blood-endocardium
contrast. Nevertheless, the echocardiographic in-plane resolution
can be greater according with the used ultrasound frequency
(86). Acquiring unseparated slices encompassing the entire
LA during the whole cardiac cycle allows the measurement
of LA SV, ejection fraction, and volumes during the whole
cardiac cycle, providing phase-related emptying fractions (as
described for echocardiography). This approach has the unique
strength of measuring real volumes with the highest accuracy,
also in very remodeled chambers. However, since Simpson’s
method is time consuming, the biplane area-length method,
which is based on the manual tracing of the LA walls in cine-
sequences of 4- and 2-chamber views, it is more frequently used
despite a possible underestimation related to non-LA dedicated
slices (87).
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A unique feature of CMR is the identification of scar with
gadolinium and its use is a routine practice in LV evaluation,
while the thinness of LA wall does not allow a common and
wide application. Nevertheless, the Delayed-Enhancement MRI
Determinant of Successful Radiofrequency Catheter Ablation
of Atrial Fibrillation (DECAAF) study, a multicenter study
conducted at 15 different clinical centers (88), showed the
feasibility of LA assessment, reporting that the presence of atrial
scar was associated with arrhythmia recurrence in patients who
underwent catheter ablation (89). Moreover, since LA fibrosis
is already present in the early stages of AF, late gadolinium
enhancement (LGE) imaging has been proposed to discriminate
patients at risk for AF (90).

Magnetic Resonance Imaging Feature Tracking (MRI-FT)
is a technique which is similar to the echocardiographic
speckle tracking. Regional longitudinal strain (LS) and radial
motion fraction indices are measured along the atrial wall
providing a quantification of standard phasic strain (91, 92). The
normality range for MRI-FT-derived LA strain values have been
reported on a cohort of 112 healthy volunteers (26). Data were
analyzed through a commercial software (Circle Cardiovascular
Imaging R©, Calgary, Canada), and optimal intra-observer and
interobserver reproducibility for all strain values was described.
LA contractile strain increased significantly with age (p < 0.001
for all) and the LA conduit function gradually decreased (p =

0.02), while LA reservoir function does not vary significantly with
age (p= 0.19). Additionally, no differences between gender were
reported. Further investigations on larger cohorts of patients with
different vendor softwares are still required to obtain the normal
MRI-FT derived LA strain values.

Recommendations of Guidelines
Current European and American guidelines about patients at
risk of HF, subjects with cardiac structural abnormalities, or
with overt HF are still based on the evaluation of standard LA
parameters, mainly focused on the size of the chamber (93–103).
Nevertheless, several consensuses pointed out the clinical and
prognostic relevance of LA mechanics assessment (2, 85, 104–
108). They also specified the need of additional standardization of
parameters analysis and interpretation, and of wider prospective
studies to define a specific role in clinical diagnostic work up.

The assessment of LA myocardial deformation has been
recognized as a promising tool to evaluate LV diastolic
dysfunction, especially in those patients with inconclusive
classification based on current algorithm (107). Moreover, the
consensus statement on HFpEF diagnostic workup indicates the
LA mechanics as new promising markers requiring additional
investigation (85). The additional value of LA function has
been acknowledged in hypertrophic cardiomyopathy and HF
regardless the LV systolic function, especially to investigate the
burden of LA pressure overload (104–106). Moreover, the central
role of LA has been fully defined in a consensus on atrial
cardiomyopathies (i.e., any complex of structural, architectural,
contractile, or electrophysiological changes affecting the atria
with the potential to produce clinically-relevant manifestations)
stressing the usefulness of myocardial deformation to assess
atrial physiology and arrhythmic burden (2). Recently, a large

multicenter study and an expert consensus of the EACVI
on multimodality imaging in HFpEF highlighted the clinical
significance of LA reservoir strain in detecting elevated LV filling
pressures (108, 109). Of note, the expert consensus of the EACVI
highlighted that the main usefulness of LA reservoir strain in the
diagnosis of HFpEF or in the evaluation of LV filling pressures is
in the setting of indeterminate echocardiographic findings (108).
Moreover, the expert consensus of the EACVI remarked that the
usefulness of LA reservoir strain is limited in the diagnosis of
HFpEF or in the evaluation of LV filling pressures in patients with
AF or with history of recent AF (108).

LA MECHANICS IN HF STAGES

Stage A
Stage A is defined by any condition increasing the risk for
HF but without structural heart disease or symptoms (110).
All cardiovascular risk factors, including chronic kidney disease
(CKD), may be considered as stage A HF, requiring specific
therapeutic interventions to prevent the transition to stage
B and C.

Systemic hypertension and diabetes have been shown to be
associated with early reduction of all LA myocardial deformation
components in subjects with normal LA dimensions (111). In
hypertensive patients, the impairment of reservoir, conduit, and
contractile function has been related to LV global longitudinal
strain (GLS) and contractile reserve explored by dobutamine
stress test and confirming the interplay between LA and LV
function (112). However, the relationship between LA and LV
function is stronger when atrial chamber is not dilated and seems
to be less relevant when LA dilatation occurs (113, 114). A direct
atrial damage, such as in diabetic myopathy, may be responsible
of further chamber enlargement and function impairment
independently from the degree of diastolic dysfunction (115).

Several studies showed the prognostic significance of LA
mechanics in stage A HF (37, 40, 45, 116). Reservoir function
has been shown to predict a composite cardiovascular end-point
in a mixed population with cardiovascular risk factors and a low
percentage of previous myocardial infarct and HF (116). More
recently, Morris et al. investigated the additive value of LA strain
analysis compared to chamber enlargement in a large population
of subjects with CV risk factors. LA strain abnormalities resulted
to be more prevalent than dilatation, better correlated with LV
diastolic dysfunction, and independently associated with the
risk of HF hospitalization during 2-years follow-up (40). The
prognostic value of reservoir function was therefore confirmed in
the general population and in the elderly subjects. A sub-study of
Copenhagen City Heart Study considering 385 subjects without
a history of cardiovascular disease showed that LA reservoir
function predicted cardiovascular morbidity and mortality at
the univariable analysis. However, the prognostic value was
modified by sex, resulting in an independent predictor only
in the female population (37). The use of reservoir to classify
diastolic dysfunction in a large cohort of elderly people allowed
a significant reduction of indeterminate cases, resulting in
independently associated with the incidence of HF (45). In CKD
where the activation of renin-angiotensin-aldosterone pathway
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may lead to early cardiac fibrotic remodeling, LA reservoir and
enlargement emerged as early markers of cardiac involvement
(117). Moreover, the reservoir function emerged as the only
independent predictor of cardiovascular death andmajor adverse
cardiovascular events in stage 3–4 CKD with higher predictive
ability compared to other clinical risk scores, LV, and LA
parameters (118).

Stage A HF is characterized by early cardiac remodeling,
involving LV and LA. LA mechanics reflect the degree of
functional and morphological chamber adaptation, providing
prognostic information of additional value with respect to
standard parameters.

Stages B and C
Stage B and C HF have in common the element of structural
heart disease while they differ for the presence of prior or current
symptoms. Valvular disease is typically considered as an example
of stage B due to the intrinsic high risk of HF associated with
an un-prompt management. We therefore reviewed the most
common diseases affecting mitral and aortic valve, along with the
cardiomyopathies predisposing to stage C HF.

Moreover, we reviewed stage B and C together, as dyspnea is
commonly reported in clinical practice, especially in the elderly,
and is a symptom without high specificity. We also specified
in Tables 2, 3 which HF stage has been considered in the
reported studies.

Diseases Affecting Mitral Valve
Mitral valve (MV) disease corresponds to the stage B of the
American Heart Association HF classification (119), according
to the presence of structural heart disease potentially responsible
for symptoms onset. MV disease directly expose pulmonary
circulation to volumetric and/or pressure overload due to the
absence of protective valves between LA and pulmonary veins.
Indeed, the LA exerts a watershed effect between the MV (or the
LV) and pulmonary circulation. Chronic pressure and volume
overload may lead to important LA remodeling characterized
by wall fibrosis, dilatation, loss of compliance, and dysfunction
directly affecting pulmonary hemodynamics (120).

Mitral Regurgitation
The fibrotic process affecting LA secondary to MV diseases has
been extensively reported in animal models. Increased levels of
atrial collagen I in miniature pigs with chronic MR, mediated
by the suppression of the histone deacetylase SIRT1 (silent
information regulator 1), have been reported (121). Using a
similar animal model, the upregulation of fibrosis-related gene
transcription has also been demonstrated in LA walls, along
with the increasing of angiotensin II tissue concentrations (122).
In humans, analogous findings were described by Butts et al.
who observed an important chymase activation in the LA
walls of patients with MR, responsible for higher degrees of
fibrosis, chamber enlargement, and decreased total emptying
fraction (123).

Although a direct measure of LA fibrosis is very challenging
in clinical practice, the early effects of such process may arise as
a loss of compliance and a stiffness increase detectable through

myocardial deformation analysis even before the chamber
enlargement occurs. Cameli et al. demonstrated the usefulness
of reservoir function, assessed through two-dimension speckle
tracking echocardiography (2D-STE), to study the extent of LA
fibrosis and the loss of function in 46 patients with severe
MR. They showed a close negative correlation between the
degree of fibrosis and the reservoir function providing histologic
assessment in atrial samples obtained during cardiac surgery
(124). The histologic analysis has also been used to demonstrate
the correlation between the loss of reservoir function and the
severity of fibrofatty myocardial replacement in 13 patients with
organic MR studied with feature tracking CMR. Interestingly,
the volumetric remodeling did not correlate with the degree of
histological derangement that resulted with better reflected by
reservoir function (125).

The remodeling process is progressive and characterized by
two main phases: an early adaptation where the chamber is
able to enlarge maintaining a normal SV, and a second phase
where maladaptive remodeling prevails. Animal studies showed
the association between MR progression and the bi-phasic atrial
SV adaptation. At earlier stage, the LA enlargement favors the
atrial shortening, which is essential to maintain adequate SV.
Later, the SV starts to decline as the regurgitation progresses
due to the shift of volume-force relationship toward a more
unfavorable position (126). In humans, a significant negative
correlation between ERO, reservoir, and contractile function has
been reported in 102 patients with MR, including 14 patients
with primary and 88 patients with secondary MR. Most of the
examined cohort (84%) had a non-severe regurgitation with
ERO lower to 0.2 cm2, demonstrating that even a mild degree
of MR may lead to significant LA remodeling (127). A similar
result has been recently confirmed in 80 patients with mild (n
= 15), moderate (n = 20), and severe (n = 45) degenerative
MR studied with 3D transthoracic echocardiography and vector
velocity imaging. LA contractility (responsible of the active SV
component) increased in response to greater LA Volume before
atrial contraction (LAVpreA) up to a point beyond which the
active component decreased (128). This mechanism has been
further confirmed in analyzing global and regional LAmechanics
in 27 patients with chronic primary MR. Compared to controls,
the LA ejection force (21.5 vs. 12.3 kilodynes), the reservoir strain
(32.91 ± 14.26 vs 23.14 ± 7.96%,), reservoir strain rate (2.65 ±

0.87 vs 1.62 ± 0.53 s−1), conduit strain rate (−2.02 ± 0.58 vs.
−1.29± 0.59 s−1), contractile strain rate (−2.55± 1.31 vs.−1.98
± 0.65 s−1), and the LA contractile tissue velocity (A′) (−5.39 ±
1.95 vs. −6.91 ± 1.80 cm/s) resulted to be all impaired, despite a
similar global LA ejection fraction (31.34 vs. 29.23%), confirming
the importance of active LA contraction in providing adequate
LV filling (129).

In more advanced stages of MR, all the components of
LA mechanic may be impaired (Figure 3). In 43 patients with
chronic primary MR, due to myxomatous valve disease, LA
reservoir and contractile function, and the LA EF were impaired,
whereas the conduit function was preserved. Interestingly,
regional differences in LA contractility emerged in the anterior
wall, probably due to the eccentricity of the systolic, anteriorly
directed regurgitation jet, hitting the anterior wall and altering
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FIGURE 3 | LA mechanics in mitral valve diseases: Examples of echocardiographic images and LA strain are shown for (left) functional MR in HF subjects with

severely impaired LA function; (middle) severe MR secondary to bi-leaflet valve prolapse with preserved LA function; (right) moderate mitral stenosis with moderately

impaired LA function. Strain traces are cartoons realized with real values of the reported cases. Reference values for LA strain are shown in green. Note that in organic

MR, LA is still able to maintain adequate reservoir function differently from functional MR where LA function is exhausted for to the coexistence of HF. Abbreviations as

in the text.

local wall mechanics (130). LA subclinical dysfunction has been
reported in 50 patients with MV prolapse determining mild (n
= 14), moderate (n = 19), and severe (n = 17) MR. Reservoir
function resulted to be progressively impaired through the
MR degrees, showing negative correlations with EROA, vena
contracta, LA area, and LA volume and positive correlations with
LV LS and untwisting rate (131).

The LA mechanics analysis can be of additional value for
symptoms prediction in subjects with MR. Using 3D speckle
tracking (3DST), Saraiva et al. assessed the correlation between
LA function and pulmonary pressures in 71 patients with organic
chronic MR. They reported an association between pulmonary
systolic pressures, LA reservoir, and contractile function and
reservoir strain rate (132). Moreover, reservoir function was
correlated with a worse functional capacity and HF symptoms
(NYHA III) in patients with chronic severe primary MR.
Interestingly, this parameter was also linked to age and diabetes
mellitus, suggesting amore accelerated LA remodeling in diabetic
patients (133).

The assessment of LA mechanics has a role in prognostic
stratification, identifying subjects with more advanced disease

stage. In 67 asymptomatic patients with chronic primary MR,
a reduced LA reservoir (<31.7%) and LV untwisting rate
(<−87.9◦/s) were able to identify subjects who experienced
hospitalization for HF, MV surgery, or death during follow-up
(24.8± 17 months), confirming that impaired LAmechanics and
not the regurgitation severity are linked to the outcome (31).
Similarly, Yang et al. examined the prognostic significance of
LA mechanics in 104 patients with asymptomatic chronic severe
primary MR. At follow-up (13.2 ± 9.5 months), low reservoir
function (odds ratio, 3.606; 95% CI, 1.294–10.052; p= 0.014) and
low reservoir strain rate (odds ratio, 2.857; 95% CI, 1.078–7.572;
p = 0.035) predicted the incidence of cardiovascular mortality
or MV surgery due to new-onset HF (32). Another large study
on 395 asymptomatic patients with primary degenerative MR
of moderate severity is in agreement. Impaired reservoir strain,
LA emptying fraction, larger LA indexed volume, and lower
LV strain emerged as independent predictors of cardiovascular
events (AF, stroke/ transient ischemic attack, acute HF, and
cardiovascular death). A global reservoir function lower than
35% emerged as the best predictor of adverse outcome during
a follow-up of 3.5 ± 1.6 years (AUC of global reservoir
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function:0.87) (43). Similar findings have been reported in 117
subjects with moderate to severe MR due to prolapse. LA
emptying fraction (HR, 2.59), reservoir strain (HR, 3.06), and
contractile strain (HR, 2.01) were independently associated with
cardiac surgery or all-cause mortality (38).

The serial assessment of LA mechanics may provide early
insights on the chamber remodeling progression. Fifty-five
patients with severe chronic MR caused by mitral prolapse or
flail underwent multiple echocardiographic evaluation during
a follow up of ≤3 months. The variation of strain rate of
reservoir function from baseline to follow-up emerged as the
only predictor of accelerated LA remodeling (1LAVi ≥ median
value). Additionally, a poor baseline reservoir strain rate was
significantly associated with hastened deterioration of the same
parameter during the follow-up period (134).

The surgical timing for MR is another clinical context
where the assessment of LA mechanics may improve patient
management. In a large cohort of patients with MV prolapse
and different MR degrees, total LA emptying fraction [odds
ratio (OR):0.78; p < 0.001], reservoir function (OR:0.91; p =

0.028), and contractile function (OR:0.86; p = 0.021) emerged
as independent predictors for surgery indication. Total LA
emptying fraction<50% demonstrated a 91% sensitivity and 92%
specificity for predicting surgical indication (135). LA reservoir
strain can be used to predict outcome after surgical correction in
patients with chronic severe organic MR, with values lower than
24% identifying the worse survival during a median follow up of
6.4 years (29). Similar results have been confirmed in a cohort
of 71 patients with primary severe MR undergoing surgical
treatment, where LA reservoir function resulted as independent
predictor of clinical and functional outcome and of LA fibrosis.
Considering a composite event of HF and/or cardiovascular
death, 5-year event-free survival was 90 ± 5% for LA reservoir
strain≥21% and 30± 9% for reservoir strain<21% (p< 0.0001).
Moreover, it was associated with an improvement of NYHA class
and Borg scale after surgery (50). Preoperative reservoir strain,
LAVi, and age may also predict valve repair or replacement or
atrial inverse remodeling, defined as a percentage of decrease in
LA volume index (136).

Differently from organic or primary MR, that is a clinical
condition leading to HF if untreated, functional, or secondary
MR frequently comes as a direct consequence of LV dilatation
and dysfunction, further impacting on prognosis and clinical
status (137–140). Rest assessment of LA mechanics in HF with
severe MR has a role in prognostic stratification (Figure 3).
Palmiero et al. investigated LA function in 97 patients
with HFrEF and severe functional MR identifying the LA
emptying fraction as an independent predictor of cardiovascular
death (141).

The evaluation of LA mechanics during exercise may provide
additive information, with specific insights on valvular and
functional reserve (142, 143). In asymptomatic patients with
degenerative MR, the presence of exercise-induced pulmonary
hypertension (PH) was associated with lower reservoir function
with the 26.9% threshold being independent predictor of a worse
symptom-free survival (36). The difference in atrial function
between primary and secondary MR has been studied by

Sugimoto et al. with exercise stress echocardiography and CPET
in 196 patients with primary and secondary MR, including 66
HFrEF, 19 HFpEF, and 30 HF with mid-range ejection fraction
(HFmrEF). Exercise reservoir strain and contractile function
were impaired in any MR type but with secondary MR exhibiting
a worse atrial reservoir function. This was associated with a
worsen exercise performance, limited CO increase, impaired
right ventricular–to–pulmonary circulation coupling, and the
highest event rate. Furthermore, LA strain during exercise
was predictive of all-cause mortality and hospitalization for
HF (144).

Organic MR is characterized by progressive LA remodeling
consisting of atrial wall fibrotic replacement leading to a
loss of reservoir and contractile function, with prognostic
significance for surgery prediction. Functional MR may present
with an impairment of greater severity. The exercise-related LA
functional reserve is associated with the exercise capacity and
clinical outcome.

Mitral Stenosis
Only fewer studies have been conducted to assess the impact of
mitral stenosis (MS) on LA mechanics. Myocardial structural
remodeling in MS is a known morphologic substrate of LA
dysfunction that may lead to AF and adverse outcome (145).
Thus, assessment of LA function in combination with LA
volumetry may help guiding clinical decisions in patients with
MS. Caso et al. assessed the prognostic role of LA function
in 53 asymptomatic patients with rheumatic MS, finding that
the best predictor of adverse events (defined as symptoms,
hospitalization for cardiac cause, AF, thrombo-embolic events,
valvular surgery, or percutaneous commissurotomy) at 3-year
follow-up was the average LA peak systolic strain rate (cut-off
value of 1.69 s−1), having a sensitivity of 88%, and a specificity
of 80.6% (AUC:0.852) (146). Atrial mechanics analysis may be
useful to predict the risk of AF in MS (Figure 3). In 81 patients
with MS, an impairment of reservoir strain was observed in
patient who developed arrhythmia at 5-year follow-up (13.4 ±

4.6 vs. 19 ± 5.2, p < 0.001) (147). Similarly, in a large cohort
of asymptomatic patients with rheumatic MS that was followed
up during 4 years, reservoir function was the best predictor of
AF at multivariable analysis (AUC of.761 for a cut-off value of
17.4%) (30).

In order to assess possible correlation between LA function
and exercise capacity in subjects with MS, Jung et al.
evaluated the LA compliance (defined as 1,270 × mitral
valve area by planimetry/E-wave downslope) during exercise in
33 asymptomatic patients with significant MS. Decreased LA
compliance at an early stage of exercise (50W during bicycle
exercise) was an independent predictor of exercise intolerance.
Moreover, a positive relationship was also noted between the
chamber compliance and the pressure response of pulmonary
circulation, with a more impaired LA compliance in patients
who developed dyspnea at an early stage of exercise (148).
Mahfouz et al. performed stress echocardiography to assess
exercise intolerance in 75 patients with MV area of 1.81 ±

0.13 cm2 and compared them with 40 healthy control subjects.
Interestingly, 44% of asymptomatic patients with mild MS
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had exercise intolerance, and reservoir strain was significantly
associated with exercise capacity in patients with mild MS
(cut-off value: reservoir strain ≤ 26.5%) (46). Similarly, Chien
et al. investigated the relationship between LA deformation as
measured by 2DSTE derived LA strain and HF symptoms in
69 subjects with rheumatic MS, and found that NYHA class
independently correlated with LA reservoir strain and reservoir
strain rate (149).

LA reservoir function and compliance are related to exercise
tolerance in MS. Reservoir function may predict the occurrence
of AF.

Diseases Affecting Aortic Valve

Aortic Stenosis
In aortic stenosis (AS), the outflow obstruction caused by a valve
narrowing determines LV concentric hypertrophy and a strong
predisposition to HF. The increased afterload is responsible
for LV pressure overload, hypertrophy, myocardial fibrosis,
impaired relaxation, and finally LA abnormal mechanics. At
early stages, LA function is preserved, thus helping in the
maintenance of optimal CO, but at later stages, atrial dilatation
and dysfunction occur with different mechanisms (150). It has
been shown that only the reservoir function impairs progressively
with AS severity (151). On the contrary, contractile function
seems initially enhanced in subjects with severe valvular disease
without pulmonary hypertension. The enhanced contractile
function acts as a compensatory mechanism driven by Frank-
Starling law (LA myocytes length is augmented since LA
volume is increased). Once this mechanism is exhausted, the
LA contractile function starts to decline, and the chamber starts
to dilate.

The occurrence of HF symptoms, such as dyspnea in AS,
may represent the decline of clinical conditions leading to
unfavorable outcome. However, in clinical practice it may
be challenging to correlate the symptom with the disease
progression, since the dyspnea is a common condition in
elderly people, but is not necessarily of pathologic significance.
LA mechanics can provide useful insights in discriminating
the origin of symptoms (Figure 4). A retrospective study on
40 patients with severe AS identified contractile function,
assessed through 2DSTE, as the only independent predictor of
HF symptoms (dyspnea, angina, dizziness, and syncope upon
exertion) at multivariate logistic regression (OR = 0.242, p =

0.002) including AS severity, BNP, and LV diastolic function
(cut-off: LA contractile strain rate < 1.01 s−1) (33). Recently,
in a large cohort of 248 patients (202 symptomatic and 46
asymptomatic) with severe AS and preserved LV EF, the reservoir
function emerged as the only parameter independently correlated
with the presence of HF symptom, while LA dimensions and
the echocardiographic parameters of both LV systolic and
diastolic functions did not (44). Moreover, LA longitudinal
strain parameters were inversely correlated with the worsening
of NYHA class. These findings are consistent with the greater
ability of LA mechanics in predicting prognosis when compared
with LV mechanics analysis (34, 152, 153). Galli et al. (35)
demonstrated that LA reservoir function (<21%) is predictive
of major adverse cardiac events and HF in 128 symptomatic

and asymptomatic patients with severe AS, while LV function
parameters (ejection fraction and global longitudinal strain)
are not. This result has been further confirmed in a recent
study on 182 symptomatic and asymptomatic patients with
moderate and severe AS (154). Moderate AS showed greater
values of LA reservoir (23.1 vs. 13.8%, p < 0.001), conduit
(11.5 vs. 6.5%, p < 0.001), and contractile function (11.5 vs.
7.1%, p < 0.001) when compared to severe valvular disease.
On the other hand, no differences emerged when comparing
LV EF, systolic, and diastolic diameters in the two populations
(p > 0.1). The stronger prognostic and clinical significance
of LA vs LV mechanics is attributable to the specific disease
pathophysiology. The LV remodeling impacts on LA that dilates,
enhancing reservoir and contractile function. This compensatory
mechanism does not last for long time producing further pressure
overload in pulmonary circulation and symptoms appearance.
The inverse correlation between LA reservoir strain and PH
in patients with severe AS and preserved LVEF, reflects this
mechanism (155).

The importance of LA mechanics in predicting outcome
in patients affected by severe AS has been corroborated by
several studies reporting LA “reverse remodeling” in patients who
underwent transcatheter aortic valve replacement (TAVR). LA
enlargement has been reported as a marker of HF readmission
after TAVR. In a large retrospective cohort of 546 patients, LA
dilatation, identified by parasternal diameter (48.4 ± 7.9 vs.
43.1 ± 7.2mm, p < 0.0001), was independently associated with
readmission for congestive HF at 1-year follow-up (156). TAVR
is generally associated with an improvement of LA mechanics,
in particular, reservoir function, as assessed with 2DSTE 6
months after treatment (157). A similar improvement of LA
reservoir and conduit function has been described after a longer
follow up of 12 months, regardless of the AS severity, in 54
mixed severe AS (24 normal LVEF and normal flow, 16 with
paradoxical low flow low gradient, and 14 with a reduced
LVEF) (158).

According with the pathophysiology of AS disease, the
exercise is the natural condition able to trigger LV afterload
increase, LV, and LA pressure overload and therefore dynamic
pulmonary congestion. While in healthy subjects, the LA
reservoir and conduit functions are enhanced under stress
conditions (16), the hypertrophic LV is expected to prevent
relaxation and diastolic suction due to the lower compliance
that chronically overloads the atrial chamber (15). Along with
disease progression, LA exhausts its functional reserve leading
to pulmonary congestion and symptoms appearance. Based on
this pathophysiology, the rationale for dynamic assessment of
LA mechanics is strong but still underused. Exercise testing with
simultaneous invasive hemodynamic monitoring and Doppler
echocardiography have been used to evaluate 39 patients with
asymptomatic severe AS. LA size (LAVi≥ 35ml/m2) reflected the
hemodynamic burden (augmented PCWP and PAP, decreased
CI) and was associated at univariate Cox analysis with poor
outcome (composite end-point of hospital admissions for AF,
HF, and acute coronary syndrome, aortic valve replacement,
and death), being a potential marker of increased hemodynamic
burden during exercise. Moreover, this study suggested that when
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FIGURE 4 | LA mechanics in aortic valve diseases: Examples of echocardiographic images and LA strain are shown for (left) severe aortic regurgitation (AR); (right)

severe aortic stenosis (AS). Strain traces are cartoons realized with real values of the reported cases. Reference values for LA strain are shown in green. Note that

reservoir function in AS is impaired, consistently with increased LA pressures secondary to concentric LV hypertrophic remodeling, while in AR the degree of reservoir

impairment is lower. Abbreviations as in the text.

LA dilatation is overt and E/e
′

is also increased, the pulmonary
circulation overload is augmented, especially under stress
conditions (159).

The study of LA mechanics has been shown to be more
informative compared to the LV study, especially for the prediction
of HF and functional capacity. LA reservoir function is a
marker of inverse remodeling occurring after AVR. The assessment

during exercise is a promising frontier for the identification of
asymptomatic patients at higher risk.

Aortic Regurgitation
The backward flow caused by aortic regurgitation (AR)may affect
LV mechanics imposing chronic volume overload, increased LV
stiffness, chamber dilatation, and dysfunction. The process can
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persist for a long period before symptoms onset due to the
ability of the LV to compensate hemodynamic overload (67).
LA involvement may result from several mechanisms, including
impaired LV diastolic function, fibrosis, reduced compliance, and
secondary MR (160), reflecting the AR stage.

A direct correlation between LA reservoir function and PH
has been reported in patients with moderate or severe AR,
with a 6% increase of PH risk for each unit of LA strain
decrease (151). Recently, a large study on 554 patients with
bicuspid aortic valve and moderate or severe AR showed that
the LA enlargement (LAVI ≥ 35 ml/m2) was independently
associated with adverse outcome (aortic valve surgery or
mortality), when compared with patients with normal LAVi
(43 and 60% vs. 23 and 36%, at 1 and 5 years of follow-up,
respectively, p < 0.001) (161). In addition to LA enlargement,
its contractile function is impaired in severe AR, as reported
in 65 patients scheduled for AVR and assessed with 2DSTE.
The evaluation 1 year after surgery showed a reduction in
LAVi (38 vs. 32 ml/m2, p < 0.001), and an improvement
in both LA reservoir and contractile function (26 vs. 29%
and 11 vs. 15%, respectively, p < 0.01) (162). These findings
suggest that the volume overload imposed by AR affects LV
morphology and function, along with LA mechanics, through
diastolic impairment.

Although AR and AS are two distinct models of LV
overload (AS determines a pressure overload while AR volume
overload). They share some common effects on the LAmechanics
(Figure 4). Cioffi et al. (163) compared 141 AS patients with 42
AR looking at LV geometry, LA size and function. In addition
to LA size and ejection force significantly greater in AS group
(Maximal LA Volume: 26 ± 7 vs 218 ± ml/m2, p = 0.0009), LA
enlargement has a positive correlation with LV mass depending
on LV pattern. In particular, the concentric LV pattern is related
to a greater LA volume and contractile function, irrespectively
of valve disease, whereas the eccentric LV geometry does not
determine a relation between LA size and LV mass.

Exercise testing can unmask patients reporting to be
asymptomatic. Assessment of contractile reserve is a key
element to reveal subclinical LV dysfunction. The absence of
contractile reserve is more predictive of the development of
systolic dysfunction both at follow-up (medical therapy) and
postoperatively than parameters obtained at rest in subjects
with severe AR (164). Patients with severe AR may show
an exercise-induced fall in LVEF due to the hemodynamic
consequences of volume overload and increased afterload (165).
However, the reliability of this finding in predicting outcome
is controversial and it is not specifically addressed in the most
recent ACC/AHA and European society of cardiology (ESC)
guidelines (93, 166). If the use of exercise is logical to trigger
effort-related symptoms, then, in AR, the diastole shortening
induced by chronotropic response can potentially reduce the
regurgitation severity, hindering AR quantification (11). AR has
been evaluated through a standard cardiac 1.5-T CMR scanner
under steady-state submaximal exercise and at rest. The AR %
decreased during exercise from 35 (9–26, 39, 56–92) % at rest
to 16 (7–25, 56–72)% during exercise, p = 0.003. In addition,
AR at rest correlates with an increase of cardiac index during

submaximal exercise (R2= 0.64; p= 0.001) (167). These findings
support the use of submaximal exercise to evaluate LA adaptation
during effort, favoring the use of exercise echocardiography to
detect an abnormal response at early stages.

LA enlargement, loss of reservoir, and contractile function have
been related to AR severity and adverse outcome in preliminary
results. AVR has been shown to have a positive impact on reservoir
and contractile function.

Diseases Affecting Cardiac Muscle

Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is the most common
genetic heart disorder with a prevalence of 1/200 people
(168). Regardless the specific etiology, the advanced disease
is characterized by LV hypertrophy, diastolic dysfunction, and
increased LV filling pressures. LA adapts enlarging, increasing
its contractile function until functional reserve exhausts resulting
in overt dysfunction. 2DSTE has been used to describe global
and phase-specific function in HCM patients (Figure 5). Total
atrial deformation (defined as the sum of maximum positive and
maximum negative strain during a cardiac cycle) has been shown
to be significantly lower in HCM patients when compared to
control subjects (169). All the three components of LAmechanics
seems to be impaired in HCM patients compared to controls,
in particular, strain rate at reservoir, conduit, and contractile
phase has been showed to be 13, 17, and 10%, respectively
lower (2.0 ± 0.6 vs. 2.3 ± 0.5 s−1, 1.9 ± 0.8 vs. 2.3 ± 0.7 s−1,
2.6 ± 0.8 vs. 3.0 ± 0.8 s−1; p < 0.05) (170). The degree of
LV hypertrophy and fibrosis, assessed through CMR, is directly
proportional to the degree of LA impairment. Compared with
healthy controls, LA conduit function in HCM is impaired, even
without extensive LGE, thus with mild or absent LV fibrosis.
Conversely, LA contractile function is reduced only in HCM
patients with a higher degree of fibrosis, leading to a more
advanced diastolic dysfunction, consequent to LA enlargement
and functional impairment (171). A more advanced atrial
myopathy and disfunction play a specific role in determining
symptoms. Contractile function, explored with 2DSTE, emerged
as the only independent predictor of HF symptoms with a
cut-off of −0.92 s−1 for contractile strain rate (sensitivity: 75%,
specificity: 83%, area under the curve:0.83) in a series of 37
HCM patients, with enlarged atria compared to controls (28).
In less advanced disease, LA dysfunction can be already present
even if the chamber size is still in the normal range. In non-
obstructive HCM patients with normal LA size and contractile
function, reservoir and conduit components resulted impaired
when compared with healthy controls. This finding is consistent
with a lower degree of LV fibrosis, earlier disease stage and
more preserved atrial physiology (172). On the other hand, LA
function further lowers if LV outflow tract obstruction is present,
as demonstrated comparing 50 obstructive, 50 non-obstructive
and 50 healthy patients studied with feature-tracking CMR. The
presence of obstruction has a great impact on LA EF (42.3 ± 8
vs. 47.2 ± 9%; p = 0.004), reservoir strain (14.5 ± 4 vs. 17.7 ±

5%; p= 0.002), strain rate (0.59± 0.2 vs.73± 0.2 s−1; p= 0.001),
contractile strain (6.1 ± 2 vs 7.5 ± 3%; p = 0.01), and strain rate
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(−0.44± 0.1 vs−0.58± 0.25 s−1; p= 0.004) when compared to
the non-obstructive HCM group (173) (Figure 5).

Different studies evaluated the prognostic role of LA function
assessment in HCM patients. An early report identified total
LA strain (the sum of reservoir and contractile function) as the
strongest predictor of short term (12-month) outcome of death
or hospitalization for cardiovascular causes, with the optimal cut-
off of 21% (odds ratio 0.858, 95% CI 0.771–0.954, p = 0.005).
The same parameter was also informative for the occurrence of
AF requiring hospitalization (odds ratio 0.853, 95% CI 0.748–
0.972, p = 0.017) (27). The long-term prognostic significance of
LA function was further demonstrated in a large series of HCM
subjects and controls, followed-up for 55months. Total LA strain
(−17.4%; p < 0.001), LV outflow tract obstruction (p < 0.001),
and E/e’ (10.3; p = 0.02) emerged as independent predictors of
the composite endpoint of all-cause death, heart transplantation,
LV assist device implantation, and clinical worsening (41).
Recently, the prognostic value of LA function assessment has
been addressed with the use of CMR. During a long follow up-
up of 40.9 months, 59 patients with HCM (19.7%) out of 359
experienced the composite endpoint of cardiovascular death,
resuscitated cardiac arrest, sudden cardiac death aborted by
appropriate ICD discharge, andHF hospital admission. Reservoir
and conduit components (HR, 0.94 and 0.89; p= 0.019 and 0.006,
respectively) emerged as independent predictors of outcome,
also after correcting for the extent of LV fibrosis, confirming
the prognostic significance of LA mechanics and expanding
the clinical applications of CMR-based myocardial deformation
analysis (47).

Throughout the clinical history of HCM, the occurrence of
AF marks a critical point potentially impacting on HF symptoms
and prognosis. The study of LA mechanics can be informative
on the occurrence of new-onset arrhythmia. In large series of
HCM patients studied with 2DSTE, LA volume and reservoir
strain were able to predict the occurrence of new-onset AF during
a follow-up of 4.8 ± 3.7 years. The presence of LA reservoir
strain >23.4% predicted a superior 5-year AF-free survival (98
vs. 74%, p = 0.002) (174). This finding has been recently
confirmed by Vasquez et al. who reported a similar threshold
for reservoir function (> 23.8%) and a threshold of 10.2% for
conduit function to predict event-free survival during a follow-
up of 5.83± 0.3 years (events defined as heart failure, stroke, and
death) (42).

In HCM patients, LA mechanics may partially restore after
surgical and non-surgical therapy, as observed in a subset
of 20 patients with obstructive HCM who underwent septal
myomectomy, after which LAEF (41.6 ± 13 vs 48.4 ± 10%;
p =0.006), reservoir (14.1 ± 6 vs. 17.3 ± 7%; p = 0.01) and
contractile function (6.8 ± 4 vs 9.8 ± 5%; 0.0001) increased
at CMR (173). The reversibility of reservoir impairment after
treatment provides an additional explanation of the clinical
response to the septal reduction. These findings, obtained
with non-invasive approach, are consistent with previous data
reporting an improvement of LV relaxation with consequent
increase of LV passive filling volume, decrease in LA volumes,
ejection force (defined as: 0.5 x 1.06 x mitral annulus area x (peak
A2), in kdyne), kinetic energy (0.5 x 1.06 x LA SV x (peak A2)

in kerg), and a parallel reduction of NYHA class, with longer
exercise duration (p < 0.05) (175).

Left Atrium (LA) mechanics progressively disrupt in
HCM, reflecting the disease severity and fibrosis extension.
Reservoir function is the first to decline, especially when HCM
determines LVOT obstruction. All the components of atrial
function are able to predict the outcome, representing valid
prognostic markers.

Restrictive Cardiomyopathy
Despite restrictive cardiomyopathies (RCMs) are known to
be the least common among the heart muscle diseases, they
include a wide group of conditions characterized by different
pathogenesis, clinical presentation, diagnostic workflow,
treatment, and prognosis (176). Some possible etiologies
include infiltrative disorders, such as amyloidosis or sarcoidosis,
storage disorders like Fabry disease, and idiopathic RCM. The
ventricular myocardium generally presents with increased
stiffness, responsible for the characteristic diastolic dysfunction,
elevation of filling pressures, and atria dilation. Systolic function
is usually preserved until the late stages of the disease. During
exercise, the poor compliance of the ventricles hinders the
rapid venous return, resulting in an important rise of the
filling pressures and in a limited increase of SV (177). The
progressive atrial enlargement may contribute to the onset of
HF symptoms, atrial arrhythmias, or secondary atrioventricular
valvular regurgitation.

In cardiac amyloidosis (CA), the LA dysfunction has been
repeatedly studied. Loss of all components of atrial function
characterizes cardiac amyloidosis regardless of the etiology (light
chain, mutant or wild-type transthyretin). However, among
the amyloidosis subtypes, transthyretin amyloidosis (ATTR)
wild type generally present the worst reservoir and contractile
function. Of note, even after adjusting for LA size, LV EF, and
LV filling pressures, all LA function components are generally
impaired in CA patients, when assessed with 2DSTE (Figure 5)
(39, 178, 179). A significative alteration in the reservoir and
contractile function has also been recorded with real-time 3D
echocardiography, and there is evidence that, according to the
progression of the disease, the LAmechanics gradually undergoes
greater impairment (39, 179). Recently, myocardial deformation
of both LA and LV have been shown to be linked to prognosis
in CA. In particular, a reservoir function < 13.2% demonstrated
a 7.5-fold increased risk of all-cause mortality over a median
follow-up of 5 years (95% CI 3.8–14.7, p < 0.001) in a cohort
of 136 patients (48). Remarkably, in a large population of >900
subjects with ATTR, the LA stiffness, estimated as the ratio
between E/e’ and reservoir function, has been shown to be
an independent marker of prognosis, after adjustment for the
main echocardiographic and clinical parameters. In the same
population, the presence of LA electro-mechanical dissociation
(absence of valid mechanical contraction despite sinus rhythm at
ECG) emerged as a distinct phenotype with impaired outcome,
similar to subjects with AF (49). LA mechanics are therefore
significantly impaired in infiltrative disease, with a growing
evidence of a direct LA involvement contributing to the severe
mechanics impairment.
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FIGURE 5 | LA mechanics in cardiomyopathies: Examples of echocardiographic images and LA strain are shown for (left) non-obstructive HCM, (middle)

obstructive HCM and (right) AL cardiac amyloidosis. Strain traces are cartoons realized with real values of the reported cases. Reference values for LA strain are

shown in green. Note that non-obstructive HCM presents severe diastolic dysfunction while obstructive HCM has a greater impairment of reservoir function; AL

cardiac amyloidosis presents very depressed reservoir function consistent with severe diastolic dysfunction and LA amyloid infiltration. Abbreviations as in the text.

Unlike cardiac amyloidosis, primary LA involvement is
less clear in sarcoidosis. Small studies using 2DSTE reported
impairment of LA reservoir function in sarcoidotic subjects
when compared to controls, with a negative correlation with
the disease stage. However, it is unclear if the loss of function
is a consequence of a primary atrial involvement or simply a
consequence of LV dysfunction (180, 181).

Left atrium (LA) reservoir function, evaluated by 2DSTE,
has been reported to be significantly impaired in patients with
Fabry disease even in presence of normal echocardiographic
assessment (182, 183). It is still unclear if these findings can be
primarily explained by the increase of LV filling pressures or
by the direct depositions of sphingolipids in the LA. However,
LA stiffness seems to be an early marker of atrial remodeling,
already altered before the occurrence of LV hypertrophy (184).
Conversely, a relevant impairment in atrial conduit function
has been reported only in presence of LVH, and this may be
justified by a more advanced LV diastolic dysfunction (184).
Using CMR with T1 mapping to classify patients with Fabry
disease, Bernardini et al. reported a progressive impairment of
reservoir function, assessed with FT-CMR, according with the

reduction of T1 mapping (index of subclinical disease) or the
presence of LV hypertrophy (overt heart involvement) (185).
Nevertheless, in another study, significant differences in the three
LA function components were found only in Fabry disease with
significant LV hypertrophy (186).

Despite the heterogeneity of restrictive diseases, the
impairment of reservoir function has been reported as
a common pathophysiological element. In aTTR-CA, the
estimation of LA stiffness emerged as a strong and independent
prognostic marker.

Dilated Cardiomyopathy
Dilated cardiomyopathy (DCM) is a complex pathological
condition coursing with HF and representing the most common
indication for heart transplantation worldwide (187), and it
is characterized by the presence of LV dilatation and systolic
dysfunction, worsened by abnormal LV filling pressures and
functional mitral regurgitation in the most advanced stages (188,
189). At earlier stages, LA contractile function is augmented
to maintain adequate LV filling, but later it decreases as a
consequence of the increased afterload.
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In a series of 160 DCM and 154 ischemic patients, studied
with 2DSTE and CPET, LA reservoir and contractile functions
were significantly reduced in the DCM group, with LA lateral
wall reservoir and LA volume predictive of peak VO2 (both p <

0.001) (190). Similar findings were reported by Cao et al. in 32
ischemic, 26 DCM, and 32 control patients where reservoir and
contractile functions were more impaired in DMC subjects (191).

The prognostic role of contractile function loss and LA
dilatation has been demonstrated in a large cohort of patients
with DCM (192) and recently confirmed with the use of CMR
(193). LA maximal volume (LAmax) resulted to be effective in
predicting the occurrence of a composite endpoint including
death or heart transplantation in a population of 337 patients
with DCM who were followed-up for a mean period of 41 ± 29
months. Notably, patients with an increased LA volume (LAVi>
68.5 ml/m2) had a risk ratio of 3.8 compared with those with a
preserved LA volume (194). In line with these results, indexed LA
area assessed with standard echocardiography (with an optimal
cut-off > 13 cm2/m2) emerged as the strongest index associated
with the same composite outcome both in a univariate and a
multivariate model in 275 DCM patients, whom events were
recorded over a mean follow-up of 67 months (HR 6.58, 95% CI
2.43–17.86, p < 0.001 and HR 3.2, 95% CI 1.06-9.23, p = 0.038,
respectively) (195).

The reliability of these results is confirmed by similar findings
obtained assessing the LA geometry with CMR. In particular,
LAVi resulted to be an independent predictor of a composite
endpoint including all-cause mortality or cardiac transplantation
evaluated in 483 consecutive patients affected by non-ischemic
DCM who were prospectively followed-up over a median
period of 5.3 years (HR per 10 ml/m2 1.08, 95% CI 1.01–
1.15, p = 0.022). Furthermore, patients with an increased LAVi
(> 72 ml/m2) showed a three-fold elevated risk of death or
transplantation (HR 3.00, 95% CI 1.92–4.70, p < 0.001). LAVi
was also independently associated with the secondary composite
endpoints of cardiovascular mortality or cardiac transplantation
(HR per 10 ml/m2 1.11; 95% CI 1.04–1.19, p = 0.003), and HF
death, HF hospitalization, or cardiac transplantation (HR per 10
ml/m2 1.11; 95% CI 1.04–1.18; p= 0.001) (196).

Of note, some LA morphological and functional parameters
demonstrated to have a prognostic role when evaluated under
stress. In particular, in 84 DCMpatients studied with dobutamine
stress echocardiography and followed-up for a mean period of
17.0 ± 11.8 months, LAVi (HR 1.060, 95% CI, 1.035–1.087; p
< 0.001) besides the variation of systolic LA strain (HR, 0.971,
95% CI, 0.946–0.996, p = 0.02) and the variation of passive LA
strain (HR 0.942, 95% CI, 0.914–0.971, p < 0.001) emerged as
independent predictors of cardiovascular events in two different
multivariate Cox models. Interestingly, including LA strain
parameters at rest and under dobutamine into multivariate Cox
analysis provides an incremental benefit in predicting adverse
cardiovascular events (197).

Left atrium (LA) enlargement and loss of reservoir function
occurring in DCM reflects the disease severity and have a
prognostic significance for composite endpoints. The use of
dobutamine to test the LA functional reserve may have an
incremental value in risk stratification.

Heart Failure With Reduced, Mildly Reduced, and

Preserved EF
Left atrium (LA) represents the physiological escape for the
augmented LV filling pressures occurring in every type of HF
syndrome (Figure 6). According with the HF duration and onset
velocity, LA reacts to pressure overload adapting its dimensions
(198), function, and compliance, and plays a dominant role
in the disease progression (199). The remodeling ability of
LA directly impacts on pulmonary circulation, eventually
leading to pulmonary capillary involvement, pulmonary
artery hypertension (200), and RV failure (201). Nevertheless,
differences exist in the remodeling process occurring in HF with
reduced vs. preserved LV EF. A greater chamber enlargement
and a greater increase in LA stiffness and pressures have been

described in HF with reduced ejection fraction (HFrEF) and
HF with preserved ejection fraction (HFpEF), respectively
through the use of right heart catheterization (RHC) and

echocardiography in a large cohort of mixed HF patients
(202). In HFrEF, LA dilatation is directly related to LV disease
progression, primarily through the hemodynamic effects, while
in HFpEF different disease pathways (i.e., inflammation and
direct atrial myopathy) may interact resulting in a more complex

LA remodeling (203). Nevertheless, the LA dysfunction similarly
impacts on pulmonary circulation in both phenotypes, resulting

strictly correlated with pulmonary vascular disease and RV
dysfunction (202, 204, 205). The loss of atrial compliance,

reflected by an increased stiffness (non-invasively estimated as
the ratio between E/e’ and reservoir function), has been showed to

be predictive of HF hospitalization and cardiac death in HFrEF
and HFmrEF patients (206). LA stiffness estimation has the

advantage of exploring the mechanical behavior of the chamber,

combining the expansibility properties with the degree of LV
pressure overload.

The non-invasive estimation of LA pressure is a cornerstone

of echocardiographic evaluation, providing information on the

hemodynamic conditions of LA-pulmonary circulation unit
(107). An integrative approach, considering diastolic parameters,

LA dimensions, and mechanics may improve the hemodynamic

assessment and provide additional prognostic information. The
assessment of LA reservoir function with 2DSTE improves

the detection of LV diastolic dysfunction in subjects with
preserved LV EF and LA size, improving the current diastolic

function algorithms (45) and resulting associated with a higher

risk of HF hospitalization, even after adjusting for age and
sex (40).

In the context of HFrEF, LA reservoir function is an

independent predictor of adverse outcomes (a combined end-
points of all-cause mortality and HF hospitalization) in stable

patients, with an incremental predictive value compared to

standard parameters of LV function (51, 207) and LA dilatation
(208). The loss of reservoir function has a prognostic significance
also in the context of acute HF in subjects with preserved sinus
rhythm. Moreover, reservoir function correlates with functional
impairment and presents a better ability in predicting poor
quality of life when compared to LA volume and LV dysfunction
(67). The tight relationship between LV systolic and LA reservoir
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FIGURE 6 | LA mechanics in HF subtypes. Examples of echocardiographic images and LA strain are shown for HFrEF (left), HF with mid-range ejection refraction

(HFmrEF; middle) and HF with preserved ejection refraction (HFpEF; right). Strain traces are cartoons realized with real values of the reported cases. Reference

values for LA strain are shown in green. Note that HFrEF has a very depressed LA function when compared with HFmrEF (expression of greater disease severity),

while HFpEF presents a significantly impaired reservoir function (without contraction component for the presence of atrial fibrillation), similar to that observed in HFrEF.

Abbreviations as in the text.

function (being the LV base downward displacement one of the
main determinants) has been raised as a matter of concern about
the independent prognostic significance of atrial deformation
(209). However, its incremental predictive value, compared to
standard parameters of LV function (51, 207) and LA dilatation
(208), has been demonstrated. As for systolic and diastolic
components of LVmechanics, LA function reflects several factors
and interactions. Indeed, the parameters describing the single
phases should not be considered per se but rather as a part of a
more complex system.

The interest on LA mechanics has grown especially for the
investigation of physiology, for early diagnosis and prognostic
stratification of HFpEF, based on the key role of the atrium.
Longitudinal data from a large study cohort showed that the
loss of atrial reservoir function is associated with increased
risk of HF hospitalization, even after adjusting for clinical
risk factors, NTproBNP and echocardiographic parameters,
in patients with coronary artery disease and preserved LV
EF (65). Similarly, in patients with definite diagnosis of
HFpEF enrolled in the TOPCAT trial, LA reservoir function
emerged as a valid predictor of HF hospitalization (210).

The effort tolerance, the most common symptom in HFpEF,
is strictly modulated by reservoir function, being associated
with abnormal pulmonary vascular resistance and impaired
functional capacity (peakVO2) (211). The LA emptying function
and LV filling properties are both correlated with NTproBNP
levels in HFpEF subjects, as shown in a RELAX trial
sub-study (212).

In a large cohort of 363 symptomatic patients, LA reservoir
(cut off: <24.5%) function and compliance (estimated as the
ratio between reservoir and E/e’, cut off: 3) outperformed E/e’,
LA enlargement, tricuspid regurgitation velocity, LV hypertrophy
and LV global longitudinal strain (GLS) in diagnosing HFpEF,
using exercise RHC as a diagnostic standard (53). The
impairment of reservoir function has been linked with the
progression of AF burden in HFpEF. Combining RHC and
echocardiographic evaluation in a cohort of 285 HFpEF
patients, the presence of a reservoir function <31.5% and a
compliance <5.7%/mmHg has been associated, respectively,
with a hazard ratio (HR) of 6.8 and 6.0 for the progression
toward worse AF stage (55). This finding supports a model of
electro-mechanical coupling, expression of a remodeling process
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where reservoir and contractile function are influenced also by
electrical properties.

Along with the remodeling process affecting LA in HFpEF,
the occurrence of mitral regurgitation (MR) represents a further
step associated with a greater hemodynamic severity and a poorer
functional capacity. Interestingly, the presence of LA disfunction
(defined as LA reservoir < 24.5%) remains an independent
predictor of HF or cardiovascular death, even after adjusting
for age, gender, BMI, LV EF, and the presence of MR itself,
confirming the prognostic importance of the chamber.

The assessment of rest LA reservoir function has been
validated in the diagnostic workup of HFpEF. Ye et al. tested
the predictive role of rest reservoir function in identifying
abnormal exercise-induced LV filling pressure (as defined by
2016 AHA guidelines for diastolic evaluation) in a cohort of 669
subjects. The addition of LA reservoir function to the currently
recommended diagnostic work-up improved the diagnostic
accuracy (AUC from 0.71 to 0.80, p = 0.01) with a reported 28%
higher odds of developing elevated exercise LV filling pressure
per 1% of reservoir function decrease (213).

The interaction between LA function and exercise capacity
represents another area of interest in all HF phenotypes. During
physical effort, LA plays a major role in ensuring adequate
and rapid LV filling. The abnormal rise of LV end-diastolic
pressure during exercise, typical of both HFrEF and HFpEF,
prevents the physiological emptying of LA, leading to a rise
in atrial pressures during diastole. The interplay between atrial
function and effort tolerance has been variably shown in all

HF phenotypes, using different approaches, including standard
echocardiography, myocardial deformation and radionuclide
assessment (19, 214, 215). A large study on 486 subjects,
symptomatic for chest pain or dyspnea, with preserved LV
ejection fraction, explored the determinants of exercise capacity
with echocardiography. LA reservoir function, E/e’, age, male
gender and BMI emerged as independent predictors of effort
tolerance (19). A similar result has been recently reported in
HFpEF patients of a German registry, where a LA reservoir
<22% was able to predict impaired functional capacity after
adjustment for common variables and log-NTproBNP (216).
The reservoir function is not exclusively linked to functional
capacity. Von Roeder et al. investigated the role of the different
components of LA mechanics reporting a strong association
between impaired conduit function and reduced early LV filling
inHFpEF, by using amultimodality approach. The loss of conduit
function limits the early LV filling and therefore the SV, one
of the CO component, resulting in restricted peak VO2 during
exercise (171).

The study of LA mechanics at rest may predict the exercise
response in HF patients, as demonstrated in a cohort of 164
HF patients (56% with preserved EF) who underwent to rest
and exercise RHC. LA reservoir function (with a threshold
of 21 and 17% in HFrEF and HFpEF, respectively) predicted
rest or exercise elevated pulmonary capillary wedge pressure
(PCWP) with higher accuracy than recommended algorithm
(AUC: 0.80 vs.69, p <0.001) (52). The strong correlation between
LA function and the degree of pulmonary congestion has been

FIGURE 7 | LA functional reserve assessed during exercise in HFrEF. Examples of rest-stress traces of patients with different severity of HFrEF. (left) Exercise-induced

LA dysfunction; (middle) absence of LA functional reserve in severely impaired LA mechanics; (right) good LA functional reserve. Note that during early stage of

exercise, LA mechanics can improve or reduce according with the presence of functional reserve, expression of multiple factors influencing LA function. In the first

case on the left, the presence of exercise-induced mitral regurgitation produces additional volume overload responsible of further reservoir function worsening.

Abbreviations as in the text.
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recently confirmed by Telles et al. (54) using simultaneous RHC
and strain analysis in 49 HFpEF and 22 subjects with non-cardiac
dyspnea. Reservoir and contractile LA function correlated
with exercise PCWP, remaining independent predictors after
adjustment for other variables, and showing a good diagnostic
accuracy with a reservoir cut-off of 33%. LA reservoir function
directly reflects the pulmonary hemodynamic status and the
response to the unloading effect of diuretic therapy. Deferm
et al. (7) showed a strong and rapid improvement of reservoir
function during and after acute pulmonary decongestion in
31 acute HFrEF patients with invasive pressure monitoring
and serial echocardiographic assessment. Remarkably, the
contractile function slowly recovered during the observation
period, suggesting the persistence of a great stunning condition
predominantly affecting atrial contraction.

The use of stress test to explore the chamber reserve
represents the emerging frontier of LA mechanics assessment.
This approach can acquire a clinical relevance in specific
context, such as the HFpEF diagnostic workup, where the
diagnostic gold standard (invasive hemodynamic at rest and
during exercise) requires an uncommon level of expertise, still
not widely available (93, 166). The use of cardiovascular imaging
in dynamic conditions—to test LA reserve—may provide a more
effective recognition of pathological response than a rest-limited
assessment. Obokata et al. (217) explored the use of passive
leg lift in testing the LA reserve to discriminate HFpEF from
hypertensive patients. They confirmed that LA dilatation in
HFpEF occurs to maintain an adequate SV at rest. Nevertheless,
during passive volume overload, HFpEF presents with a reduced
reservoir and contractile function, provoking a blunted SV
increase during exercise. Remarkably, the use of such a simple
stressor, better discriminated HFpEF from hypertensive patients,
showing additional diagnostic value compared to conventional
parameters. The significance of LAmechanics during exercise has
been reported in a large population of mixed HF patients who
underwent exercise-echocardiography and cardiopulmonary
exercise test (CPET). The study of atrial myocardial deformation
during the early phase of exercise showed that peak SV, CO, and
cardiac power output were all associated with a greater reservoir
function reserve, triggered by exercise. As suggested by the data
collected during rest evaluation, a deficient reservoir reserve
during exercise affects the LV filling and the backward flow to
pulmonary circulation leading to blunted CO and pulmonary
circulation retrograde overload (218). Interestingly, the loss of
LA reservoir reserve has been observed irrespectively from LV
EF and other hemodynamic factors, being a marker for the
occurrence of HF hospitalization and death. Finally, the presence
of functional MR in HFrEF subjects was associated with a further
reduction in exercise-related LA reservoir function, confirming

the additional detrimental effect of volume overload leading
to earlier dilatation and exhaustion of atrial function (144), as
represented in Figure 7.

The absence of LA reservoir function reserve, in both
HFrEF and HFpEF, has been studied with respect to functional
phenotypes and right ventricle-pulmonary circulation unit, using
a combined exercise-echocardiography and CPET approach.
Compared to control subjects, a limited or absent reservoir

function reserve was observed inHFpEF andHFrEF, respectively,
during early exercise phase. Remarkably, the exercise-induced
LA reservoir function correlated with TAPSE/PAPS ratio, a
marker of right ventricle-pulmonary circulation coupling, and
with VE/VCO2, an index of ventilatory efficiency, in both types
of HF syndrome (219).

Left atrium (LA) adaptation to abnormal pressure overload
imposed by HF is a crucial determinant of hemodynamic and
functional conditions. Reservoir function is a key parameter
to address the global function of the chamber, the presence
of functional reserve and to use in diagnostic workup and
prognostic stratification.

CONCLUSIONS

Left atrium (LA) remodeling plays a central role in cardiac
diseases due to the ability of the chamber in adapting to abnormal
hemodynamic conditions, generated by the underlying disease,
and to protect pulmonary circulation. The assessment of LA
mechanics (especially reservoir function), with 2DSTE or FT-
CMR, is very informative on the stage of disease progression and
on the risk stratification. The evaluation under stress conditions,
mainly during physical exercise, is a great potential for the
additional insights on the LA functional reserve.
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Geu-Ru Hong, Jong-Won Ha and Chi Young Shim*

Division of Cardiology, Severance Cardiovascular Hospital, Yonsei University College of Medicine, Seoul, South Korea

Background: This study investigated whether left ventricular (LV) global longitudinal

strain (LV-GLS), as an LV function parameter less affected by mitral valve (MV) repair

or prosthesis, is associated with clinical outcomes in patients with surgically treated

MV disease.

Methods: Among 750 patients who underwent MV surgery, we assessed LV-GLS by

speckle tracking echocardiography in 344 patients (148 men, mean age 58 ± 13 years)

who showed preserved LV ejection fraction on echocardiography between 6 months and

2 years after MV surgery and who did not undergo aortic valve surgery. The assessed

clinical events included admission for worsening of heart failure and cardiac death.

Results: During a period of 42.4 ± 26.0 months, 32 (9.3%) patients were hospitalized

for worsening heart failure, and 3 (0.8%) died due to cardiac causes. The absolute value

of LV-GLS (|LV-GLS|) was significantly lower in patients with clinical events than in those

without (12.1± 3.1 vs. 15.0± 3.2%, p < 0.001) despite comparable LV ejection fraction

between groups. |LV-GLS| showed predictive value for clinical events (cut-off 13.9%, area

under the curve 0.744, p< 0.001). Patients with |LV-GLS|≤14.0% had poorer outcomes

than those with |LV-GLS| >14.0% (log-rank p < 0.001). Prognosis was worse in patients

with |LV-GLS|≤14.0% and pulmonary hypertension than among those whowith |LV-GLS|

≤14.0%without pulmonary hypertension (log rank p< 0.001). In nested Cox proportional

hazard regression models, reduced |LV-GLS| was independently associated with the

occurrence of clinical events.

Conclusions: In patients with surgically treated MV and preserved LV ejection

fraction, assessment of LV-GLS provides functional information associated with

cardiovascular outcomes.

Keywords: left ventricular global longitudinal strain/LV-GLS, outcome, preserved left ventricular ejection fraction,

post-operation, mitral valve surgery
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SYNOPSIS

• Reduced |LV-GLS| had a significant and independent
association with cardiovascular events in patients with
surgically treated mitral valve (MV) disease and preserved
ejection fraction (EF).

• Reduced |LV-GLS| and pulmonary hypertension showed
worse outcomes compared with preserved |LV-GLS| or
reduced |LV-GLS| without pulmonary hypertension.

• Assessment of LV-GLS provides functional information
associated with cardiovascular outcomes in patients with
surgically treated MV disease and preserved EF.

INTRODUCTION

Readmission due to heart failure (HF) and cardiovascular events
is not uncommon in patients with surgically treated mitral valve
(MV) disease, even in those with preserved ejection fraction (EF)
(1, 2). However, conventional echocardiographic parameters
used to assess the risk of HF are not generally applicable in this
population. In particular, the diagnosis of left ventricular (LV)
diastolic dysfunction after MV surgery is challenging because
many Doppler parameters are affected by the surgically treated
MV (3). That is, the E/e’ ratio does not reliably reflect LV
filling pressure, and left atrial (LA) volume index is also more
affected by MV disease before and after surgical correction than
by LV diastolic dysfunction (4). Moreover, these parameters
are also influenced by other factors, such as prosthetic valve
regurgitation or obstruction, which can lead to increased LA
pressure after surgery.

LV global longitudinal strain (LV-GLS) assessed by speckle
tracking echocardiography is a useful parameter for detecting
subclinical LV dysfunction in patients with preserved EF.
It provides prognostic information for various cardiovascular
diseases (5). In patients with native MV regurgitation, pre-
operative LV-GLS can predict LV reverse remodeling and
cardiovascular events after MV surgery (6–9). However, there is
a paucity of data on the prognostic implications of post-operative
LV-GLS in patients with surgically treated MV. In the present
study, we hypothesized that post-operative LV-GLS would be
associated with clinical outcomes in patients with preserved
EF after MV surgery. To test our hypothesis, we assessed LV-
GLS using speckle tracking echocardiography in patients with
preserved EF on echocardiography between 6months and 2 years
after MV surgery.

MATERIALS AND METHODS

Study Population
This study included a total of 750 patients who underwent MV
surgery for the treatment of symptomatic severeMVdisease from

Abbreviations: HF, Heart failure; MV, Mitral valve; EF, Ejection fraction; LV, Left

ventricular; LA, Left atrial; LV-GLS, Left ventricular global longitudinal strain;

LAVI, Left atrial volume index; AF, Atrial fibrillation; MR, Mitral regurgitation;

MS, Mitral stenosis; S’, Systolic mitral annular tissue Doppler velocity; e’, Early

diastolic mitral annular tissue Doppler velocity; A’, Late diastolic mitral annular

tissue Doppler velocity; PASP, Pulmonary artery systolic pressure.

January 2010 to September 2019 at a single tertiary hospital.
In patients with cardiac valve surgery, echocardiography is
performed as part of the clinical routine at baseline before
surgery and every 6 months or 1 year after surgery at the
clinicians’ discretion. We excluded patients who had undergone
prior or concomitant aortic valve surgery (n = 200), those
who did not undergo echocardiography between 6 months and
2 years after MV surgery (n = 137), those who presented
with a LV ejection fraction (LVEF) <50% (n = 34) or
residual moderate or severe mitral regurgitation (MR) and MV
obstruction (n = 2) on echocardiography performed between
6 months and 2 years after MV surgery, and those with a
follow-up period of <6 months after echocardiography (n= 25).
We also excluded cases involving poor image quality for strain
measurement (n= 6). Finally, the analyses included 344 patients
(Supplementary Figure 1). All echocardiography in this study
was performed during the regular follow-up period, not during
hospitalization for HF aggravation.

Patient clinical data, including data on medication history,
demographics, and laboratory parameters, were recorded at the
time of echocardiography performed between 6 months and
2 years after MV surgery and obtained from hospital records.
We also evaluated possible prognostic factors as Charlson
comorbidity index (CCI) (10). CCI was calculated as the
sum of scores for several comorbidities based on the original
definition. When defining AF, rhythm estimation was performed
if AF was documented on electrocardiogram regardless of the
rhythm at the time of echocardiography. Subgroup analyses
were performed based on the rhythm characteristics [sinus
rhythm (n = 139) vs. atrial fibrillation (n = 205)]. We also
performed subgroup analyses according to follow-up duration
after echocardiography [follow-up duration <40 months (n
=172) vs. follow-up duration ≥40 months (n = 172)]. The
study protocol was developed according to the principles of the
Declaration of Helsinki, and was approved by the Institutional
Review Board of Severance Hospital. Informed consent was
waived for the retrospectively analyzed patients.

Echocardiography
All patients underwent two-dimensional Doppler
echocardiography and speckle tracking echocardiography using
a standard ultrasound machine (Vivid E9; GE Medical Systems;
Wauwatosa, WI, Philips iE33; Philips Healthcare; Netherlands)
with a 2.5–3.5 MHz probe. Standard echocardiographic
measurements were performed according to recommendations
from the American Society of Echocardiography guidelines (11).
LVEF was measured using the biplane method of disks (modified
Simpson’s rule) from apical four- and two-chamber views (11).
LA volume index was assessed manually using Simpson’s method
at the end of the ventricular systole and indexed to the body
surface area (11). Systolic (S’) and peak early (e’) and late (A’)
diastolic annular velocities were obtained via tissue Doppler
imaging of the septal mitral annulus. Pulmonary artery systolic
pressure (PASP) was estimated using the following formula: 4
× [tricuspid regurgitant velocity (m/s)]2 + right atrial pressure
(mmHg). Right atrial pressure was estimated from the inferior
vena cava (IVC) diameter and respiratory variation as follows:
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5 mmHg (IVC ≤2.1 cm, collapse with sniff >50%), 10 mmHg
(IVC>2.1 cm, collapse >50%), and 15 mmHg (IVC >2.1 cm,
collapse with sniff <50%) (12). Comprehensive assessment
of prosthetic MV and repaired MV function was evaluated
based on imaging and Doppler parameters: measurement of
effective orifice area, Doppler velocity index, peak transvalvular
velocity-time integral, and pressure half-time (13).

Speckle Tracking Echocardiography
From two-dimensional images of the apical two-, three-, and
four-chamber views, LV-GLS was measured offline using a
vendor-independent software package (TomTec software; Image
Arena 4.6, Munich, Germany), as described previously (14). For
myocardial deformation analysis, the endocardial border was
traced on the end-systolic frame in each selected image. The
end-systolic frame was defined by the QRS complex or based on
the smallest LV volume during the cardiac cycle. The software
automatically tracked speckles along the endocardial border and
myocardium throughout the cardiac cycle. The value for LV-
GLS was obtained by averaging all segmental strain values from
three apical views (Figure 1A). LV-GLS was analyzed for a single
cardiac cycle in patients with sinus rhythm. In patients with AF,
we selected an index beat method for the measurement of LV-
GLS, which has been validated for LV-GLS in a previous study
(15). |LV-GLS| was defined as the absolute value of post-operative
LV-GLS (removing the conventional negative value of GLS data).
|LV-GLS|preop was used to represent absolute value of pre-
operative LV-GLS. Echocardiographic data and strain values were
analyzed by an experienced cardiologist blinded to clinical data.
We randomly selected 20 patients from the study population
and analyzed the intra- and inter-observer reproducibility of LV-
GLS measurement by Bland–Altman analysis. The intra-class
correlation coefficients for |LV-GLS| were 0.978 and 0.962 with
regard to intra- and inter-observer variation, respectively. The
Bland–Altman analysis showed the limits of agreement (LOA)
across a broad range of GLS values; the bias for intra- and
inter-observer measurements of LV-GLS were 0.46% (range:
−1.02% to 1.03%, 95% LOA) and 0.45% (range: −1.25% to
1.05%), respectively.

Clinical Events
The clinical events in this study were death from cardiovascular
causes and hospitalization for HF after echocardiography
between 6 months and 2 years after MV surgery. Our
study population was followed up until August 2020. Death
from cardiovascular causes was defined as death due to HF,
arrhythmia, acute coronary syndrome, stroke, and sudden
cardiac death. Hospitalization for HF was defined as readmission
due to worsening of symptoms or signs of HF.

Statistical Analysis
Continuous variables are presented as mean ± standard
deviation (SD) or median (interquartile range) and were
compared using the paired Student’s t-test (for normally
distributed data) or theMann–WhitneyU test (for non-normally
distributed data). Categorical variables are presented as absolute

numbers and percentages and were analyzed using the chi-
square or Fisher’s exact test. The cut-off values for CCI and |LV-
GLS| were determined as the values that maximized the sum
of the sensitivity and specificity for clinical events in receiver
operating characteristic (ROC) curve analysis. The cumulative
event-free survival was calculated using Kaplan–Meier curves
and compared between groups by log-rank tests. Cox univariate
analysis was performed to determine the relationships between
clinical and echocardiographic variables and clinical events.
Nested Cox proportional hazard regression models were used to
estimate the risk of cardiovascular events according to |LV-GLS|.
Initially, |LV-GLS| was included in Cox proportional hazards
regression as a covariate, with adjustments for CCI and AF.
In further multivariate analysis, we adjusted for LAVI, PASP,
and pre-operative LV-GLS. The variables selected for entry into
multivariate analysis were those with a p-value <0.1 in Cox
univariate analysis. A two-sided p-value <0.05 was considered
to indicate statistical significance. All analyses were performed
using IBM SPSS Statistics for Windows, version 25.0 (IBM Corp.,
Armonk NY, USA).

RESULTS

Baseline Characteristics and Clinical
Events
The baseline characteristics of the study population according to
the occurrence of clinical events are presented in Table 1. The
mean age was 58 ± 13 years, and 57% of patients were female.
Patients who experienced clinical events hadmore comorbidities,
such as atrial fibrillation, diabetes mellitus, and chronic kidney
disease, and had been taking more cardiovascular drugs. There
were 214 (62.2%) and 130 (37.8%) patients with severe MR
and severe MS, respectively. In the patients with severe MR, all
patients had primary MR without secondary MR. Among these
patients, 173 (81.2%) patients had prolapse or flail of MV and 31
(14.4%) patients had rheumatic MV and 10 (4.6%) patients had
barlowMV. In total, 224 (64.2%) patients in our study population
underwent MV replacement and 125 (35.8%) underwent MV
repair. There were no significant differences between the two
groups in surgery type, percentage of concomitant surgery, or
laboratory parameters. During 42.4 ± 26.0 months of follow-up
after LV-GLS assessment, 32 (9.3%) patients were hospitalized for
worsening HF, and 3 (0.8%) died due to cardiac causes.

Echocardiographic Characteristics and
|LV-GLS|
Table 2 shows conventional echocardiographic parameters, pre-
operative LV-GLS, and post-operative LV-GLS assessed between
6 months and 2 years after MV surgery. The mean pre-operative
|LV-GLS| was 16.1 ± 4.8%, which was higher than |LV-GLS|
after MV surgery. Patients who experienced clinical events had a
significantly lower |LV-GLS|preop than those who did not (14.1±
3.8% vs. 16.3± 4.8%, p= 0.018). There were no differences in the
timing of post-operative echocardiography and clinical follow-
up duration after echocardiography between patients with and
without clinical events.
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TABLE 1 | Baseline characteristics of the study population.

Variable Total (n = 344) Without clinical events (n = 312) With clinical events (n = 32) p-value

Age, years 58 ± 13 58 ± 13 61 ± 10 0.091

Female sex, n (%) 196 (57) 175 (56.1) 21 (65.6) 0.299

Body mass index, kg/m2 23.6 ± 4.3 23.3 ± 3.2 23.7 ± 5.6 0.682

Hypertension, n (%) 184 (53.5) 165 (52.9) 19 (59.4) 0.483

Diabetes mellitus, n (%) 59 (17.2) 46 (14.7) 13 (40.6) <0.001

Dyslipidemia, n (%) 169 (49.1) 148 (47.4) 21 (65.6) 0.050

CAD, n (%) 28 (8.1) 25 (8.0) 3 (9.4) 0.574

CKD, n (%) 25 (7.3) 15 (4.8) 10 (31.3) <0.001

Atrial fibrillation, n (%) 205 (59.6) 178 (57.1) 27 (84.4) 0.003

Serum creatinine, mg/dl 0.82 ± 0.36 0.79 ± 0.21 1.08 ± 0.90 0.081

Hemoglobin, g/dL 12.6 ± 2.2 12.6 ± 2.2 12.3 ± 2.4 0.395

Underlying MV function, n (%)

Severe MR 214 (62.2) 200 (64.1) 14 (43.8) 0.024

Severe MS 130 (37.8) 112 (35.9) 18 (56.3)

Type of MV surgery, n (%)

MV replacement 224 (64.2) 196 (62.8) 25 (78.1) 0.085

MV repair 125 (35.8) 116 (37.2) 7 (21.9)

Concomitant surgery, n (%)

TAP 152 (44.2) 135 (43.0) 17 (53.1) 0.486

CABG 13 (3.8) 10 (3.2) 3 (9.4) 0.082

Maze 94 (27.3) 84 (26.9) 10 (31.3) 0.601

Medications, n (%)

ACE-I or ARB 93 (27) 87 (27.9) 6 (18.8) 0.268

Beta-blocker 88 (25.6) 81 (26.0) 7 (21.9) 0.614

Aldosterone antagonist 57 (16.6) 44 (14.1) 13 (40.6) <0.001

Loop diuretic 137 (39.8) 118 (37.8) 19 (61.3) 0.011

CAD, coronary artery disease; CKD, chronic kidney disease; MV, mitral valve; MR, mitral regurgitation; MS, mitral stenosis; TAP, tricuspid annuloplasty; CABG, coronary artery bypass

graft; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker.

TABLE 2 | Echocardiographic parameters and left ventricular global longitudinal strain.

Total (n = 344) Without clinical events (n = 312) With clinical events (n = 32) p-value

LVEFpreop. % 64.4 ± 8.4 64.7 ± 8.4 61.7 ± 8.3 0.064

|LV-GLS|preop. % 16.1 ± 4.8 16.3 ± 4.8 14.1 ± 3.8 0.018

Timing of post-operative echo, months 12.0 ± 4.9 11.9 ± 4.0 13.2 ± 4.3 0.177

Follow-up after echo, months 42.4 ± 26.0 42.2 ± 25.3 44.9 ± 32.7 0.575

LVEDD, mm 48.4 ± 5.2 48.4 ± 5.0 47.6 ± 10.5 0.774

LVESD, mm 32.8 ± 4.6 32.7 ± 4.4 33.5 ± 5.9 0.455

LVEF, % 63.3 ± 6.5 63.3 ± 6.6 62.6 ± 5.9 0.550

LAVI, mL/m2 59.7 ± 36.2 57.9 ± 35.8 77.6 ± 35.8 0.003

LVMI, g/m2 96.7 ± 25.7 95.6 ± 23.5 110.7 ± 40.1 0.048

S’, cm/sec 6.0 ± 1.4 6.0 ± 1.4 5.5 ± 1.4 0.101

e’ cm/sec 6.1 ± 1.8 6.1 ± 1.8 5.2 ± 2.1 0.015

A’, cm/sec 6.0 ± 2.1 6.0 ± 2.1 4.9 ± 2.0 0.113

PASP, mmHg 29.6 ± 11.7 28.2 ± 8.5 44.4 ± 23.9 0.001

MV MDPG, mmHg 3.7 ± 2.1 3.6 ± 2.1 4.1 ± 2.1 0.194

|LV-GLS|, % 14.8 ± 3.3 15.0 ± 3.2 12.1 ± 3.1 <0.001

LVEFpreop, pre-operative left ventricular ejection fraction; |LV-GLS|preop, pre-operative absolute value of left ventricular global longitudinal strain; LVEDD, left ventricular end-diastolic

dimension; LVESD, left ventricular end-systolic dimension; LVEF, left ventricular ejection fraction; LAVI, left atrial volume index; S’, systolic mitral annular tissue Doppler velocity; e’, early

diastolic mitral annular tissue Doppler velocity; A’, late diastolic mitral annular tissue Doppler velocity; PASP, pulmonary artery systolic pressure; MV, mitral valve; MDPG, mean diastolic

pressure gradient; |LV-GLS|, absolute value of left ventricular global longitudinal strain.
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FIGURE 1 | (A) Representative images for assessing LV-GLS. (B) Area under the receiver-operating characteristics curve (area under the curve) of |LV-GLS|. |LV-GLS|,

the absolute value of left ventricular longitudinal strain. The Arrow indicated that the position of the value of sensitivity and specificity of 78% and 63% when |LV-GLS|

has largest AUC.

Since this study excluded patients with reduced LVEF, the
average LVEF was 63.3%. There were no significant differences in
LVEF between patients with and without clinical events; however,
patients who experienced clinical events had a significantly
higher LA volume index, LV mass index, and PASP. In terms of
tissue Doppler parameters, e’ velocity was lower in patients with
clinical events than in patients without clinical events. The mean
|LV-GLS| was 14.8 ± 3.3%. Patients who experienced clinical
events had a significantly lower |LV-GLS| compared to patients
who did not (12.1 ± 3.1% vs. 15.0 ± 3.2% p < 0.001). Regardless
of sinus rhythm or atrial fibrillation, |LV-GLS| was significantly
lower in patients with clinical events than in those without
(Figures 2A,B).

Prognostic Implications of LV-GLS
In ROC analysis, the |LV-GLS| value showing the largest area
under the curve (AUC) for the association with adverse clinical
outcomes was 13.9% (AUC 0.744, p < 0.001), with a sensitivity
and specificity of 78 and 63%, respectively (Figure 1B). In the
subgroups according to cardiac rhythm, when GLS 14% is set
as a cut off value, the sensitivity and specificity of 74 and
51%, respectively in the patients with AF and the sensitivity
and specificity of 80 and 78%, respectively in the patients with
sinus rhythm. |LV-GLS| showed a largest AUC of predictive
value for clinical events than conventional parameters (LAVI
> 40 ml/m², AUC = 0.604, p = 0.065; TR >2.8 m/s, AUC =

0.670, p = 0.003). After dividing patients into two groups based
on the cut-off value, those with |LV-GLS| ≤14.0% had poorer
outcomes than patients with |LV-GLS| >14.0% (log-rank p <

0.001; Figure 3A). When the subjects were classified into three
groups according to |LV-GLS| and PASP, those with |LV-GLS|
≤14.0% and PASP ≥35 mmHg had significantly worse outcomes
compared to those in the other groups (log-rank p < 0.001;
Figure 3B). There was no significant correlation between |LV-
GLS| value and post-operative echocardiography timing (r =

0.018, p= 0.742). In addition, if |LV-GLS| was lower than 14.0%,
there were more clinical events irrespective of post-operative

echocardiography timing (Supplementary Figure 2). Also, in
subgroup analysis according to follow-up duration, patients
with |LV-GLS| ≤14.0% consistently showed a worse prognosis
(Supplementary Figure 3).

Factors Associated With Clinical Events
Table 3 shows the results of univariate Cox regression analyses
to investigate the factors associated with clinical events. In
univariate survival analysis, diabetes mellitus, chronic kidney
disease, atrial fibrillation, echocardiographic parameters such
as e’ velocity, LA volume index, PASP, |LV-GLS|preop, and
|LV-GLS| were significantly associated with the occurrence of
cardiac events. Lower |LV-GLS| (|LV-GLS|≤14.0% and |LV-
GLS|≤16.0%) was independently associated with cardiac events
after adjustment for conventional echocardiographic parameters
(Table 4). In nested Cox proportional hazard regression models
(Table 5), patients with lower |LV-GLS| had increased risk of
adverse clinical outcomes in CCI and AF (Model1) adjusted
analysis (hazard ratio, HR: 4.3; 95% confidence interval, CI:
1.83–10.29, p = 0.001). In further multivariate models, the
associations were attenuated, and lower |LV-GLS| remained a
significant factor in adverse clinical outcomes (Model 2; HR: 4.33;
CI: 1.83–10.26; p = 0.001, Model 3; HR: 3.30; CI: 1.34–8.12; p
=0.009). Moreover, lower |LV-GLS| was significantly associated
with adverse clinical outcomes, even after adjusting for |LV-
GLS|preop (Model 4; HR: 3.68; CI: 1.54–8.80; p = 0.003). Also,
there were no differences in pre and post-operative change in
LVGLS between patients without clinical events and those with
clinical events (1.2± 4.9 vs. 1.8± 4.7, p= 0.500).

Incremental Prognostic Value of LV-GLS
To evaluate incremental prognostic value of LV-GLS on
cardiovascular events, we used global chi-square testing
(Figure 4). Model 1 was adjusted for age and sex. In model 2, in
which comorbidities including hypertension, diabetes mellitus,
chronic kidney disease and atrial fibrillation were added to
Model 1, the value increased to significantly (p < 0.001). Model
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FIGURE 2 | Comparison of |LV-GLS| according to clinical events in subgroups categorized by rhythm (A) and (B). |LV-GLS|, the absolute value of left ventricular

longitudinal strain.

FIGURE 3 | (A) Kaplan–Meier survival curve showing poor prognosis in subjects with reduced |LV-GLS| compared those without. (B) Poorer outcomes in subjects

with reduced |LV-GLS| and pulmonary hypertension. |LV-GLS|, the absolute value of left ventricular longitudinal strain.

3 adjustments included the factors in Model 2 and LAVI with
significantly elevated prognostic value. Finally, in Model 4,
|LV-GLS| provided an incremental prognostic value with regard
to the association with cardiac events (global chi-square from 54
to 69; p= 0.002).

DISCUSSION

The principal findings of this study were as follows: (1) reduced
post-operative |LV-GLS| had a significant and independent
association with cardiovascular events in patients with surgically
treated MV disease and preserved EF; (2) patients with
both reduced |LV-GLS| and pulmonary hypertension showed
worse outcomes compared to patients with preserved |LV-
GLS| or those with reduced |LV-GLS| without pulmonary

hypertension. The results of this study suggest that |LV-GLS|
is associated with adverse clinical outcomes. Furthermore, the
presence of pulmonary hypertension is related to unfavorable
outcomes in patients with surgically treated MV disease and
preserved EF.

MV disease is one of the most common heart valve diseases,
particularly in the aging population (16); moreover, HF with
preserved EF is also prevalent and accounts for more than half
of all HF hospitalizations (17, 18). Therefore, many patients
may have both MV disease and HF, and risk stratification for
HF with preserved EF is necessary even after the treatment
for MV disease. In particular, with recent advances in surgical
and percutaneous interventions for MV disease, interest in
cardiac function and prognosis after the correction of MV
disease is increasing. However, in patients with surgically treated
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TABLE 3 | Cox proportional hazard regression univariate analysis of clinical

outcomes.

HR (95% CI) P

Age 1.027 (0.997–1.058) 0.081

Female sex 1.396 (0.667–2.920) 0.376

Hypertension 1.253 (0.618–2.543) 0.531

Diabetes mellitus 3.076 (1.510–6.266) 0.002

CKD 7.995 (3.747–17.06) <0.001

CAD 1.513 (0.388–2.294) 0.898

Charlson comorbidity index>1 5.889 (1.185–7.046) 0.001

Atrial fibrillation 3.874 (1.487–10.094) 0.006

S’ 0.775 (0.582–1.031) 0.080

e’ 0.724 (0.567–0.924) 0.010

LAVI 1.009 (1.003–1.015) 0.005

LAVI > 34 ml/m² 4.230 (1.007–17.763) 0.049

LAVI > 40 ml/m² 3.750 (1.310–10.736) 0.014

LVEF 0.988 (0.939–1.039) 0.638

PASP 1.063 (1.045–1.081) <0.001

TR > 2.8 m/s 5.236 (2.507–11.046) <0.001

TR > 3.0 m/s 7.144 (3.357–15.205) <0.001

|LV-GLS|preop 0.912 (0.842–0.988) 0.024

|LV-GLS| 0.772 (0.694–0.859) <0.001

|LV-GLS|≤14.0% 5.787 (2.490–13.450) <0.001

|LV-GLS|≤16.0% 5.601 (1.702–18.429) 0.005

HR, hazard ratio; CI, confidence interval; CKD, chronic kidney disease; CAD, coronary

artery disease; S’, systolic mitral annular tissue Doppler velocity; e’, early diastolic mitral

annular tissue Doppler velocity; LAVI, left atrial volume index; LVEF, left ventricular ejection

fraction; PASP, pulmonary artery systolic pressure; TR, tricuspid regurgitation; |LV-GLS|,

absolute value of left ventricular global longitudinal strain.

TABLE 4 | Prognostic values of LV-GLS with conventional echocardiographic

parameters for adverse outcomes by cox proportional hazard regression

multivariate analysis according to different cut off value.

HR (95% CI) P

Criteria 1

|LV-GLS|≤14.0% 3.857 (1.613–9.223) 0.001

TR > 2.8 m/s 3.941 (1.861–8.347) <0.001

LAVI > 34 ml/m² 2.285 (0.531–9.836) 0.267

Criteria 2

|LV-GLS|≤16.0% 3.679 (1.90–12.423) 0.009

TR > 3.0 m/s 4.109 (2.322–11.241) 0.001

LAVI > 40 ml/m² 1.689 (0.553–5.157) 0.357

MV disease, there are limitations to applying conventional
echocardiographic parameters obtained via mitral inflow pulse
wave Doppler and mitral annular tissue Doppler imaging with
regard to risk stratification for HF. Owing to the MV prosthesis,
the Doppler velocities from mitral inflow measurements are
elevated compared to actual blood flow velocities (19, 20),
and annular fixation of the prosthesis tends to decrease tissue
Doppler velocities at the mitral annulus (21). Thus, the E/e’
does not accurately reflect LV filling pressure. Moreover, the

LA volume index is also more affected by the chronicity of
underlying MV disease and atrial rhythm than by LV diastolic
dysfunction. Due to these limitations, risk assessment depends
only on LVEF, and no existing functional parameters can
accurately predict the occurrence of HF and the prognosis
of patients who have undergone MV surgery. In this study,
patients with clinical events were more commonly prescribed
aldosterone antagonists or loop diuretics. This fact indirectly
indicates that these patients showed more signs and symptoms
of HF despite having preserved LVEF and no problems with
MV disease post-operative. Patients with treatedMV disease may
have subclinical or overt LV longitudinal dysfunction associated
with various cardiovascular risk factors. Patients with surgically
treated MV disease are not free from the occurrence of HF with
preserved EF due to aging and risk factors. Since there is a
history of MV disease, LV longitudinal dysfunction confirmed
through LV-GLS can be a residual dysfunction of previous
LV dysfunction. Whatever the mechanism is, evaluating LV
longitudinal function in patients with previously treated MV
disease is clinically important, and LV-GLS can be a diagnostic
measure of HF with preserved EF and a useful indicator
associated with clinical events. Furthermore, the stronger
association of LV-GLS plus PASP with cardiovascular risk may
contribute to better decision-making for further treatment in this
population (4).

The importance of LV function as well as valve function itself
has been emphasized in patients with MV disease, although
the evaluation of LV function remains highly challenging in
this population (22). LV-GLS is a more sensitive parameter
of ventricular dysfunction in various diseases, especially in
those involving preserved LVEF (23–25). Previous studies have
suggested that early detection of subclinical LV dysfunction
by speckle tracking echocardiography in asymptomatic patients
with chronic MV disease is important to optimize the timing of
MV interventions and to prevent LV dysfunction after surgery
(26, 27). In recent studies, the cut-off value of LV-GLS before
MV surgery was ∼-18%, which could be used to predict clinical
outcomes in patients with primary severe MR undergoing MV
surgery (26, 27). In addition, the authors have also studied the
time course of LV function by analyzing serial changes in LV-GLS
before and after MV surgery (28). Until now, most studies have
focused on the detection of LV dysfunction in the native valve
state before MV surgery and the prediction of LV dysfunction
after surgery (26, 27). However, the present study focused on
the stratification of future cardiovascular risk by assessing LV-
GLS in patients in whom MV disease had already been treated.
The results of this study suggested that even if LVEF is preserved
after MV surgery, the patient is at high risk for future HF-related
hospitalization or cardiac death if |LV-GLS| is <14%. Moreover,
in ROC analysis, |LV-GLS|preop value showing the largest AUC
for the association with adverse clinical outcomes was 15.0 %
(ACU = 0.639, p = 0.011) with a sensitivity and specificity of
75 and 66%, respectively. Compared with the AUC of |LV-GLS|
(AUC = 0.744, p < 0.001), there was no statistical difference
(p = 0.121), but |LV-GLS| is more useful as a predictor of
prognosis than |LV-GLS| preop because of the large value of AUC
in post-operative LVGLS. Also, reduced |LV-GLS| is significantly
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TABLE 5 | Cox proportional hazards model of clinical outcomes (nested analysis).

Model 1 Model 2 Model 3 Model 4

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

|LV-GLS| > 14.0% Reference Reference Reference Reference

|LV-GLS| ≤ 14.0% 4.336 (1.827–10.289) 0.001 4.330 (1.828–10.258) 0.001 3.302 (1.343–8.122) 0.009 3.681 (1.540–8.801) 0.003

Model 1: Adjusted Charlson comorbidity index>1 and AF.

Model 2: Adjusted Charlson comorbidity index>1, AF, and LAVI.

Model 3: Adjusted Charlson comorbidity index>1, AF, LAVI, and PASP.

Model 4: Adjusted Charlson comorbidity index>1, AF, LAVI, and |LV-GLS|preop.

associated with cardiac events after adjusting for |LV-GLS|preop.
The cut-off value of |LV-GLS| in our study was slightly lower
than those in previous studies that assessed pre-operative status.
This discrepancymight bemainly explained by the disappearance
of volume overload and hemodynamic stabilization after MV
surgery. In addition, the cut-off value of |LV-GLS| might be low
because this study evaluated LV-GLS after successful MV surgery
and after a certain recovery time; moreover, the study endpoint
was not LV dysfunction, but rather clinical events during HF-
related hospitalization or cardiac death.

In subgroup analysis according to rhythm characteristics,
regardless of sinus rhythm or atrial fibrillation, |LV-GLS|
remained significantly lower in patients with clinical events
than in patients without clinical events. Atrial fibrillation
is common in patients with MV disease; hence, this study
included many patients with atrial fibrillation (59.6%). Patients
with atrial fibrillation are at a high risk of HF with
preserved EF.

In this study, estimated PASP was another important factor
associated with clinical events. Patients with impaired |LV-
GLS| associated with an increase in PASP had significantly
worse outcomes than patients without an increase in PASP. The
prognostic significance of pulmonary hypertension in left heart
disease has been recognized in previous studies. The presence of
pulmonary hypertension in left heart disease is associated with
worse outcomes (29, 30). Furthermore, pulmonary hypertension
with HF with preserved EF is common and is associated with
mortality and cardiac hospitalization (28). In this respect, PASP
may be a surrogate marker for cardiovascular events in patients
with surgically treated MV disease with preserved EF.

This study presents clinical perspectives on treatment and
future research. |LV-GLS| ≤14.0% and elevated PASP may be
useful for diagnosing HF with preserved EF in patients with
surgically treated MV disease.

This study has several limitations. First, the study population
was evaluated retrospectively; thus, strain measurements were
performed using stored images using vendor-independent
software. For accurate measurement of strain, we excluded
six patients with poor echocardiogram quality. Also, due to
the limitations of retrospective studies, it possible that there
were undetected confounding factors in multivariate analysis.
Second, since the study population had been treated for MV
disease, the number of patients with clinical events was small,
which may be a limitation of this study. Third, PASP was

FIGURE 4 | Incremental value of |LV-GLS|. The graphs show the incremental

value of |LV-GLS| according to demographics, clinical factors, and LAVI.

|LV-GLS|, the absolute value of left ventricular longitudinal strain; LAVI, left atrial

volume index.

calculated non-invasively by Doppler echocardiography and not
measured by catheterization. Fourth, the difference by variable
time point at which the post-operative echocardiography is
present. Fifth, LA strain representing LAmechanical dysfunction
is important prognostic value in patients undergoingMV surgery
ADDIN EN.CITE (29–31). However, we did not evaluate LA
mechanical function by speckle tracking echocardiography since
there were technical limitations related to acoustic shadowing
of the corrected MV. Therefore, we did not evaluate LA
mechanical function in present study. Last, given that the cut-
off value of LV-GLS might be different in other populations
of surgically corrected MV, prospective validation in large
populations is warranted.

CONCLUSIONS

LV-GLS was significantly associated with cardiovascular events in
patients with surgically treated MV disease with preserved LVEF.
Our results suggest the potential prognostic implications of LV-
GLS for risk stratification in patients with surgically treated MV
disease with preserved EF.
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Introduction: Over one-half of patients with multiple myeloma (MM) die of heart failure

or arrhythmia. Left ventricular ejection fraction (LVEF) is used to describe left ventricular

systolic function. However, depressed LVEF means advanced stage of left ventricular

dysfunction in patients with MM. Left ventricular pressure-strain-derived myocardial work

(LVMW) is a novel and noninvasive method for evaluating LV function related to LV

dynamic pressure load. MW is assessed by LV MW index (LVMWI), constructive work,

wasted work, and LV MW efficiency (LVMWE). In this study, we aimed to investigate the

value of LVMW in cardiac function assessment and clinical prognosis of MM patients with

preserved LVEF.

Methods: A total of 72 subjects, including 40 untreated MM patients with preserved EF

(including the thick wall and normal wall groups) and 32 non-MM patients, were enrolled

in this study. Laboratory data and clinical history of all the patients were collected. All the

patients underwent comprehensive echocardiographic examinations and then LVMWI

and LVMWE were calculated. Moreover, cardiac adverse events (CAEs) were observed

in MM patients treated with bortezomib-based therapy after 6 months and the prognostic

value of MW was assessed.

Results: (1) LV myocardial global work index (GWI), myocardial global work efficiency

(GWE), and global longitudinal strain (GLS) were lower in the thick wall group of patients

with MM compared with the normal wall group and controls. Cardiac segmental analysis

of LVMWI in patients with MM showed an apical sparing pattern; (2) The area under the

curve (AUC) of GWE for judging the disease severity based on the Revised International

Staging System (R-ISS) was 0.835 (95% CI: 0.684–0.933, p < 0.05); (3) GWE, LgdFLC,

and arrhythmia were independent risk factors of CAEs. The AUC of GWE for predicting

CAEs in MM patients treated with bortezomib-based therapy for 6 months follow-up was

0.896 (95% CI: 0.758–0.970, p < 0.05).
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Conclusion: MM Patients with preserved EF had subclinical LV systolic dysfunction,

which was worse in the thick wall group. LVMWI was presented as “apical sparing” in

patients with MM. A lower LVGWE may have a predictive value for CAEs in patients with

MM after 6 months of follow-up.

Keywords: cardiac injury, multiple myeloma, cardiac adverse events, preserved left ventricular ejection fraction,

left ventricular pressure-strain-derived myocardial work

INTRODUCTION

Multiple myeloma (MM) is a multiple-system disease with the
overproduction of monoclonal immunoglobulins and clonal
proliferation of neoplastic plasma cells in the elderly (1).
Meanwhile, proteasome inhibitors such as Bortezomib and
Carfilzomib are an essential part of the treatment of MM,
which might lead to cardiotoxicity through the protein
aggregation and alter transcriptional activation of NF-κB targets
in cardiomyocytes (2, 3). Cardiac involvement remains a critical
determinant of prognosis regardless of age (4). Over one-half of
patients with MM die of heart failure or arrhythmia. The median
survival time of patients with MM has decreased to 6 months
when heart failure was present (5, 6). Left ventricular ejection
fraction (LVEF) is used to describe left ventricular function, but
depressed LVEF means the advanced stage of left ventricular
dysfunction. A new parameter to detect early cardiac dysfunction
is necessary.

Left ventricular global longitudinal strain (LVGLS) has proven
to be reliable for both the diagnosis and risk stratification
in patients with cardiac dysfunction (7), especially in those
with preserved LVEF (8). As previously reported, in patients
undergoing chemotherapy, changes in GLS were found earlier
than LVEF changes, which is of help to detect cardiotoxicity, with
a 91% sensitivity and 83% specificity (9). Two-dimensional (2D)
speckle-tracking imaging showed that cardiac injury in patients
with MM is characterized by reduced basal strain (10), which
suggests an early LV systolic dysfunction. However, the strain
does not take into consideration LV afterload. Left ventricular
myocardial work index (LVMWI) is a novel and noninvasive
method for LV work analysis (11). The combination of LV
deformation and afterload by constructing an LV pressure-strain
loop (PSL) integrated measured arterial blood pressure and
longitudinal strain (LS) acquired by echocardiographic speckle-
tracking analysis (12).

In this study, we aimed to investigate the value of left
ventricular pressure-strain-derived myocardial work (LVMW)
in cardiac function and clinical prognosis in MM patients with
preserved LVEF. This may assist clinicians in the early detection
of myocardial injury.

MATERIALS AND METHODS

Study Population
A total of 60 patients with MM were recruited at the time
of initial diagnosis between January 1, 2020 and January 1,
2021 at West China Hospital, Sichuan University. The process

for selecting eligible patients is shown in Figure 1. Inclusion
criteria were age >18 years, diagnosis of symptomatic MM
according to 2013 WHO diagnostic criteria, and disease severity
was staged according to the Revised International Staging
System (R-ISS) based on baseline β2 macroglobulin (β2M)
and serum albumin levels. Exclusion criteria were abnormal
echocardiography (defined as LVEF ≤ 50%), wall motion
abnormalities, moderate-to-severe valvular disease or high-grade
diastolic dysfunction (grade III diastolic dysfunction: mitral E/A

ratio >2 or average E/e
′

ratio > 14), coronary heart disease,
cardiomyopathy, renal failure, or other significant alterations.
In total, 40 eligible patients with MM were divided into the
two groups according to the thickness of the LV wall (thick
wall group was defined as wall thickness >10mm in female
patients or >11mm in male patients): the normal wall group
(n = 20) and the thick wall group (n = 20). In total, 32 non-
MM patients who had normal echocardiography and matched
with age, gender, and blood pressure were selected as the control
group. Clinical history and laboratory examination of patients
withMMwere collected. All the patients withMMwere stratified
based on the R-ISS (13). The R-ISS stage I: serum β2M level
was < 3.5 mg/l and serum albumin was ≤ 3.5 g/dl, no high-risk
cytogenetic abnormality (CA) [del(17p) and/or t(4;14) and/or
t(14;16)], and normal lactic dehydrogenase level; the R-ISS stage
III: serum β2M level > 5.5 mg/l and high-risk CA or high
lactic dehydrogenase level; and the R-ISS II: including all the
other possible causes. All the procedures were approved by the
Biomedical Research Ethics Committee of West China Hospital,
Sichuan University and written informed consent was obtained
from all the study participants.

Serological Indicators of Patients With MM
Fasting venous blood samples were collected. Monoclonal (M)
protein was detected by serum immunoelectrophoresis with an
automatic electrophoresis analyzer and its supporting reagent
(Serbia Hydras, France). A serum-free light chain (FLC) kit
(Binding Site, England, UK) was used to determine the serum-
FLC level. Referring to the type of involved monoclonal FLC,
which was kappa or lambda FLC, the difference between the
involved FLC and uninvolved FLC was defined as dFLC. The
serum β2M level was detected using a scattering immune
turbidimetry automatic protein analyzer (Siemens, Germany).

Echocardiography
The ultrasound system (Vivid E95; GE Vingmed Ultrasound,
Horten, Norway) with a 1.7–3.3 MHz phased-array transducer
(M5S) was used.
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FIGURE 1 | Overview of patient selection process. Myo, myoglobin; CK-MB, creatine kinase-MB; TnT, troponin T; BNP, brain natriuretic peptide.

Standard Echocardiographic Examination
Standard echocardiography, including two-dimensional (2D),
M-mode, and Doppler echocardiography, was performed
according to the guidelines of the American Society of
Echocardiography (14). LV end-diastolic and end-systolic
volumes and LVEF were measured based on the modified
biplane Simpson’s rule. Mitral inflow velocity at early (E) and late
(A) diastole were measured. The velocity of the mitral annulus

at early diastolic (e
′

) and late diastolic (a
′

) myocardial were

recorded by pulsed tissue Doppler imaging. The E/e
′

ratio was
used as an index of LV diastolic function. All the images were
captured by a senior operator.

Pressure-Strain-Derived MW
Myocardial work was calculated using a PSL curve integrated
with LV deformation and pressure. Deformation was measured
as LS by the speckle-tracking technique. Peak systolic LV
pressure was assumed to be equal to the peak arterial pressure,
which was measured immediately before the echocardiographic
study using an arm-type mercury sphygmomanometer. Then,
a noninvasive LV pressure curve adjusted according to the
duration of isovolumic and ejection phases defined by valvular
timing events was constructed.

Image acquisition: Dynamic images were collected in three
planes: apical four-, two-, and three-chamber planes for more

than 3 cardiac cycles. Then, the data were analyzed offline
by EchoPAC 203 workstation (Vivid E95; GE Vingmed
Ultrasound, Horten, Norway). Initially, the myocardial
automatic functional imaging analysis mode was selected.
The system could automatically recognize the above three
dynamic images and select the cardiac cycle with the best image
quality for myocardial tracking of the motion trajectory. If
there is a deviation in the tracking, the position and size of the
area of interest can be manually adjusted. Initial tracking was
conducted at the apical three-chamber to confirm the closing
time of the aortic valve and other planes have completed the
analysis in turn. Then, the system generated a 17-segment
bull’s-eye automatically, which is obtained according to the
weighted average of the peak LS of each segment during systole.
The overall global longitudinal strain (GLS) was expressed in
absolute values. Finally, the MW analysis mode was selected to
analyze and obtain LV-PSL.

Characteristics of MW in patients with MM are shown in
Figure 2. LV work index and efficiency of all the segmental values
were averaged. The area within the PSL provided the MW index
(WI). The following parameters were calculated (11):

(1) Global WI (GWI): Total work within the area of the LV-PSL
calculated from mitral valve opening and closure.

(2) Constructive myocardial work: Work contributing to LV
ejection during systole.
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FIGURE 2 | (A) Left ventricular (LV) pressure-strain loops of patient with MM showing LV pressure and GLS change during the cardiac cycle. (B) Segmental GWI of LV.

MM, multiple myeloma; GLS, global longitudinal strain; GWI, global work index; AVC, aortic valve closure; AVO, aortic valve opening; MVC, mitral valve closure; MVO,

mitral valve opening.

constructiveMW= The area of (the peak arterial pressure
× the strain of myocytes shorting during systole and
relaxation during isovolumic period)
constructive MW = The area of (the peak arterial pressure×
the strain of myocytes shorting during systole and relaxation
during isovolumic period)

(3) Wasted myocardial work: Work performed by the LV that
does not contribute to LV ejection.
Wastedmyocardial work = The area of (the
peak aterial pressure × the strain of myocytes
lengthening during systole and shorting during
isovolumic period)

(4) Myocardial work efficiency: The ratio of work contributing
to LV ejection and total work.
Myocardial work efficiency = Constructive myocardial
work / (constructive myocardial work + wasted
myocardial work)

Follow-Up
All the patients were followed up after 6 months for
their survival and cardiac adverse events (CAEs). All the
patients received bortezomib-based therapy. CAEs were
defined following the recommendations in the common
terminology criteria for adverse events version 4.0 (15).
Cardiac disorders include acute coronary syndrome,
valve disease, asystole, cardiac arrest, chest pain, heart
failure, left and right ventricular systolic dysfunction,
myocarditis, myocardial infarction, palpitations, arrhythmia,
and pericarditis.

Statistical Analysis
Continuous variables were presented as mean ± SD for
normally distributed data or median (25th percentile and 75th
percentile) for nonnormally distributed data. Categorical
variables were presented as frequencies. The t-test and
one-way ANOVA were adopted for comparison of two

and three independent groups of normally distributed
variables, respectively. The Wilcoxon signed-rank test was
used for nonnormal distribution. The chi-squared test and
Fisher’s exact test were used to compare binary variables.
The Spearman and Pearson correlation coefficients were
calculated for dFLC and other MM-related parameters and
N-terminal probrain natriuretic peptide (NT-proBNP). The
multivariable logistic regression models were used to further
assess the risk factors of CAEs. The univariate regression
analysis of variables, positive variables, and important clinically
significant indicators were included in themultivariate regression
analysis model. The receiver operating characteristic (ROC)
curve analysis was performed adjusting for NT-proBNP and
echocardiographic indices. Value of p < 0.05 was considered
statistically significant. IBM SPSS for Windows version 17.0
(IBM Corporation, Armonk, New York, USA) was used for all
the analyses.

RESULTS

Clinical Characteristics
The clinical characteristics of 40 patients withMM and 32 control
subjects are shown in Table 1. There were no differences in age,
sex, body mass index (BMI), and blood pressure between MM
patients and control subjects. Patients with MM had a higher
heart rate (HR) and mortality of arrhythmia, including atrial
fibrillation, tachycardia, and high-degree atrioventricular (AV)
block. The New York Heart Association (NYHA) functional
class was higher in patients with MM than in controls. There
were no differences in age, systolic blood pressure (SBP), HR,
the mortality of arrhythmia, and the NYHA functional class
between the normal wall group and the thick wall group of
patients with MM. However, the thick wall group in patients
with MM had a higher level of β2M, dFLC, myoglobin (Myo),
creatine kinase-MB (CK-MB), troponin T (TnT), and NT-
proBNP (Table 1).
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TABLE 1 | Characteristics of the study population.

Controls

(n = 32)

Normal wall

(n = 20)

Thick wall

(n = 20)

P-value

Age, years 55.94 ± 7.10 59.55 ± 10.46 61.35 ± 10.66 0.103

Sex (male) 12 (37.5%) 10 (50%) 12 (60%) 0.673

BMI, kg/m2 23.19 ± 2.64 22.00 ± 3.29 23.15 ± 2.96 0.314

NYHA I/II/III/IV 32/0/0/0 18/2/0/0 15/3/2/0* 0.034

SBP, mmHg 125 ± 11 126 ± 18 130 ± 17 0.483

HR, bpm 70.39 ± 8.94 89.55 ± 22.21* 85.48 ± 17.49* <0.001

Arrhythmias 0 (0) 3 (15%)* 7 (35%)* 0.002

Atrial fibrillation 0 (0) 1 (5%) 4 (20%) 0.061

tachycardia 0 (0) 2 (10%) 1 (5%) 0.249

A-V block 0 (0) 0 (0) 2 (10%) 0.499

Course, months / 12.00 (5.25–33.00) 10.00 (4.00–33.25) 0.714

M protein (%) / 18 (90%) 18 (90%) 1

β2M, ng/ml / 4.20 (2.39–6.30) 9.76 (3.56–14.90)# 0.021

dFLC, ng/ml / 140.54 (38.25–200.73) 510.50 (292.50–824.10)# <0.001

Myo, ng/ml / 23.29 (21.00–37.17) 68.70 (29.45–279.30)# 0.009

CK-MB, ng/ml / 0.82 (0.56–1.74) 2.44 (1.22–9.85)# 0.003

Tn-T, ng/ml / 13.25 (10.30–36.80) 63.00 (10.00–325.60)# 0.017

NT-pro BNP, ng/ml / 350.00

(250.50–2,037.75)

6,928.00 (830.00–35,000.00)# 0.001

BMI, Body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; β2M, β2 microglobulin; dFLC, difference between involved and uninvolved free light chain; Myo,

myoglobin; CK-MB, creatine kinase-MB; TnT, troponin T; BNP, brain natriuretic peptide.

Data are expressed as absolute number (percentage), mean ± SD, and median [interquartile range (IQR)]. *Compared with controls, p < 0.05; #Compared with the normal wall group,

p < 0.05.

TABLE 2 | Standard echocardiographic characteristics of the study population.

Controls

(n = 32)

Normal wall

(n = 20)

Thick wall

(n = 20)

P-value

LV, mm 45.60 ± 3.71 46.13 ± 4.94 46.93 ± 4.18 0.653

RV, mm 20.65 ± 1.79 20 ± 3.38 19.36 ± 2.24 0.281

LA, mm 29.70 ± 3.40 32.13 ± 6.85 31.43 ± 4.05 0.338

RA, mm 32.90 ± 2.90 32.63 ± 8.12 34.50 ± 5.33 0.595

IVS-basal, mm 7.90 ± 0.91 7.88 ± 0.64 12.93 ± 1.86*# <0.001

AO, mm 29.55 ± 2.91 30.50 ± 5.81 28.71 ± 4.51 0.618

LVEF, % 61.65 ± 5.90 65.25 ± 2.71 59.71 ± 17.49 0.528

E wave, m/s 0.76 ± 0.17 0.61 ± 0.10 0.73 ± 0.15 0.075

e′, cm/s 9.45 ± 4.02 6.50 ± 2.33 5.93 ± 2.34# 0.008

E/e′ 9.00 ± 2.88 10.28 ± 3.49 13.86 ± 6.46* 0.012

LVMI, g/m2 89.91 ± 12.01 96.45 ± 14.20 105.45 ± 11.95*# <0.001

LV, left ventricle; RV, right ventricle; LA, left atrium; RA, right atrium; IVS, interventricular septum; LVPW, left ventricular posterior wall; AO, aortic root; LVEF, left ventricular ejection fraction;

E wave, early diastolic mitral peak inflow velocity; e′, early diastolic mitral annular velocity; LVMI, left ventricular mass index.

Data are expressed as absolute number (percentage) and mean ± SD. *Compared with controls, p < 0.05; #Compared with the normal wall group, p < 0.05.

Standard Echocardiographic
Characteristics
Conventional 2D and Doppler echocardiographic characteristics
are shown in Table 2. There was no difference between
MM patients and control subjects in the left atrium (LA),
left ventricle (LV), right atrium (RA), right ventricle (RV),
aortic root (AO) diameter, and LVEF. However, the basal
segment of the interventricular septum (IVS) was thicker

in the thick wall group of patients with MM than in the

normal wall group and controls. The E/e′ ratio, an index

of LV diastolic function, was higher in the thick wall group

of patients with MM than in the normal wall group and

controls. Moreover, the left ventricular mass index (LVMI) was
higher in the thick wall group compared with the normal
wall group and controls (p < 0.05). However, in a tricuspid
regurgitation shown in 25 patients with MM, there was
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FIGURE 3 | Correlation between myocardial injury biomarker and myocardial work. (A–C) Correlation between Tn-T and GLS, GWI, and GWE. (D–F) Negative

correlation between NT-proBNP with GLS, GWI, and GWE. TnT, troponin T; GLS, global longitudinal strain; GWI, global work index; GWE, global work efficiency;

NT-proBNP, N-terminal probrain natriuretic peptide.

TABLE 3 | Longitudinal strain and myocardial work index of the study population.

Controls Normal wall group Thick wall group P-value

(n = 32) (n = 20) (n = 20)

GLS, % 18.59 ± 2.37 17.23 ± 3.01 16.40 ± 2.95* 0.018

GWI, mmHg% 1643.38 ± 242.60 1756.25 ± 426.58 1450.08 ± 255.17*# 0.008

WI-basal, mmHg% 1517.55 ± 248.80 1582.77 ± 433.74 1298.41 ± 334.14*# 0.020

WI-mid, mmHg% 1548.81 ± 243.58 1751.48 ± 399.45* 1427.29 ± 200.38# 0.002

WI-apical, mmHg% 1863.79 ± 564.52 1934.51 ± 540.65 1624.54 ± 382.16 0.135

GWE, % 93.69 ± 2.89 91.50 ± 3.74* 87.75 ± 3.13*# <0.001

GLS, global longitudinal strain; WI, myocardial index; GWI, global WI; GWE, global work efficiency.

Data are expressed as mean ± SD. *Compared with controls, p < 0.05; #Compared with the normal wall group, p < 0.05.

TABLE 4 | Correlation between MM biomarkers and cardiac function.

Tn-T (ng/ml) NT-pro BNP (ng/ml) GLS (%) GWI (mmHg%) GWE (%) LVMI (g/m2)

β2M, ng/ml r 0.267 0.477* −0.397* −0.347* −0.320* 0.237

P-value 0.096 0.002 0.011 0.028 0.044 0.140

dFLC, ng/ml r 0.583* 0.607* −0.645* −0.615* −0.804* 0.688*

P-value 0.005 <0.001 0.001 <0.001 <0.001 <0.001

MM, multiple myeloma; dFLC, difference between involved and uninvolved free light chain; TnT, troponin T; BNP, brain natriuretic peptide; GLS, global longitudinal strain; LVMI, LV mass

index; GWI, global work index; GWE, global work efficiency. *A significant correlation, p < 0.05.
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no statistical difference between the thick wall and normal
wall groups.

Global and Segmental MW of the Left
Ventricle in Patients With MM and Controls
As shown in Table 3, left ventricular global WI (GWI), global
work efficiency (GWE), and GLS were lower in the thick wall
group of patients with MM than in the normal wall group
and controls (p < 0.05). Nevertheless, there was no statistical
difference in GWI and GLS between the normal wall group of
MM patients and controls. GWE was lower in the normal wall
group than in controls. For segmental changes, we found that
WI-basal was lower in the thick wall group than in the normal
wall group and controls. WI-mid was higher in the normal
wall group compared with the thick wall group and controls,
while there was no difference in WI-mid between the thick wall
group and controls. However, there was no significant difference
in WI-apical among the three groups, which showed an apical
sparing pattern.

Correlations Between LV Global
Myocardial Work and Cardiotoxicities
Troponin T showed negative correlations with LVGLS (p< 0.05)
and LVGWE (p< 0.05), but LVGWI (p> 0.05). NT-proBNPwas
negatively correlated with LV GLS, LV GWI, and LV GWE (p <

0.05) (Figure 3).

Correlation Between the R-ISS of MM
Patients and MW GLS
As shown in Table 4, the level of dFLC was positively correlated
with TnT (p < 0.05), NT-proBNP (p < 0.05), and LVMI (p <

0.05), but negatively correlated with GLS (p < 0.05), GWI (p
< 0.05), and GWE (p < 0.05). β2M, another indicator of MM
disease severity, was positively correlated with NT-proBNP (p <

0.05) and negatively correlated with GLS (p < 0.05), GWI (p <

0.05), and GWE (p < 0.05).
Furthermore, we analyzed the diagnostic value of MW in

the MM stage. Patients were divided into <III stages and ≥III
stages according to the R-ISS. Significant differences were found
between the R-ISS < III stages and the R-ISS ≥ III stages group
in GWI (1,777.29± 458.47 vs. 1,487.52± 268.65, p= 0.016) and
GWE (92.29 ± 3.08 vs. 87.65 ± 3.23, p < 0.001), while there was
no difference in GLS (17.64 ± 3.06 vs. 16.15 ± 2.87, p = 0.122).
The diagnostic value of GWI and GWE in the R-ISS is shown in
Figure 4. The AUC of GWE for the diagnosis of the R-ISS was
0.835 (95% CI: 0.684–0.933, p < 0.05). However, GWI had no
diagnostic value for the R-ISS (p > 0.05).

Risk Factors for CAEs in Patients With MM
Treated With Bortezomib-Based Therapy
Cardiac adverse events were followed-up after 6 months in
patients with MM treated with bortezomib-based therapy. One
of these patients had lower extremity edema, one patient had
syncope and prolonged RR interval, one patient had new-
onset atrial fibrillation, one patient had a decreased LVEF, and
three patients had significantly elevated TnT and NT-proBNP

levels. Then, patients were divided into the two groups: with
or without CAEs. The univariable and multivariable logistic
regression models were used to analyze the risk factors of CAEs
in patients with MM and the results are shown in Table 5. Sex,
age, BMI, course, hypertension, and GWI were not incorporated
into the univariable logistic regression model (p > 0.1). The
multivariable model showed that arrhythmia, LgdFLC, and GWE
were independent risk factors for CAEs.

Predictive Value of the Echocardiographic
Parameters on CAEs in Patients With MM
The role of GWE was explored as the prognostic factor of CAEs.
A significant difference was found between the CAEs group and
the non-CAEs group in GWE (90.55 ± 3.50 vs. 85.29 ± 2.56,
p= 0.001). The AUC of GWE was 0.896 (95% CI: 0.758–0.970,
p < 0.05), demonstrating its potential predictive value for CAEs
in patients with MM (Figure 5).

DISCUSSION

The main findings in this study were as follows. First, LV GWI,
GWE, and GLS were lower in the thick wall group of patients
with MM than in the normal wall group and controls. Cardiac
segmental WI in patients with MM showed an apical sparing
pattern. Second, GWE had a diagnostic value for disease severity
based on the R-ISS. Finally, LgdFLC, arrhythmia, and GWE were
the independent risk factor of CAEs and GWE might have a
predictive value in patients with MM treated with bortezomib-
based therapy for 6 months.

Multiple myeloma is a hematological malignant disease
associated with cardiac involvement. Its mechanism may be
related to multiple factors, such as amyloidosis, myeloma cell
infiltration, hypercalcemia, hyperviscosity, and anemia. Severe
cardiovascular complications often occur in the terminal stage,
when the disease progresses rapidly, with a high fatality rate
(16). Based on routine echocardiography, MM mainly manifests
as biventricular hypertrophy, valve thickening, regurgitation,
ventricle shrinkage, atrial dilation, increased LV end-diastolic
pressure, RV systolic pressure, etc. Myocardial “granule sparkle”
is a characteristic manifestation of cardiac amyloidosis in patients
with MM, with no specific diagnosis. The LVEF is often in
a normal range in the early stage of MM. Reduced LVEF is
often associated with the advanced stage (17). Previous studies
showed that LV GLS was more sensitive than conventional
ultrasound (18).

However, the strain does not determine the effect of afterload
pressure, which is higher during late systole lengthening
than postsystolic shortening (12). Afterload may result in a
reduced LV GLS. Noninvasive LV PSL analysis integrates LS
by speckle-tracking analysis with blood pressure measured by
mercury sphygmomanometer to estimate MW, which is a new
echocardiographic method to evaluate LV function (19). MW
measurements have already been applied in various cardiac
conditions (20, 21). LVMWI is measured during the entire
cardiac cycle, whereas LV GLS only reflects the peak systolic
strain (22). Regional WI had a higher sensitivity (81 vs. 78%,
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FIGURE 4 | GWI and GWE as a reference to assess the R-ISS of patients with MM. (A) LV GWI, (B) LV GWE. GWI, global work index; GWE, global work efficiency;

R-ISS, Revised International Staging System; MM, multiple myeloma; LV GWI, left ventricular GWI; LV GWE, left ventricular GWE.

TABLE 5 | The multivariable regression analyses of risk factors contributing to CAEs in patients with MM.

Univariable analyses Multivariable analyses

OR [95% CI] P-value OR [95% CI] P-value

Arrhythmia 25.00 [3.30, 189.26] 0.001 10.346 [1.04, 102.75] 0.046

Lg dFLC, ng/ml 124.88 [1.59, 9792.82] <0.001 124.88 [1.59, 9792.82] <0.001

Lg Tn−T, ng/ml 2.75 [0.81, 9.40] 0.094 NA 0.308

Lg NT−proBNP, ng/ml 2.71 [1.02, 7.21] 0.025 NA 0.245

GLS, % 0.69 [0.51, 0.95] 0.005 NA 0.507

GWE, % 0.57 [0.38, 0.86] <0.001 0.60 [0.38, 0.95] 0.006

LVMI, g/m2 1.06 [1.00, 1.13] 0.063 NA 0.538

MM, multiple myeloma; dFLC, difference between involved and uninvolved free light chain; TnT, troponin T; BNP, brain natriuretic peptide; GLS, global longitudinal strain; LVMI, LV mass

index; GWE, global work efficiency; NA, not incorporating in the multivariable model.

p < 0.5) and even superior specificity (82 vs. 65%, p < 0.5)
compared with regional strain to identify acute coronary artery
occlusion in patients with non-ST-segment elevation myocardial
infarction (23).

For patients with MM with preserved LVEF, LV GWI,
GWE, and GLS were lower in the thick wall group than
in the normal wall group and controls. There was no
difference in GWI and GLS between the normal wall group
and controls. However, GWE was lower in the normal wall
group compared with controls. LV GWI, GWE, and GLS
detected subtle systolic dysfunction in the thick wall group,
with GWE showing significant differences. Wall thickening and
remodeling of the left ventricle are also correlated with early left
ventricular dysfunction.

Significant differences were found in GWI and GWE between
patients with MM in the R-ISS stages <III and ≥III. However,
only GWE had a diagnostic value for disease severity based
on the R-ISS. A lower GWE acted as a predictive value
and was the independent factor of CAEs after a 6-month

follow-up. GWE included the assessment of constructive work,
wasted work, and their contribution to LV ejection, while GWI
only measured the total MW. GWE measuring is, therefore,
a method for quantifying the work done by the ventricle
and contributes to LV ejection. It could also represent a
measure of efficient contractility provided that the myocardium
is viable.

For segmental changes, no significant difference was found in
WI apical among the three groups, showing an apical sparing
pattern. Several studies showed apical sparing of LS in patients
with MM by speckle-tracking echocardiography (24, 25), which
is consistent with this study. Mean LV basal strain is an
independent predictor of cardiac and overall deaths (26). Relative
sparing in the LV apex may be related to less amyloid deposition
occurring in the apex than the base. It is highly sensitive and
specific for the diagnosis of cardiac injury in patients with
MM (27).

Cardiovascular toxicities are common in patients with
MM, which is always lack of specified predictors (28). A
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FIGURE 5 | GWE as a prognostic factor of CAEs in patients with MM. GWE,

global work efficiency; CAEs, cardiac adverse events; MM, multiple myeloma.

meta-analysis of CAEs in patients with MM treated with
bortezomib showed an incidence of 4.3% (95% CI: 2.8–6.6%)
(29). Currently, specific and effective therapy for cardiovascular
toxicities in MM patients is still lacking. Though the angiotensin
antagonists, statins, beta-blockers, and nutraceuticals are now
under investigation, no clinically significant efficacy was observed
so far. Quagliariello et al. (30) found that Empagliflozin, a
sodium-glucose cotransporter 2 (SGLT-2) inhibitor, exerted
anti-inflammatory and cardioprotective effects in Doxorubicin-
induced cardiotoxicity (30). The majority of CAEs (86%) occur
within the first 3 months of therapy (28).We sought to determine
the risk and predictors of CAEs from 6 months follow-up and
found that the rate of arrhythmia, LgdFLC, and GWE were the
independent risk factors of CAEs in treated patients with MM.
A previous study showed that patients who had a history of
arrhythmia were likely to be attacked again after therapy and
the median length of hospital stay was prolonged (31). The
dFLC also exhibits predictors for clinical treatment response
and an association with both cardiac involvement and disease
progression (32). This study proved that GWE may be an
alternative to predict CAEs in patients with MM. Overall, CAEs
risk assessment by cardiac reserve capability in a timely and
effective manner helped to reduce the mortality and hospital
readmission rate of patients with MM.

This study has several limitations. First, this study had a
small sample size and a short follow-up period. However, it
should be borne in mind that MM is a rare disease. The age-
standardized incidence rate of MM was 1.1/1,000 in 2018. On
the other hand, the strength of our results lies in the fact

that we recruited subjects without medication. Second, part of
follow-up data obtained by telephone could be biased; most
patients with immunodeficiency chose to stay at home rather
than travel to the hospital due to the impact of coronavirus
disease 2019 (COVID-19). Further prospective studies with a
larger size sample are needed.

CONCLUSION

MM patients with preserved EF had subclinical left ventricular
systolic dysfunction, which was worse in the thick wall
group. GWI presented an “apical sparing” pattern in patients
with MM. A lower LV GWE may have a diagnostic and
predictive value for disease severity and CAEs in patients
with MM treated with bortezomib-based therapy for
6 months.
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Objective: To evaluate the feasibility of 9. 4-T postmortemMRI (pm-MRI) for assessment

of major congenital heart defects (CHD) cases terminated in the early stage of gestation.

Methods: Fetuses with CHD detected by the detailed first-trimester ultrasound scan and

terminated before 18 gestational weeks were recruited between January 2018 and June

2020. All fetuses were offered 9.4-T pm-MRI examinations and those terminated over

13+6 weeks were offered conventional autopsies simultaneously. Findings of pm-MRI

were compared with those of conventional autopsy and prenatal ultrasound.

Results: A total of 19 fetuses with major CHD were analyzed, including 6 cases of the

atrioventricular septal defect, 5 cases of Tetralogy of Fallot, 3 cases of hypoplastic left

heart syndrome, 1 case of tricuspid atresia, 1 case of transposition of the great arteries,

1 case of severe tricuspid regurgitation, and 2 cases of complex CHD. Pm-MRI had

concordant findings in 73.7% (14/19) cases, discordant findings in 15.8% (3/19) cases,

and additional findings in 10.5% (2/19) cases when compared with prenatal ultrasound.

Pm-MRI findings were concordant with autopsy in all 8 CHD cases terminated over

13+6 weeks.

Conclusion: It is feasible to exhibit the structure of fetal heart terminated in

the first trimester clearly on 9.4-T pm-MRI with an optimized scanning protocol.

High-field pm-MRI could provide medical imaging information of CHD for those

terminated in the early stage of gestation, especially for those limited by

conventional autopsy.

Keywords: congenital heart defects, postmortem magnetic resonance imaging, first- trimester ultrasound scan,

94-T magnetic resonance images, prenatal ultrasound

INTRODUCTION

Congenital heart defects (CHDs), which occur with an incidence of about 5–9 per 1,000
live births, are the most common malformations and the leading causes of neonatal death
(1). Ultrasonography, especially echocardiography, is the mainstay for the diagnosis of CHDs
prenatally. It is a safe and highly sensitive test that can be employed typically at the second trimester
of pregnancy (2). With the development of modern high-resolution ultrasound techniques, a great
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amount of major CHDs including atrioventricular septal defects
(AVSDs), transposition of the great arteries, tetralogy of Fallot,
hypoplastic left heart, and other complex defects were reported
in the first trimester of pregnancy (3, 4). The diagnosis of
fetal CHDs in the first trimester may give health providers and
parents the possibility of scheduling prenatal care or choosing
to terminate the pregnancy in cases with poor prognosis earlier
(5), while the wide implementation of fetal cardiac screening in
the first trimester has raised concerns recently. A major concern
is the lack of postmortem methods to confirm, especially for
those terminated in the early gestational weeks as a conventional
autopsy is not always possible considering the small size of the
fetal heart (6, 7). Even stereomicroscopic autopsy had a 28.1%
failure rate in the first trimester in the previous research (8).

Imaging techniques such as MRI, ultrasound, and CT as a
part of postmortem examinations have been widely studied (9–
11). Postmortem MRI (pm-MRI) using 1.5/3.0-T magnets offers
an overall diagnostic accuracy of 77–94% and is probably one
of the best choices as a virtual autopsy technique for fetuses
terminated over 20 weeks of gestation (12, 13). However, the
resolution of conventional pm-MRI at 1.5/3.0 T for small fetal
organs, particularly the fetal heart, remains unsatisfied (14, 15).
Recent studies showed high-field (4.7-/7.0-/9.4-T) MRI was a
feasible option for postmortem examination of small fetuses and
could provide good tissue characterization (8, 14, 16). While
limited studies investigated the value of high-field pm-MRI in
the assessment of CHDs detected and terminated in the first
trimester (8, 17).

Thus, this study aimed to explore the use of 9.4-T pm-MRI in
the reassessment of major CHD fetuses detected and terminated
in the early stage of pregnancy.

MATERIALS AND METHODS

Study Participants and Design
This was a single-center study conducted at Nanjing Drum
Tower Hospital. The fetuses were recruited based on an ongoing
prospective cohort study, which focused on the performance of
a detailed first-trimester ultrasound (FTU) scan in detecting fetal
structural and chromosomal anomalies (18, 19).

The inclusion criteria were as follows: (1) singletons with
abnormal cardiac findings detected in the first trimester between
January 2018 and June 2020; (2) pregnancy was terminated
before 18 gestational weeks; (3) parents agreed to undergo pm-
MRI and conventional autopsy (available in fetuses over 13+6

gestational weeks).
This study was approved by the Local Ethics Committee

(2013058) and all the parents signed written informed consent.

Procedure
Prenatal Ultrasound Scan
The singletons with crown-rump length from 45 to 84mm
were performed nuchal translucency measurement and detailed
FTU scan including basic cardiac structural examination at
our institution according to a standardized protocol (19).
All suspected cardiac defects cases were referred to the
specialist who had obtained The Fetal Medicine Foundation

FIGURE 1 | Fetal hearts and lungs in different gestational weeks (17, 15, 13,

and 12 weeks, respectively).

TABLE 1 | Typical MRI variables for three-dimensional T1-weighted sequence.

Variables Values

16+0-18+0 weeks 14+0-17+6 weeks 12–13+6weeks

Slice thickness 0.3 0.3 0.3

Effective echo

time (ms)

2.9 2.9 2.9

Relaxation time

(ms)

6 6 6

Field of view

(mm)

32 × 32 × 36 32 × 32 × 25 25 × 25 × 18

Matrix (data

points)

256 × 256 × 120 256 × 256 × 80 250 × 250 × 60

Voxel size (mm) 0.125 × 0.125 0.125 × 0.125 0.100 × 0.100

Intersection gap

(mm)

0 0 0

Scan time (min) 10–15 7–8 3–5

Flip angle

(degree)

10 10 10

Number of signal

average

3 3 3

Certificate of Competence in ultrasound examination for fetal
echocardiography for echocardiography to reassess the diagnosis.
Consecutive fetal heart sonographic video clips were recorded in
Viewpoint 6.0 (GE Healthcare GmbH, Munich, Germany, UK).
All the ultrasound examinations were performed on Voluson E8
(GE Healthcare Austria GmbH & Co OG, Tiefenbach, Austria)
ultrasound equipment with transabdominal transducer (4–8
MHz) and transvaginal transducer (5–9 MHz). The maternal
characteristics and medical history were also collected and
recorded in Viewpoint 6.0 (GE Healthcare GmbH, Munich,
Germany, UK).

Preparation Before pm-MRI
After termination of pregnancy (TOP), one senior fetal
pathologist (JY Chen) performed the initial external examination
of the fetuses and took out the visceral organs including intact
fetal heart and lungs from the thorax carefully. Then, the fetal

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 January 2022 | Volume 8 | Article 764587327

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tang et al. 9.4-T pm-MRI for CHD Fetuses

TABLE 2 | The prenatal diagnosis, postmortem MRI, and conventional autopsy findings in the 19 fetuses with abnormal cardiac findings.

Case Prenatal ultrasound findings GA at TOP Chromosomal results Pm-MRI findings Conventional

autopsy findings

Cardiac abnormality Extracardiac

abnormalities

GA at diagnosis

1 AVSD Single umbilical

artery

12+3 13+0 Normal Malalignment VSD Not performed

2 Complex CHD (AVSD,

great vessels anomaly)

– 12+2 13+0 NA AVSD

TOF

Not performed

3 AVSD Cystic hygroma and

upper limb anomaly

12+0 13+3 Trisomy 18 AVSD Not performed

4 TOF Exomphalos 13+0 17+5 Deletion 22q11 TOF TOF

5 AVSD Exomphalos 13+2 13+5 Trisomy 13 AVSD Not performed

6 TOF Megalocystis 13+0 13+1 Trisomy 18 TOF Not performed

7 TOF – 12+6 13+1 NA TOF Not performed

8 TOF – 12+4 15+0 Deletion 22q11 TOF TOF

9 TOF Increased NT 13+5 15+0 Trisomy 18 TOF TOF

10 HLHS Cystic hygroma 13+6 15+5 Monosomy X HLHS HLHS

11 HLHS Increased NT 13+3 13+4 NA HLHS Not performed

12 Complex CHD

(HLH, CoA?)

Increased NT 12+1 12+6 Monosomy X CoA Not performed

13 AVSD Cystic hygroma,

upper limb anomaly

13+0 16+2 Trisomy 18 AVSD AVSD

14 HLHS Holoprosencephaly,

cleft palate,

megalocystis

12+2 13+3 Trisomy 13 HLHS Not performed

15 Severe tricuspid

regurgitation

Cystic hygroma 13+1 17+6 Trisomy 21 AVSD AVSD

16 Tricuspid atresia – 12+2 16+3 NA Tricuspid atresia Tricuspid atresia

17 TGA Increased NT,

exomphalos, clench

hands

13+4 17+6 Trisomy 18 DORV DORV

18 AVSD Radius anomaly and

clench hands

12+3 13+0 Trisomy 18 AVSD Not performed

19 AVSD Cystic hygroma,

clench hands, single

umbilical artery

12+6 13+4 Trisomy 18 AVSD Not performed

GA, gestational age; TOP, termination of pregnancy; NA, not available; pm-MRI, postmortem magnetic resonance imaging; CHD, congenital heart disease; HLHS, hypoplastic left heart

syndrome; AVSD, atrioventricular septal defect; TOF, tetralogy of fallot; HLH, hypoplastic left heart; CoA, coarctation of aorta; TGA, transposition of the great arteries; VSD, ventricular

septal defect; DORV, double outlet right ventricle.

visceral organs were fixed in 10% formalin solution with an
optimumplastic tube (5, 15, 20, and 50ml) according to the organ
size and kept in the refrigerator at 4◦C for more than 2 weeks
before pm-MRI examination (Figure 1).

Postmortem MRI Examination
The MRI scan was carried out using a horizontal bore 9.4-
T Bruker Biospec system (Biospec 94/20 USR, Bruker Biospin,
Ettlingen, Germany, UK), equipped with the integrated Gradient
and Shim Systems BGA12-S (Bruker Biospin) with a maximum
magnetic field strength of 400 mT/m. Parameters were set
according to different fetal gestational weeks, with a 0.3-mm
slice thickness, an intersection gap of 0mm, a field of view of
32 × 32mm, matrix of 256 × 256 × (80–120) mm3, time of
repeatation (TR)/time of echo (TE) of 6 ms/2.9ms, averages
3, resulting voxel resolution of 0.100 × 0.100 mm3 (Table 1).

Axial and coronal two-dimensional (2D) images were obtained
to allow proper orientation of the subsequently obtained three-
dimensional (3D)-T1-weighted images. On the 3D acquired
volumes and whenever needed, regions of interest such as the
chambers of the heart or the great vessels delineated slice-by-slice
in each plane. Two MRI radiographers (P Lv and RY Liu) did all
the pm-MRI scans.

Image Evaluation
Magnetic resonance imaging reports were made regarding the
following regions of interest: the situs, abnormalities at the level
of the four-chamber view, the left and right outflow tracts, the
arch of the aorta, and the systemic veins. Pm-MRI interpretation
was analyzed by a radiologist and a cardiothoracic surgeon
together who had over 15 years of clinical experience. They were
blinded to the ultrasound findings.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 January 2022 | Volume 8 | Article 764587328

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tang et al. 9.4-T pm-MRI for CHD Fetuses

FIGURE 2 | T1-weighted magnetic resonance consecutive images at 9.4 T of a fetus with normal cardiac anatomy, following termination of pregnancy at 13+1 weeks

of gestation. (a) at the level of four-chamber view, showing a normal situs of the heart surrounded by the lungs, and a normal four-chamber view. (b,c) at the level of

the left outflow tract showing the medial aortic wall was continuous with the ventricular septum and aortic valve. (d) at the level of the right outflow tract with a

pulmonary artery that originates from the right ventricle with the clear bifurcation of the main pulmonary artery and left pulmonary artery. (e) at the level of the

three-vessel view, the main pulmonary artery, ascending aorta, and superior vena cava are arranged in a straight line that extends from the left anterior to the right

posterior. (f) at the level of the three-vessel and trachea view showing the transverse aortic arch and isthmus merge into the descending aorta, as does the pulmonary

trunk and ductus arteriosus, creating a V-shaped configuration. (g–i) showing the right subclavian artery that branches off the aorta. LA, left atrium; LV, left ventricle;

RA, right atrium; RV, right ventricle; RL, right lung; LL, left lung; TV, tricuspid valve; MV, mitral valve; LLPA, left lung pulmonary vein; DA, descending thoracic aorta; IVS,

interventricular septum; LVOT, left ventricle outflow tract; AV, aortic valve; L-Bro, left bronchus; R-Bro, right bronchus; LPA, left pulmonary vein; RVOT, right ventricle

outflow tract; Tra, trachea; PA, pulmonary artery; AO, aorta; AA, aortic arch; SVC, superior vena cava; RSA, right subclavian artery.
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Conventional Pathologic Examination
After pm-MRI, visceral organs from fetuses terminated over
13+6 weeks were subjected to autopsies and microscopic
examinations conducted by the same senior fetal pathologist. The
pathologist was unaware of the results of the prenatal ultrasound
examinations or those of the MRI examinations. The autopsy
data were entered into a database that was separate from that used
for the MRI examinations. At the end of the study, HR Tang who
had access to all databases collated all data.

Statistical Analysis
The Statistical Product and Service Solution (version 26.0 for
Macintosh, SPSS, IBM Incorporation, Armonk, New York, USA)
was used for data analysis. Continuous variables are reported
as mean ± SD or median (range) depending on the data
distribution. Categorical variables were expressed in percentages
and frequencies.

RESULTS

A total of 82 (0.8%) fetuses were detected with abnormal cardiac
findings in the first trimester from 9,688 consecutive single
fetuses who underwent prenatal detailed FTU scan.

Except 6 cases continuing pregnancy, 22 cases terminated after
18 gestational weeks and 35 cases refusing to participate in the
study, a total of 19 fetuses were finally analyzed, including 6 cases
of AVSD, 5 cases of Tetralogy of Fallot, 3 cases of hypoplastic left
heart syndrome, 1 case of tricuspid atresia, 1 case of transposition
of the great arteries TGA, 1 case of severe tricuspid regurgitation,
and 2 cases of complex CHD. The median gestational age of TOP
was 13+4 weeks (12+6-18+0 weeks), including 4 cases between
12+0 and 13+0 weeks, 9 cases between 13+1 and 15+0 weeks,
and 6 cases between 15+1 and 18+0 weeks. Except for 4 cases
without genetic examination (refused to perform), 93.3% (14/15)
cases had abnormal genetic results by chromosomal microarray
(CMA) tests (7 cases of trisomy 18, 1 case of trisomy 21, 2 cases
of trisomy 13, 2 cases of Turner syndrome, and 2 cases of 22q11
deletion) (Table 2).

Evaluation of Cardiac Anatomy
One fetus terminated for orofacial cleft without cardiac
anomalies at 13+1 gestational weeks was recruited for MRI
exploratory scan and its cardiac structure MRI was shown
in Figure 2. It showed consecutive MRI of fetal cardiac
structure (four-chamber view of atria and ventricles, crux and
atrioventricular valves; three-vessel view of the pulmonary artery,
aorta, and superior vena cava; other structures such as branches
of pulmonary veins, left/right bronchus, and right subclavian
artery). Video corresponding to these images is available asMovie
I in the Data Supplement.

All the 19 cases underwent pm-MRI examinations successfully
and 8 of 19 cases (42.1%) terminated over 13+6 weeks were
subjected to autopsies.

In 73.7% (14/19) cases (case 3–11, 13–14, 16, 18, 19), the pm-
MRI diagnosis was consistent with the prenatal ultrasound scan
in the first trimester and a representative case of hypoplastic left
heart syndrome was shown in Figure 3.

The pm-MRI findings were inconsistent with prenatal
ultrasound scan in 15.8% (3/19) cases including 2 cases with
autopsy assessment: (a) in case 15 (Table 2), the fetus was
found severe tricuspid regurgitation but failed to yield a precise
diagnosis prenatally. The fetus was terminated at 17 gestational
weeks due to Trisomy 21 diagnosed by CVS. The pm-MRI
revealed an AVSD clearly and the autopsy confirmed the
diagnosis (Figure 4); (b) in Case 17 (Table 2), the fetus was
detected as transposition of the great arteries in FTU scan
and was terminated at 17+6 weeks of gestation for trisomy 18.
The pm-MRI showed both the aortic artery and pulmonary
artery completely arose from the right ventricle and the
autopsy confirmed the diagnosis of double-outlet right ventricle
(Figure 5). (c) in Case 1 (Table 2), pm-MRI examination of the
heart revealed malalignment ventricular septal defect instead of
AVSD detected by FTU (Figure 6).

In 10.5% (2/19) cases, pm-MRI provided additional
information: (a) in Case 2 (Table 2), the fetus was diagnosed as
AVSD and suspected of great vessels malformation prenatally.
After TOP, AVSD, and Tetralogy of Fallot were observed using
pm-MRI (Figure 7); (b) in Case 12 (Table 2), the hypoplastic
left heart was observed and coarctation of aorta was suspected
in a prenatal ultrasound scan. The fetus was terminated at 12
gestational weeks and was diagnosed with Turner syndrome
by CMA postnatally. Pm-MRI showed that the aorta diameter
was significantly smaller than the pulmonary artery (0.37 vs.
0.65mm) on the three-vessel view and the left ventricle was
smaller than the right ventricle on the four-chamber view
(Figure 8). Thus, the diagnosis of aortic coarctation was raised
by pm-MRI.

DISCUSSION

Main Findings
This study showed that it was clear to visualize fetal heart
structure in detail using 9.4-T pm-MRI with an optimized
scanning protocol. Pm-MRI had concordant findings in 73.7%
(14/19) cases, discordant findings in 15.8% (3/19) cases, and
additional findings in 10.5% (2/19) cases when compared with
prenatal ultrasound. Pm-MRI findings were concordant with
autopsy in all the 8 CHD cases terminated over 13+6 weeks.

The implementation of a detailed FTU scan has fundamentally
changed prenatal care by moving the detection of major
structural abnormalities, including cardiac abnormalities, to the
early stage of gestation. A study by Syngelaki A showed that
FTU scan in 11–13+6 weeks could diagnose all cases of tricuspid
or pulmonary atresia, more than 90% cases of hypoplastic left
heart syndrome, and AVSD (4). Our previous prospective study
also suggested the vast majority of major CHDs (83.3%) can
be detected during detailed FTU performed by experienced
sonographers (18, 19). However, there is a longstanding desire for
a postmortem reassessment of ultrasound diagnosis, especially
in certain forms of CHDs terminated in the early stage of
gestation. This study focused on postmortem assessment of
fetuses with CHD diagnosed in the first trimester. In this study,
we established a cohort based on a detailed FTU scan, which
enables us to investigate a variety of CHD cases detected in the
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FIGURE 3 | Prenatal ultrasound, postmortem MRI, and microscopic evaluation in a fetus with hypoplastic left heart syndrome terminated at 15+5 weeks of gestation,

showing the left ventricle was smaller than the right ventricle significantly and the arrows showed mitral valve atresia.

FIGURE 4 | Discordant findings of postmortem MRI and autopsy compared with prenatal ultrasound. (a) A fetus presented with severe tricuspid regurgitation on the

color Doppler imaging in the first trimester and was terminated at 17+6 weeks of gestation for Trisomy 21 (Case 15 in Table 2); (b) Four-chamber view showed the

atrioventricular septal defect (AVSD) (black arrow) on the postmortem MRI; (c) Microscopic evaluation (H&E) assessed the AVSD.

first trimester. Also, we developed the optimized protocol for pm-
MRI examination of fetal hearts with TOP ranging from 12+6 to
17+6 gestational weeks. Studies have reported different methods
of pre-scanning preparation before pm-MRI. A study by Votino
C showed that postmortem fetal tissues were frozen at −20◦C
before an MRI scan could be beneficial for cardiac imaging (12).
A study by Staicu A indicated that using 10% formalin solution
before MRI scanning is beneficial for MRI imaging (6). In order
to further improve the resolution of pm-MRI, we took out the
visceral organs including intact fetal heart and lungs and then
fixed them within 10% formalin for more than 2 weeks before
the MRI scan. Though this could compromise the integrity of
the fetus, it seems to be beneficial for improving the resolution of
pm-MRI with presenting precise cardiac anatomy because of the
complete immersion with formalin (Figure 2). Furthermore, we
conducted exploratory scans using three fetal hearts in different
gestational weeks terminated for extracardiac anomalies only.

To obtain an optimal resolution, we found setting different
parameters according to different fetal sizes before 18 weeks was
essential. Thus, we conducted the MRI scan for CHD fetuses
in different parameters according to their gestational weeks
within practicable scanning time (<20min each case) (shown in
Table 1).

The diagnosis of CHD may be missed or wrongly interpreted
in the antenatal scan, especially in the early gestational stage
(20, 21). Zidere and colleagues demonstrated that their expertise
in first-trimester diagnosis in continuing pregnancies scanned
at least 6 weeks later had a false-positive diagnosis of CHD
in 7/81 (9%) cases (22). Therefore, it was crucial to perform
a postmortem evaluation of those terminated for CHD in
the early stage. This study reported a false-positive case with
AVSD diagnosis prenatally and pm-MRI revealed features of
malalignment VSD. On the other hand, around 10% of fetuses
terminated for aneuploidies below 14 weeks were non-diagnostic
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FIGURE 5 | Discordant findings of postmortem MRI and autopsy compared with prenatal ultrasound. A fetus (Case 17 in Table 2) was detected as transposition of the

great arteries (a) and was terminated at 17+6 weeks of gestation for Trisomy 18. The postmortem MRI showed both aortic artery and pulmonary artery arose entirely

from the right ventricle with the aorta to the right and anterior to the pulmonary artery. (b,c) The autopsy confirmed the diagnosis of double-outlet right ventricle (d,e).

FIGURE 6 | Discordant findings of postmortem MRI compared with prenatal ultrasound. (a) A fetus presented with an AVSD on the four-chamber view and was

terminated at 13+0 gestational weeks (Case 1 in Table 2). Postmortem MRI showed intact atrioventricular septal (b) and left ventricle outflow tract showed

malalignment ventricular septal defect (c, black arrow).

structural anomalies on the prenatal ultrasound (23). This study
showed that 9.4-T pm-MRI could further reveal precise CHD
diagnosis (AVSD) with clear images in the fetus terminated for

Trisomy 21 with only tricuspid regurgitation on FTU (Case 15 in
Table 2). The comparatively ideal performance of high-field pm-
MRI for small fetal hearts in this study is encouraging, especially

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 January 2022 | Volume 8 | Article 764587332

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tang et al. 9.4-T pm-MRI for CHD Fetuses

FIGURE 7 | (a,b) A fetus terminated at 13+5 weeks of gestation and diagnosed as AVSD and suspected of great vessels malformation (Case 2 in Table 2); (c,d)

Post-mortem MRI showing the AVSD at the four-chamber view and an overriding aorta at left ventricle outflow tract view.

FIGURE 8 | (a,b) A fetus presented with a smaller left ventricle on the four-chamber view and a larger pulmonary artery diameter than that of the aorta (1.5 vs.

0.7mm) at the three-vessel view in the first trimester and was terminated at 12+6 weeks of gestation for Turner syndrome (Case 12 in Table 2). (c,d) Postmortem

MRI showed a normally connected heart with the crossing of the great vessels and a larger pulmonary artery diameter than that of the aorta (0.65 vs. 0.37mm).
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for those who were unavailable for conventional autopsy due to
size restrictions.

In addition, it is impossible to always give a precise diagnosis
of CHD in the early stage of pregnancy by prenatal ultrasound
(24). For those suspicious of severe CHD without a precise
diagnosis prenatally, the results of this study indicated that 9.4-
T pm-MRI could provide the sound morphological basis for
assessment of cardiac malformation terminated in the early stage.
In Cases 2 and 12 (Table 2), more diagnostic information was
provided by pm-MRI, and, therefore, a supplementation to the
diagnosis was made.

Study Limitations
Pathologic results of 11 cases in this study were not available
owing to the technical limitations of the postmortem
examination though pm-MRI provided us clear images of
the cardiac structure of these cases. Considering the study is
confined to a single center and the limited number of CHD cases,
it requires more validation studies in more centers.

CONCLUSION

This study showed that it is feasible to exhibit fetal
cardiac structure terminated in the early stage of
gestation clearly on 9.4-T pm-MRI with an optimized
scanning protocol. High-field pm-MRI could provide
imaging information for CHD fetuses, especially for those
terminated in the early stage of pregnancy limited by
conventional autopsy.
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Hospital, Chinese Academy of Medical Science and Peking Union Medical College, Beijing, China

Background: Various adverse outcomes such as mortality and rehospitalization

are associated with left ventricular non-compaction (LVNC). Due to data limitations,

prospective risk assessment for LVNC remains challenging. This study aimed to

investigate the influence of right ventricular (RV) dysfunction on the clinical outcomes of

patients with LVNC through accurate and comprehensive measurements of RV function.

Methods and Results: Overall, 117 patients with LVNC (47.6 ± 18.3 years, 34.2%

male) were enrolled, including 53 (45.3%) and 64 (54.7%) patients with and without RV

dysfunction, respectively. RV dysfunction was defined asmeeting any two of the following

criteria: (i) tricuspid annular systolic excursions <17mm, (ii) tricuspid S
′

velocity <10

cm/s, and (iii) RV fractional area change (FAC) <35%. The proportion of biventricular

involvement was significantly higher in patients with RV dysfunction than in controls

(p = 0.0155). After a follow-up period of 69.0 [33.5, 96.0] months, 18 (15.4%) patients

reached the primary endpoint (all-cause mortality), with 14 (26.4%) and 4 (6.3%) from

the RV dysfunction group and normal RV function group, respectively. The Kaplan–

Meier method and log-rank test revealed that patients with RV dysfunction had a higher

risk of all-cause mortality than those in the control group (hazard ratio [HR]: 5.132

[2.003, 13.15], p= 0.0013). Similar results were obtained for patients with left ventricular

ejection fraction (LVEF) <50% [HR, 6.582; 95% confidence interval (CI), 2.045–21.19;

p = 0.0367]. The relationship between RV dysfunction and heart failure rehospitalization

and implantation of implantable cardioverter-defibrillator (ICD)/cardiac resynchronization

therapy (CRT) was not statistically significant (both p > 0.05). The multivariable Cox

proportional hazard modeling analysis showed that RV dysfunction (HR: 4.950 [1.378,

17.783], p = 0.014) and impaired RV global longitudinal strain (RVGLS) (HR: 1.103

[1.004, 1.212], p= 0.041) were independent predictors of mortality rather than increased

RV end-diastolic area and decreased LVEF (both p > 0.05).

Conclusions: RV dysfunction is associated with the prognosis of patients with LVNC.

Keywords: right ventricular dysfunction, left ventricular non-compaction, mortality, rehospitalization, strain
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INTRODUCTION

Left ventricular non-compaction (LVNC) is a rare
cardiomyopathy that is characterized by a thin and compacted
epicardial layer, trabeculae, and deep intertrabecular recesses
in the left ventricular myocardium (1). It is associated with
asymptomatic, embolic events, and an inherent risk of malignant
arrhythmia. Furthermore, sudden death caused by LVNC
can be prevented by inserting an implantable cardioverter-
defibrillator (ICD) (2, 3). The increased awareness of LVNC
among cardiologists and improved imaging technologies have
led to a better understanding of this condition, resulting to it
being a widely recognized cardiomyopathy (4). Prospective risk
assessment of LNVC is difficult because of the wide variation in
its clinical outcomes (5–7). In addition, only a few studies have
evaluated prognostic predictors (8).

Right ventricular (RV) dysfunction occurs in a substantial
proportion of patients with LVNC (9–11). An accurate and
reproducible assessment of RV function is required to assess
the prognosis of patients; however, such an assessment remains
difficult because of limited data on patients with LVNC,
the complex shape of the RV, and a high load dependency.
Conventional parameters assessing RV function include tricuspid
annular plane systolic excursion (TAPSE), RV fractional area

change (FAC), and tricuspid S
′

velocity (12). Myocardial
functional dynamics can be assessed with good accuracy
using a 2D strain imaging technique, such as speckle-tracking
echocardiography (STE) (13). Its applicability has been extended
to RV function assessments (14) to detect early systolic functional
abnormalities during the preclinical stage (15, 16). A recent study
evaluated the role of RV function in the clinical outcomes of
LVNC and showed that the right ventricular end-diastolic area
(RVEDA) index is a strong prognostic marker that independently
predicts death or the need for heart transplantation in patients
with LVNC and indicates the prognostic value of the RV size
(6). However, the prognostic value of factors such as TAPSE
and RV FAC remain weak. Moreover, another study on 14
patients with LVNC demonstrated that RV dysfunction is a
marker of advanced LVNC and poor prognosis (11); however,
its sample size was relatively small. Considering the limited data
on RV function with prognostic values of LVNC, the current
study aimed to investigate the impact of RV dysfunction on
LVNC-related clinical outcomes by accurate and comprehensive
measurement of RV function.

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor

blocker; Cr, creatinine; CRT, cardiac resynchronization therapy; cTnI, cardiac

troponin I; DBP, diastolic blood pressure; NT-proBNP, N-terminal fragment

of pro-hormone brain natriuretic peptide; FAC, fractional area change; eGFR,

estimated glomerular filtration rate; HR, heart rate; ICD, implantable cardioverter-

defibrillator; LV, left ventricle; LVEDV, left ventricular end diastolic volume;

LVESV, left ventricular end systolic volume; LVEF, left ventricular ejection fraction;

LVGLS, left ventricular global longitudinal strain; LVNC, left ventricular non-

compaction cardiomyopathy; RV, right ventricular; RVEDA, right ventricular end

diastolic area; RVESA, right ventricular end systolic area; RVGLS, right ventricular

global longitudinal strain; SBP, systolic blood pressure; TAPSE, tricuspid annular

plane systolic excursion; 2D, two-dimensional.

METHODS

Data Source and Study Population
Patients diagnosed with LVNC at the Peking Union Medical
College Hospital based on the criteria described by Jenni (17) (a
non-compacted/compacted ratio >2.0 in end-systole) and had
at least one transthoracic echocardiography (TTE) at baseline
between January 1, 2006, to June 30, 2021, were enrolled in the
study. Patients with other cardiovascular conditions, including
ischemic cardiomyopathy, primary valvular illness, congenital
heart disease, cancer, or severe multi-system failure, and those
who could not complete the follow-up period were excluded. This
study was approved by the local ethics committee, and informed
consent was obtained from all participants. The patients were
categorized into two groups according to RV function, with RV
dysfunction defined as meeting any two of the following criteria:

(i) TAPSE <17mm, (ii) tricuspid S
′

velocity <10 cm/s, and (iii)
RV FAC <35% (Figure 1) (12, 18).

Baseline Characteristics and
Echocardiography
The clinical and demographic characteristics of the patients
were collected from chart reviews, laboratory data, and
auxiliary examinations at the time of enrollment. Baseline data,
including age, sex, systolic blood pressure (SBP), diastolic blood
pressure (DBP), heart rate (HR), and the levels of N-terminal
fragment of pro-hormone brain natriuretic peptide (NT-
proBNP), cardiac troponin I (cTnI), albumin (Alb), hemoglobin
(Hb), and creatinine (Cr) were collected. The estimated
glomerular filtration rate (eGFR) was calculated according to the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (19). Transthoracic echocardiography was performed
using commercially available equipment (Vivid 7 and Vivid
E9, GE Medical Systems, Horten, Norway). Right ventricular
involvement was diagnosed based on the criteria described by
Jenni et al. applied to the right ventricle (17). The RVEDA,

RVESA, tricuspid S
′

velocity, and TAPSE were assessed according
to current guidelines (12). RV FAC, expressed as a percentage,
was calculated as (RVEDA-RVESA)/RVEDA. LVEDV, LVESV,
and left ventricular ejection fraction (LVEF) weremeasured using
Simpson’s biplane method. Speckle tracking was automatically
validated using advanced quantification software (EchoPAC
Clinical Workstation Software, GE Healthcare) and confirmed
visually from 2D images in the apical four-chamber, two-
chamber, and three-chamber views. Global and segmental
measurements of longitudinal strain were performed by assessing
the peak longitudinal strain of the RV free wall. This was
calculated as the arithmetic mean of the strain values in the
three segments of the ventricular free wall strain obtained from
a six-segment region of interest (20, 21).

Follow-Up and Outcome Measures
The patients were regularly followed up at the outpatient
cardiomyopathy clinic. Data including current status, medication
use, and re-examination (if necessary), were obtained from
clinical visits made regularly or telephone calls to ascertain
readmission for worsening. All-cause death was assigned as
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FIGURE 1 | Speckle-tracking echocardiography images of two patients with LVNC and the same LVGLS. Patient 1 with significant RV dysfunction died of cardiogenic

shock, while patient 2 survived for long-term after treatment. Patient 1 had significant echocardiographic manifestations of RV non-compaction (A,B). His RVGLS was

−8.0% (C), TAPSE was 7mm (D), RV FAC was 24% (E), and tricuspid S′ was 0.05 m/s (F). Patient 2 only had LV echocardiography manifestations of ventricular

non-compaction (G,H). His RVGLS was −11.6% (I), TAPSE was 18mm (J), RV FAC was 47% (K), and tricuspid S
′

was 0.07 m/s (L).

the primary endpoint and recorded by chart review, telephone
contact, and inspection of electronic files for death certificates.
For patients without events, the date of the last contact
was used for survival analysis. The secondary endpoints
were re-hospitalization for cardiac reasons and ICD/cardiac
resynchronization therapy (CRT) implantation.

Statistical Analysis
One-sample Kolmogorov–Smirnov tests and histograms
were used to check the normality of the continuous data.
Continuous variables were expressed as mean ± SD (for
normally distributed variables) or median [interquartile range
(IQR)] (for non-normally distributed variables). Levene’s
test was performed to test the homogeneity of the variances.
Normally distributed variables were compared using an
unpaired t-test (homoscedasticity) or Welch’s correction (non-
homoscedasticity). Non-normally distributed variables were
compared using the Mann–Whitney U test. Categorical data
were expressed as percentages and compared using Pearson’s
χ
2-test or Fisher’s exact test, as appropriate. Survival analysis

was performed using the Kaplan-Meier method by defining the
time-to-event as the interval from the baseline to the primary
endpoint. Kaplan-Meier survival curves were compared using the

log-rank test. A univariable Cox proportional hazard model was
used to analyze the relationship between the primary endpoint
and baseline variables, such as echocardiographic parameters,
blood pressure, and serum biochemical parameters. Results were
reported as hazard ratios (HRs) with 95% confidence intervals
(CIs). Variables with p < 0.05, at the univariable analysis or
with a prior given clinical relevance were further tested using
multivariable Cox regression analysis. Statistical significance was
defined as a two-tailed p-value of < 0.05. Statistical analysis was
performed using GraphPad Prism (Version 8.4.2; GraphPad
Software Inc., USA) and SPSS (Version 24.0; SPSS Inc., Chicago,
IL, USA).

RESULTS

Baseline Characteristics and Outcomes of
All Patients
A total of 117 patients with LVNC (mean age: 47.6 ± 18.3
years, 34.2% men) were finally enrolled after excluding two
patients with a single ventricle and six with unavailable data.
The demographic and baseline characteristics of all subjects
are summarized in Table 1. The study population included
64 (54.7%) patients without RV dysfunction and 53 (45.3%)
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TABLE 1 | Characteristics and outcomes of all patients.

All patients (n = 117) RV dysfunction (n = 53) No RV dysfunction (n = 64) P-value

Sex

Men 40 (34.2) 15 (28.3) 25 (39.1) 0.2454

Women 77 (65.8) 38 (71.7) 39 (60.9)

Age (year) 47.6 ± 18.3 48.1 ± 19.7 47.2 ± 17.3 0.8146

SBP (mmHg) 116.0 ± 17.4 112.3 ± 16.6 119.2 ± 17.6 0.0437

DBP (mmHg) 72.7 ± 13.4 74.3 ± 14.2 71.4 ± 12.7 0.2806

HR (bpm) 80.0 [68.0, 91.0] 82.0 [69.3, 96.0] 78.0 [66.0, 85.5] 0.0899

cTnI (µg/l) 0.030 [0.000, 0.080] 0.034 [0.009, 0.090] 0.016 [0, 0.055] 0.1086

NT-proBNP (pg/ml) 1,818 [297, 6,064] 4,506 [1,692, 9,155] 603 [98, 2,184] <0.0001

Alb (g/L) 40.8 ± 5.7 40.8 ± 5.6 40.6 ± 5.8 0.8034

Hb (g/L) 138.3 ± 22.2 140.7 ± 19.9 135.8 ± 24.1 0.2657

Cr (µmol/l) 79.5 [66.3, 96.8] 85.0 [72.8, 100.8] 72.5 [62.3, 89.8] 0.0160

eGFR (ml/min/1.73 m2) 89.7 ± 30.1 85.1 ± 30.3 93.3 ± 29.7 0.1722

Echocardiographic parameters

LV and RV involved 35 (29.9) 22 (41.5) 13 (20.3) 0.0155

TAPSE (mm) 17.4 ± 5.2 13.3 ± 3.6 21.1 ± 3.2 <0.0001

S′ (cm/s) 8 [6, 10] 6 [5, 8] 9.6 [9.0, 11.8] <0.0001

RVEDA (cm2 ) 15.8 [13.1, 20.1] 18.6 [15.1, 25.5] 14.8 [11.6, 18.2] <0.0001

RVESA (cm2) 9.0 [6.5, 13.0] 12.3 [8.6, 18.8] 7.1 [5.3, 9.4] <0.0001

RV FAC (%) 40.8 ± 14.0 32.1 ± 12.7 49.1 ± 9.8 <0.0001

RVGLS (%) −13.5 ± 6.8 −8.8 ± 3.8 −17.8 ± 6.0 <0.0001

LVEDV (ml) 142.5 [100.8, 194.5] 170.0 [132.0, 255.5] 122.0 [85.0, 155.5] <0.0001

LVESV (ml) 87.0 [48.0, 142.0] 129.0 [83.5, 184.0] 60.0 [30.5, 100.5] <0.0001

LVEF (%) 40.4 ± 17.4 29.4 ± 13.8 50.6 ± 14.0 <0.0001

LVGLS (%) −10.2 [−14.9, −5.2] −5.3 [−9.0, −3.2] −13.9 [−19.6, −10.5] <0.0001

Follow-up time (months) 69.0 [33.5, 96.0] 49.0 [21.0, 92.0] 82.0 [42.5, 97.8] 0.0747

Heart failure medications

β-blockers 82 (70.0) 43 (81.1) 39 (61.0) 0.0251

ACE inhibitors/ARB 81 (69.2) 44 (83.0) 37 (58.7) 0.0049

Spironolactone 65 (55.6) 35 (66.0) 30 (46.9) 0.0421

Diuretics 48 (41.0) 29 (54.7) 19 (29.7) 0.0082

Digoxin 37 (31.6) 25 (47.2) 12 (18.8) 0.0013

Outcomes

All-cause death 18 (15.4) Hazard ratio: 5.132 [2.003, 13.15] 0.0013

Rehospitalization 35 (29.9) 20 (37.7) 15 (23.4) 0.1075

Implantation ICD/CRT 15 (12.8) 7 (13.2) 8 (12.5) >0.9999

Data are shown as mean ± SD or median (interquartile range) for continuous outcomes and as n (%) for categorical outcomes. P-values were based on the unpaired t-test or Mann-

Whitney test for continuous outcomes and the Pearson Chi-squared test or the Fisher exact test for categorical outcomes. ACE, angiotensin-converting enzyme; Alb, albumin; ARB,

angiotensin receptor blockers; Cr, creatinine; CRT, cardiac resynchronization therapy; cTnI, cardiac troponin I; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate;

FAC, fractional area change; Hb, hemoglobin; HR, heart rate; ICD, implantable cardioverter-defibrillator; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic

volume; LVEF, left ventricular ejection fraction; LVGLS, LV global longitudinal strain; NT-proBNP, N-terminal fragment of pro-hormone brain natriuretic peptide; RV, right ventricular;

RVEDA, right ventricular end-diastolic area; RVESA, right ventricular end systolic area; RVGLS, RV global longitudinal strain; SBP, systolic blood pressure; TAPSE, tricuspid annular plane

systolic excursion.

patients with RV dysfunction. Patients with RV dysfunction had
lower SBP than the controls (112.3 ± 16.6mmHg vs. 119.2 ±

17.6mmHg, p = 0.0437). The RV dysfunction group had higher
NT-proBNP (4,506 [1,692, 9,155]pg/ml vs. 603 [98, 2,184]pg/ml,
p < 0.0001) and Cr (85.0 [72.8, 100.8]µmol/l vs. 72.5 [62.3,
89.8]µmol/l, p = 0.0160) than the control group, and no
significant difference in the eGFR values was found between
the two groups. The baseline echocardiographic parameters
are presented in Table 1. The proportion of biventricular
involvement was significantly higher in patients with RV

dysfunction than in controls (p = 0.0155). Patients with RV
dysfunction had higher RVEDA than those in the control group
(18.6 [15.1, 25.5]cm2 vs. 14.8 [11.6, 18.2]cm2, p < 0.0001) and
significantly impaired RV global longitudinal strain (RVGLS)
(−8.8 ± 3.8% vs. −17.8 ± 6.0%, p < 0.0001). Furthermore,
the RV dysfunction group had relatively high LVEDV (170.0
[132.0, 255.5]ml vs. 122.0 [85.0, 155.5]ml, p < 0.0001), low LVEF
(29.4 ± 13.8% vs. 50.6 ± 14.0%, p < 0.0001), and impaired
LV global longitudinal strain (LVGLS) (−5.3 [−9.0, −3.2]% vs.
−13.9 [−19.6, −10.5]%, p < 0.0001). Heart failure medications,
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FIGURE 2 | Kaplan-Meier Estimates of Survival According to RV Dysfunction. The difference in survival between patients with and without RV dysfunction was

statistically significant (P = 0.0013 by the log-rank test).

including β-blockers, angiotensin-converting enzyme (ACE)
inhibitors/angiotensin receptor blockers (ARBs), spironolactone,
diuretics, and digoxin, were more frequently used during the
follow-up period in the RV dysfunction group than in the
controls (all p < 0.05).

During a median follow-up time of 69.0 months [33.5, 96.0],
18 patients (15.4%) reached the primary endpoint, including 14
(26.4%) and 4 patients (6.3%) from the RV dysfunction group
and the control group, respectively. Patients with RV dysfunction
had a higher risk of all-cause mortality than those in the control
group (HR, 5.132; 95%CI, 2.003–13.15; p= 0.0013). The Kaplan–
Meier curve is shown in Figure 2. The relationship between RV
dysfunction and heart failure rehospitalization and ICD/CRT
implantation was not statistically significant (both p > 0.05).

Adjustment for Confounding Factors
To assess the interaction of RV dysfunction with LV systolic
dysfunction on patient prognosis, baseline characteristics and
outcomes were analyzed in 72 patients with LVEF < 50%,
including 45 (62.5%) and 27 (37.5%) patients with and without
RV dysfunction, respectively (Table 2). Higher NT-proBNP
(3,070 [1,053, 7,724]pg/ml vs. 1,150 [496, 2,622]pg/ml, p =

0.0173), more biventricular involvement (44.4 vs. 7.4%, p =

0.0012), and higher RVEDA (18.6 [14.7, 24.9]cm2 vs. 15.1 [12.2,
19.3]cm2, p = 0.0191) were also found in the RV dysfunction
group than in the controls. Differences in LVEF also existed
between the two groups (27.0 [15.0, 37.0]% vs. 42.0 [32.0, 45.0]%,
p < 0.0001). However, no significant difference was found in
LVEDV (170.0 [132.5, 262.0]ml vs. 152.0 [122.0, 192.0]ml, p =

0.1395). In the LV dysfunction population, 12 patients (16.7%)
reached the primary endpoint, including 11 (24.4%) from the
RV dysfunction group and one patient (3.7%) from the control
group. The same results were observed for higher risk of all-
cause mortality (HR: 6.582; 95%CI: 2.045–21.19; p = 0.0367)
in the RV dysfunction group, and no significant difference was
observed for heart failure rehospitalization and implantation
of ICD/CRT (both P > 0.05). Furthermore, Table 3 shows the
baseline characteristics of the patients who reached the primary
endpoint compared to the rest of the population. The proportion

of RV dysfunction was significantly higher in the cardiovascular
mortality group than in the control group (77.8% vs. 39.4%,
p= 0.0039). However, the difference of LVEF (32.4 ± 18.6% vs.
41.6 ± 17.0%, p = 0.0629) and LVGLS (−6.6 [−13.0, −4.6]% vs.
−10.5 [−15.0,−5.6]%, p= 0.1939) between two groups were not
statistically significant.

Predictors of Mortality
Table 4 shows the results of Cox regression analysis of the
predictors of the primary endpoint. In the univariable analysis,
the primary endpoint was significantly predicted by increased
RVEDA, RV dysfunction, impaired RVGLS, and decreased LVEF
(all p < 0.05). However, when variables were introduced into
the multivariable Cox regression models, only RV dysfunction
(HR: 4.950 [1.378, 17.783], p= 0.014) and impaired RVGLS (HR:
1.103 [1.004, 1.212], p = 0.041) were identified as independent
predictors of mortality, whereas decreased LVEF and increased
RVEDA were not (both p > 0.05).

DISCUSSION

This study confirmed the prognostic value of RV parameters in a
relatively large population of patients with LVNC (117 patients)
over a median follow-up period of more than 5 years. RV
dysfunction is independently associated with all-cause mortality
in patients with LVNC, even after correction for LV function. The
impaired RVGLS measured by 2D strain imaging indicates early
RV systolic function abnormalities and can also predict outcomes
in patients with LVNC.

Impaired RV systolic function (defined as RVEF <35% on
cardiac MRI) was identified in 50% and 16% of the population,
respectively, in two previous researches (10, 11). In this study, RV
dysfunction was identified in 45.3% of the patients with LVNC,
which is a relatively large proportion.

Regardless of LV failure, RV dysfunction was identified as an
independent prognostic marker for LVNC, which might be due
to the following reasons.

First, a remarkable RV non-compaction manifestation may
indicate serious pathological changes in the myocardium. A
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TABLE 2 | Characteristics and outcomes of patients with LVEF <50%.

RV dysfunction

(n = 45)

No RV dysfunction

(n = 27)

P-value

Sex

Man 33 (73.3) 17 (63.0) 0.4312

Woman 12 (26.7) 10 (37.0)

Age (year) 50.2 ± 19.5 51.7 ± 15.7 0.7353

SBP (mmHg) 112.4 ± 17.5 120.5 ± 20.0 0.0910

DBP (mmHg) 74.0 ± 14.0 75.4 ± 13.4 0.6886

HR (bpm) 82.0 [70.0, 96.0] 72.0 [67.5, 81.0] 0.0398

cTnI (µg/l) 0.034 [0.007, 0.090] 0.022 [0.000, 0.085] 0.6648

NT-proBNP

(pg/ml)

3,070 [1,053, 7,724] 1,150 [496, 2,622] 0.0173

Alb (g/L) 41.2 ± 4.7 41.0 ± 6.6 0.8801

Hb (g/L) 141.7 ± 17.7 141.0 ± 23.4 0.9035

Cr (µmol/l) 86.0 [73.0, 104.0] 71.0 [59.5, 88.9] 0.0140

eGFR

(ml/min/1.73m2 )

83.2 ± 30.6 94.0 ± 30.8 0.1667

Echocardiographic parameters

LV and RV

involved

20 (44.4) 2 (7.4) 0.0012

TAPSE (mm) 13.3 ± 3.7 20.0 ± 3.0 <0.0001

S′ (cm/s) 6.0 [5.0, 8.0] 9.0 [7.8, 11.0] <0.0001

RVEDA (cm2 ) 18.6 [14.7, 24.9] 15.1 [12.2, 19.3] 0.0191

RVESA (cm2) 12.3 [8.6, 17.9] 7.9 [5.8, 12.3] 0.0003

RV FAC (%) 31.5 [23.2, 41.0] 48.0 [39.0, 57.0] <0.0001

RVGLS (%) −8.6 ± 3.8 −14.0 ± 4.2 <0.0001

LVEDV (ml) 170.0 [132.5, 262.0] 152.0 [122.0, 192.0] 0.1395

LVESV (ml) 131.0 [86.5, 198.5] 100.0 [71.0, 118.0] 0.0147

LVEF (%) 27.0 [15.0, 37.0] 42.0 [32.0, 45.0] <0.0001

LVGLS (%) −4.9 [−7.8, −3.0] −10.6 [−12.6, −8.6] <0.0001

Follow-up time

(months)

49.0 [21.0, 92.0] 51.0 [24.0, 96.0] 0.7614

Outcomes

All-cause death Hazard ratio: 6.582 [2.045, 21.19] 0.0367

Rehospitalization 17 (37.7) 8 (29.6) 0.6109

Implantation

ICD/CRT

7 (15.6) 5 (18.5) 0.7538

Data are shown as mean ± SD or median (interquartile range) for continuous outcomes

and as n (%) for categorical outcomes. P-values were based on the unpaired t-test or

Mann-Whitney test for continuous outcomes and Pearson’s χ
2-test or Fisher’s exact

test for categorical outcomes. ACE, angiotensin-converting enzyme; Alb, albumin; ARB,

angiotensin receptor blockers; Cr, creatinine; CRT, cardiac resynchronization therapy;

cTnI, cardiac troponin I; DBP, diastolic blood pressure; eGFR, estimated glomerular

filtration rate; FAC, fractional area change; Hb, hemoglobin; HR, heart rate; ICD,

implantable cardioverter-defibrillator; LVEDV, left ventricular end diastolic volume; LVESV,

left ventricular end systolic volume; LVEF, left ventricular ejection fraction; LVGLS, LV global

longitudinal strain; NT-proBNP, N-terminal fragment of pro-hormone brain natriuretic

peptide; RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right

ventricular end systolic area; RVGLS, RV global longitudinal strain; SBP, systolic blood

pressure; TAPSE, tricuspid annular plane systolic excursion.

substantial relationship between the non-compacted/compacted
ratio and changes in global ventricular function has been
reported, which may be not just in the LV (22). In our
study, morphological biventricular involvement was significantly
higher in the RV dysfunction group, accounting for 41.5%

TABLE 3 | Baseline characteristics of patients reaching the primary endpoint and

not reaching the primary endpoint.

Patients reaching the

primary endpoint

(n = 18)

Patients not reaching

the primary endpoint

(n = 99)

P-value

Sex

Man 14 (77.8) 63 (63.6) 0.2913

Woman 4 (22.2) 36 (36.4)

Age (year) 53.0 ± 16.8 46.6 ± 18.5 0.1751

SBP (mmHg) 109.5 ± 13.7 117.2 ± 17.9 0.0931

DBP (mmHg) 65.0 [58.5, 72.5] 72.0 [65.0, 80.0] 0.0464

HR (bpm) 80.0 [66.5, 94.0] 78.0 [68.0, 91.0] 0.7715

cTnI (µg/l) 0.060 [0.025, 0.245] 0.015 [0.000, 0.070] 0.0076

NT-proBNP (pg/ml) 6,185 [2,759, 13,387] 1,150 [182, 3,880] 0.0004

Alb (g/L) 41.4 ± 6.1 41.0 ± 5.7 0.5980

Hb (g/L) 148.0 [111.8, 157.3] 143.0 [121.0, 154.0] 0.9010

Cr (µmol/l) 84.5 [68.3, 110.5] 79.0 [65.8, 92.8] 0.3354

eGFR (ml/min/1.73 m2) 85.8 ± 33.4 90.5 ± 29.6 0.5445

Echocardiographic parameters

LV and RV involved 7 (38.9) 28 (28.3) 0.4064

RV dysfunction 14 (77.8) 39 (39.4) 0.0039

TAPSE (mm) 15.4 ± 4.4 17.7 ± 5.3 0.1307

S′ (cm/s) 7.0 [5.1, 8.3] 8.9 [6.8, 10.0] 0.1193

RVEDA (cm2) 19.8 [15.7, 22.3] 15.4 [12.3, 19.5] 0.0402

RVESA (cm2 ) 13.7 [10.2, 18.5] 8.5 [6.3, 12.4] 0.0048

RV FAC (%) 30.1 ± 13.0 42.5 ± 13.4 0.0017

RVGLS (%) −10.7 [−13.6, −5.9] −13.3 [−8.3, 18.5] 0.0590

LVEDV (ml) 195.0 [145.0, 275.3] 136.5 [96.5, 187.3] 0.0196

LVESV (ml) 136.0 [78.5, 238.3] 86.0 [44.0, 128.8] 0.0340

LVEF (%) 32.4 ± 18.6 41.6 ± 17.0 0.0629

LVGLS (%) −6.6 [−13.0, −4.6] −10.5 [−15.0, −5.6] 0.1939

Alb, albumin; Cr, creatinine; CRT, cardiac resynchronization therapy; cTnI, cardiac troponin

I; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FAC, fractional

area change; Hb, hemoglobin; HR, heart rate; ICD, implantable cardioverter-defibrillator;

LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end-systolic volume;

LVEF, left ventricular ejection fraction; LVGLS, LV global longitudinal strain; NT-proBNP, N-

terminal fragment of pro-hormone brain natriuretic peptide; RV, right ventricular; RVEDA,

right ventricular end-diastolic area; RVESA, right ventricular end systolic area; RVGLS, RV

global longitudinal strain; SBP, systolic blood pressure; TAPSE, tricuspid annular plane

systolic excursion. Bold values mean parameters with statistical significance and clinical

significance towards outcomes.

of cases. Along with primary myocardial disease, small
vessel “dysfunction” with impaired coronary flow reserve and
microcirculatory defects causes functional abnormalities (23).
Changes in coronary microcirculation affect the development
of myocardial fibrosis, which is associated with a poor
prognosis (24).

Second, RV dysfunction alone could be an indicator of
a poor prognosis in heart failure. Aside from pathological
changes, RV dysfunction may be secondary to severe LV failure.
In this study, low LVEF, large ventricular size, elevated NT-
proBNP, and more frequently use of heart failure medications
were observed in the RV dysfunction group. These LV
alterations can lead to RV pressure overload (pulmonary
arterial hypertension secondary to chronic pulmonary venous
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TABLE 4 | Predictors of mortality.

Univariable Multivariable

Predictors Model 1 Model 2

HR (95% Cl) P-value HR (95% Cl) P-value HR (95% Cl) P-value

LV and RV involved 1.545 [0.598, 3.988] 0.369

RVEDA per 1 cm2 increase 1.060 [1.001, 1.123] 0.046 1.028 [0.960, 1.101] 0.429 1.035 [0.965, 1.110] 0.336

TAPSE <17mm 2.817 [0.940, 8.443] 0.064

S
′

<10 cm/s 2.104 [0.471, 9.406] 0.330

RV FAC <35% 3.799 [1.314, 10.986] 0.014

RV dysfunction 5.158 [1.696, 15.691] 0.004 4.950 [1.378, 17.783] 0.014

RVGLS per 1% increase 1.104 [1.004, 1.214] 0.042 1.103 [1.004, 1.212] 0.041

LVEF per 1% increase 0.966 [0.935, 0.997] 0.032 0.991 [0.952, 1.032] 0.679 0.994 [0.942, 1.048] 0.822

3.200 [0.892, 11.484] 0.074

LVGLS per 1% increase 1.068 [0.976, 1.168] 0.154

SBP (mmHg) 0.975 [0.945, 1.006] 0.116

DBP (mmHg) 0.978 [0.942, 1.016] 0.256

cTnI (µg/l) 1.853 [1.134, 3.030] 0.014

NT-proBNP (pg/ml) 1.000 [1.000, 1.000] 0.006

Alb (g/L) 1.020 [0.940, 1.107] 0.635

Hb (g/L) 0.998 [0.978, 1.018] 0.843

eGFR (ml/min/1.73 m2) 0.995 [0.980, 1.010] 0.509

Cox proportional hazard regression analysis with univariate and multivariate models for the primary endpoint For both models, a hazard ratio >1 indicated that one category had a

higher risk of all-cause death than the reference category, and a hazard ratio <1 indicated that one category had a lower risk of all-cause death than the reference category. Alb,

albumin; Cr, creatinine; cTnI, cardiac troponin I; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FAC, fractional area change; Hb, hemoglobin; LVEDV, left

ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVGLS, LV global longitudinal strain; NT-proBNP, N-terminal fragment of prohormone brain natriuretic peptide;

RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVGLS, RV global longitudinal strain; SBP, systolic blood pressure; TAPSE, tricuspid annular plane systolic excursion.

Bold values mean parameters with statistical significance and clinical significance towards outcomes.

hypertension), ventricular interdependence associated with
septal dysfunction and limited pericardial flexibility (25,
26), neuro-hormonal interactions, and reduced RV coronary
perfusion secondary to decreased systolic driving pressure (27,
28). Further development of RV remodeling and myocardial
fibrosis (29) may lead to right heart impairment, thus forming
a vicious circle. In a previous cohort of individuals with heart
failure with preserved LVEF, significant fluid overload and lower
cardiac output were observed in the RV dysfunction subgroup
(30). This could result in severe venous congestion and lower SBP,
which allows greater requirements for vasoactive medications,
all of which contribute to not only increased mortality due to
rapid hemodynamic deterioration but also higher rates of acute
kidney injury (31, 32). Moreover, lower input (oral uptake)
due to gastrointestinal congestion might lead to difficulty in
strategies for congestion relief (including monitoring of diuretic
administration and/or improvement of organ perfusion), further
causing increased mortality (33). Indeed, RV dysfunction is a
critical determinant of prognosis in heart failure, regardless of
the degree of LV dysfunction (16, 34, 35). This was consistent
with the previous finding that decreasing RVEF is independently
associated with clinical events including heart failure and death
in LVNC, even after adjustment for LVEF (6, 9).

Third, management strategies for right heart failure remain
limited. In addition to the use of diuretics to relieve symptoms,
effective ways to improve the histological changes of the right

ventricle are lacking. Simultaneously, the influence of left heart
failure on prognosis has not been observed in this study,
mainly because of the good management of left heart failure.
Patients in the present cohort were regularly followed up in
our clinical center, and medications including β-blockers, ACE
inhibitors/ARBs, spironolactone, diuretics, and digoxin were
used following current international guidelines (36). This is the
reason why RV dysfunction was associated with mortality in
LVNC after correction of LV function, for better management of
LV dysfunction in clinical cases.

In this study, the evidence obtained for heart failure
rehospitalization and implantation of ICD/CRT was weak.
Readmissions weremainly due to worsening symptoms including
dyspnea. It is common for left-sided heart failure to receive
more clinical attention, whereas signs of systemic congestion
(such as edema) are prone to be ignored unless the condition is
severe. ICD implantation mainly targets malignant arrhythmia
to prevent sudden death. Likewise, CRT mainly indicates non-
synchronized ventricular contraction caused by the left bundle
branch block, which may not be relevant to RV dysfunction.
Additionally, few patients choose to accept device therapies for
financial reasons.

RV function is not easily obtained and is a time-consuming
procedure because of the complex geometry of the RV and the
lack of specific right-sided anatomic landmarks to be used as
reference points (12). To date, RV assessment is not as systematic
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as left heart evaluation and is prone to be ignored by clinicians.
In this study, the prognostic value of RV dysfunction in LVNC
has been highlighted, which indicates the need to emphasize
the evaluation of RV function. Moreover, RVGLS was also
found to have prognostic value since it detects subtle changes
in RV function in several populations (37, 38) and provides
early hints during the preclinical stage. In line with the current
guidelines, RV function is considered to be of general prognostic
importance in heart failure and quantitative RV assessment
appears mandatory (39).

This study has some limitations. This was a single-center
study with 117 patients with LVNC included and the right
ventricle was not optimally visualized in all cases, resulting
in missing data on RV function parameters, such as tricuspid
S′. Speckle tracking requires user experience and high-quality
images, which are not currently recommended for routine RV
assessment. Therefore, large sample-sized studies with long-term
follow-up are required to confirm this association in patients
with LVNC.

CONCLUSION

This study demonstrated that RV dysfunction is a strong
independent and incremental risk factor for all-cause mortality
in patients with LVNC. Two-dimensional strain imaging by
STE seems to be a quantitative tool for early RV systolic
function abnormalities and is associated with outcomes in
patients with LVNC. This finding may have implications for
the risk assessment of patients with LVNC, suggesting a

regular and quantitative assessment of RV function in patients
with LVNC.
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Aims: Diastolic stress testing (DST) is recommended to confirm heart failure with

preserved ejection fraction (HFpEF) in patients with exertional dyspnea, but current

algorithms do not detect all patients. We aimed to identify additional echocardiographic

markers of elevated pulmonary arterial wedge pressure during exercise (exPAWP) in

patients referred for DST.

Methods and Results: We identified candidate parameters in 22 patients referred

for exercise right heart catheterization with simultaneous echocardiography. Elevated

exPAWP (≥25 mmHg) was present in 14 patients, and was best identified by peak

septal systolic annular velocity <9.5 cm/s [exS’, area under the receiver operating

characteristic curve (AUC) 0.97, 95% confidence interval 0.92–1.0] and mean pulmonary

artery pressure/cardiac output slope ≥3.2 mmHg/L [mPAP/CO, AUC 0.88 (0.72–1.0)].

We propose a decision tree to identify patients with elevated exPAWP. Applying this

decision tree to 326 patients in an independent non-invasive DST cohort showed that

patients labeled as “high probability of HFpEF” (n= 85) had reduced peak oxygen uptake

[13.0 (10.7–15.1) mL/kg/min, p < 0.001 vs. intermediate/low probability], high H2FPEF

score [53 (40–72) %, p < 0.001 vs. intermediate/low probability], and typical clinical

characteristics. The diagnostic yield of DST increased from 11% using exercise E/e’, to

62% using the decision tree.

Conclusion: In DST for suspected HFpEF, exS’ was the most accurate

echocardiographic parameter to identify elevated PAWP. We propose a decision tree

including exS’ and mPAP/CO for interpretation of DST. Application of this decision tree

revealed typical HFpEF characteristics in patients labeled as high probability of HFpEF,

and substantially reduced the number of inconclusive results.

Keywords: exercise echocardiography, diastolic stress test, HFpEF, echocardiography, cardiac imaging,

cardiopulmonary exercise testing
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INTRODUCTION

Half of heart failure (HF) patients have a preserved ejection
fraction (HFpEF) (1). Compared to HF with reduced ejection
fraction, the diagnosis of HFpEF is often more challenging,
especially when patients are not decompensated (2). Guidelines
recommend using the combination of patient characteristics,
natriuretic peptide levels, and echocardiography at rest to make
a diagnosis of HFpEF (3, 4). However, in patients without
gross volume overload who complain from chronic dyspnea, a
diagnosis of HFpEF can be easily missed at rest, as many patients
only develop symptoms and disproportionate elevation of cardiac
filling pressures during exercise (5, 6).

Invasive hemodynamic exercise testing is considered the gold
standard to rule in or rule out HFpEF based on a pulmonary
arterial wedge pressure (PAWP) ≥25 mmHg or <25 mmHg
during symptom-limited supine exercise (exPAWP) (7). Yet,
this strategy is not broadly applied due to the invasive nature
of the technique and limited expertise. A positive diastolic
stress test (DST) in patients with an intermediate to high
pretest probability may offer a valuable alternative to confirm
the diagnosis of HFpEF, with this approach supported by a
recent consensus statement of the Heart Failure Association
of the European Society of Cardiology (8). DST refers to the
use of echocardiography to detect impaired left ventricular
(LV) diastolic functional reserve and disproportionally increased
filling pressures during exercise that can result in pulmonary
hypertension in many patients (9). Accordingly, elevated early
mitral inflow velocity over early diastolic annular velocity
(E/e’) and tricuspid regurgitation (TR) velocity during exercise
(exE/e’, exTR) are used to support a diagnosis of HFpEF (10–
12). Different algorithms have been proposed incorporating
exE/e’, exTR and/or resting echo variables (8, 10, 12). Invasive
validation has only been performed for exE/e’, of which the
positive predictive value is good at 85–93%, but the low negative
predictive value (55–77%) results in a substantial amount of false
negative tests (12).

The aim of this study was to identify additional
echocardiographic markers of elevated PAWP ≥25
mmHg, assessed by gold-standard invasive haemodynamic
exercise testing with simultaneous echocardiography and
cardiopulmonary exercise test (CPET), performed because of
unexplained exertional dyspnea. Subsequently, we aimed to
apply these echocardiographic parameters in patients referred
for non-invasive DST with simultaneous CPET.

METHODS

Study Population
We performed a retrospective analysis of patients referred to
Jessa Hospital (Hasselt, Belgium) because of exertional dyspnea
not sufficiently explained by resting examinations. We screened
patients referred from April 2017 to May 2020 (Figure 1).
We excluded healthy subjects including athletes, patients with
incomplete data, and patients with another explanation for
dyspnea: left ventricular ejection fraction (LVEF) <50%, current
atrial fibrillation, pulmonary limitation to exercise (defined as

FIGURE 1 | Study flow. We screened 1,126 unique patients who underwent

simultaneous exercise echocardiography and cardiopulmonary exercise test.

Patients who underwent subsequent exRHC (n = 22) were included in the

exRHC cohort. Patients with unexplained dyspnea were included in the DST

cohort (n = 326). We excluded healthy subjects (n = 172), patients with

incomplete data (n = 62) and patients with a baseline reason for dyspnea

(n = 544). Note that some patients had more than 1 reason for dyspnea.

Valvular heart disease was defined as more than mild valvular stenosis, more

than moderate left-sided valvular insufficiency, or previous valvular surgery.

DST, diastolic stress test; exRHC, exercise right heart catheterization; LVEF,

left ventricular ejection fraction; PAPm, mean pulmonary artery pressure.

peak ventilation >80% of maximal voluntary ventilation), E/e’
>15 at rest, hypertrophic cardiomyopathy, inducible myocardial
ischemia, pulmonary hypertension at rest, or valvular heart
disease (defined as more than mild valvular stenosis, more than
moderate left-sided valvular insufficiency, or previous valvular
surgery). Non-invasive DST was performed in all consecutive
patients (DST cohort). If non-invasive DST was inconclusive,
patients were offered invasive hemodynamic exercise testing with
simultaneous echocardiography and gas exchange measurement
(exRHC cohort). We used the exRHC cohort for derivation of the
echocardiographic variables associated with elevated PAWP. We
applied these novel variables to the DST cohort. Patients included
in the exRHC cohort were excluded from validation analyses in
the DST cohort. This study complies with the Declaration of
Helsinki and was approved by the Ethical Committee of the Jessa
Hospital. All patients provided informed consent.

Study Protocol
All patients underwent CPET with respiratory gas analysis (CS-
200, Schiller). Exercise was performed on a semi-supine bicycle
ergometer (ErgoLine) with a continuous ramp protocol aimed
for a total exercise duration of 10–12min. In all patients,
echocardiography data was simultaneously collected during 2
stage holds, at submaximal level (aerobic threshold) and at peak
exercise, as described previously (13, 14). In the exRHC cohort,
additionally a pulmonary artery catheter (Edwards Lifesciences)
was placed under fluoroscopic guidance at the catheterization
lab before start of the CPET and the right radial artery was
cannulated with a 5F arterial catheter, to obtain arterial and
mixed venous blood gas samples and measure PAWP.
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Invasive, CPET, and echocardiographic measurements
are described in detail in the Supplementary Methods. For
echocardiography, peak mitral systolic annular velocity (S’)
was measured using color tissue Doppler imaging (TDI) at
the septal mitral annulus (Supplementary Figure 1). E/e’
was also measured at the septal mitral annulus. Colloid
enhancement of the tricuspid insufficiency signal was
systematically employed to measure systolic pulmonary
artery pressure (sPAP), as previously described (15). Cardiac
output (CO) was measured using the left ventricular outflow
tract method.

Definitions and Thresholds
Elevated cardiac filling pressures were primarily defined as a
peak exercise PAWP ≥25 mmHg on invasive hemodynamic
assessment, and alternatively as PAWP/CO slope ≥2.0 mmHg/L
(5, 16). Exercise pulmonary hypertension was defined as mean
pulmonary artery pressure over CO (mPAP/CO) slope ≥3.0
mmHg/L by invasive hemodynamic assessment, and ≥3.2
mmHg/L by echocardiography, as previous studies reported
higher values on echocardiography (15).

Diagnosis of HFpEF on non-invasive DST was considered
highly probable when septal exE/e’ was ≥15 (12). As a
sensitivity analysis, we also applied the most recent American
Society of Echocardiography (ASE) and European Association
of Cardiovascular Imaging (EACVI) recommendations (high
probability when septal exE/e’ ≥15, exTR >2.8 m/s and
resting e’ <7 cm/s, low probability when septal exE/e’ <10
and exTR <2.8 m/s, inconclusive when not meeting either
criteria) (10, 11).

To evaluate the performance of the novel echocardiographic
markers of elevated exPAWP, the probability of HFpEF according
to the novel marker was compared to surrogate HFpEF
indicators: peak oxygen uptake (VO2) and logistic H2FPEF score.
The latter calculates the probability of HFpEF through clinical
and echocardiographic parameters, and has been developed using
invasive exRHC measurements (17).

Statistical Analysis and Sample Size
Calculation
Detailed methods for statistical analysis and sample size
calculations are described in the Supplementary Methods. In
summary, DST parameters were compared between patients
with elevated vs. normal exPAWP using Mann-Whitney U-
test (single measurement during DST, for example mPAP/CO
slope) or linear mixed models (repeated measurement during
DST, for example E/e’). Linear mixed models were constructed
using patient number as random factor, and exercise, elevated
exPAWP, and their interaction as fixed factors. For each DST
parameter with potential to identify elevated exPAWP, a receiver
operating characteristic curve was determined, and area under
the curve (AUC) was calculated with the trapezoidal rule.
Ninety-five percentage confidence intervals (CI) were calculated
using stratified bootstrap replicates. AUC were compared using
Delong’s test.

RESULTS

Population
We screened 1,126 patients, of whom 326 patients had
unexplained dyspnea and were included in the DST cohort, and
22 patients were subsequently referred for exRHC (Figure 1).
In the exRHC cohort, 16 patients were referred because of an
inconclusive DST (not meeting inclusion nor exclusion criteria
for HFpEF), and 6 were referred because of discrepancy between
exE/e’ and exTR on DST. Compared to the exRHC cohort,
patients in the DST cohort had a lower prevalence of coronary
artery disease, but otherwise similar baseline characteristics
(Table 1).

Derivation of Peak Exercise S’ as Surrogate
for Elevated Cardiac Filling Pressures
In the exRHC cohort, PAWP ≥25 mmHg during exercise
was recorded in 14 patients, while 8 patients had normal
exPAWP. Comparison of baseline characteristics revealed older
age, lower heart rate, more beta blocker use, and worse renal

TABLE 1 | Baseline characteristics of the study populations.

Characteristic ExRHC cohort

(n = 22)

DST cohort

(n = 326)

P-value

Age, years 65 (57–71) 66 (56–72) 0.601

Women 10 (45) 174 (53) 0.617

Heart rate, bpm 68 (62–72) 69 (63–80) 0.577

Systolic blood pressure,

mmHg

150 (127–155) 139 (124–150) 0.256

BMI, kg/m2 27.5 (26.1–30.9) 26.9 (24.0–30.0) 0.282

Past medical history

Atrial fibrillation 5 (23) 57 (17) 0.738

Coronary heart disease 8 (36) 54 (17) 0.039

Diabetes 3 (14) 40 (12) 0.999

Hypertension 11 (50) 160 (49) 0.999

Medication use

ACE inhibitor or ARB 6 (27) 89 (37) 0.520

Aldosterone antagonist 4 (18) 27 (12) 0.613

Beta blocker 11 (50) 102 (42) 0.592

Calcium antagonist 4 (18) 46 (20) 0.999

Diuretic 5 (23) 38 (17) 0.708

Nitrate 2 (9) 13 (6) 0.862

Laboratory analysis

Hemoglobin, g/dL 13.8 (12.7–15.0) 13.9 (12.9–14.8)

(n = 224)

0.181

EGFR, mg/dL 72 (67–80)

(n = 16)

76 (61–91)

(n = 198)

0.802

Continuous variables: median (IQR), P-value from Mann-Whitney U-test. Categorical

variables: no. (%), P-value from Chi-square test. ACE, angiotensin conversion enzyme;

ARB, angiotensin receptor blocker; BMI, Body mass index; EGFR, Estimated glomerular

filtration rate using CKD-EPI formula. Bold type: p < 0.05, Italic type: number of available

measurements when smaller than group size.
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function in patients with elevated exPAWP (all p < 0.05,
Supplementary Table 1).

Among echocardiographic parameters, peak exercise septal
systolic velocity (exS’), exE/e’, peak sPAP, mPAP/CO slope, peak
cardiac index, and rest LV mass index were associated with
elevated exPAWP (Figure 2; Supplementary Table 2). Among
these echocardiographic parameters, no strong correlations were
demonstrated (Supplementary Table 3).

ExS’ was the best echocardiographic parameter associated
with elevated exPAWP, with an AUC of 0.97 (CI 0.92–
1.0), compared to 0.88 (CI 0.72–1.0) for mPAP/CO slope,
0.79 (CI 0.58–0.99) for peak cardiac index, 0.76 (CI 0.55–
0.96) for exE/e’, and 0.76 (CI 0.54–0.97) for peak sPAP

(Supplementary Figure 2). ExS’ had a significantly higher AUC
compared to exE/e’ (p = 0.039) and peak sPAP (p = 0.035),
but not to mPAP/CO slope (p = 0.239) or peak cardiac index
(p= 0.099).

A threshold of exS’ <9.5 cm/s had a specificity of 88% and
sensitivity of 100% for detecting exPAWP ≥25 mmHg. ExE/e’
≥15 had a specificity of 100% and sensitivity of 50%; mPAP/CO
slope ≥3.2 mmHg/L had a specificity of 63% and sensitivity
of 85%.

As a sensitivity analysis, elevated cardiac filling pressures
were alternatively defined as PAWP/CO slope >2.0 mmHg/L.
AUC were comparable to the standard definition for exS’ (0.94,
CI 0.84–1.0), exE/e’ (0.85, CI 0.68–1.0), peak sPAP (0.72, CI

FIGURE 2 | DST parameters associated with elevated exPAWP. Results of non-invasive septal E/e’ (A), S’ (B), systolic PAP (C), cardiac index (D), and mean PAP/CO

slope (E) in the exRHC cohort at rest and peak exercise. Red: patients with elevated exPAWP (n = 14), green: patients with normal exPAWP (n = 8). P-values from

linear mixed models. *p < 0.05 in multiplicity-adjusted comparison of peak values. exPAWP, pulmonary artery wedge pressure during peak exercise; PAP; pulmonary

artery pressure.
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0.46–0.98), and mPAP/CO slope (0.72, CI 0.46–0.97), but lower
for peak cardiac index (0.44, CI 0.17–0.70).

Decision Tree for Determining Probability
of HFpEF in DST
In the exRHC cohort, 7/22 patients had a positive DST
(exE/e’ ≥15). All these patients indeed had exPAWP ≥25
mmHg. Thus, 8 patients remained with elevated exPAWP
and normal exE/e’. However, all 14 patients with elevated
exPAWP had exS’ <9.5 cm/s. A decision tree consisting
of exE/e’ in a first step and low exS’ in a second step
(Figure 3A), would successfully identify all patients with elevated
exPAWP, at the cost of 1 false positive patient (exPAWP =

23 mmHg).
Most patients with clinically relevant HFpEF exhibit

pulmonary hypertension during exercise (18). Indeed, all
patients with exS’<9.5 and PAWP ≥25 mmHg had mPAP/CO
slope ≥3.2 mmHg/L. Moreover, mPAP/CO slope was the
second best parameter in the AUC analysis. Thus, we suggest an
algorithm based on a first step assessing exE/e’, adding exS’ and
mPAP/CO slope in a second step (Figures 3A,B).

Applying the Decision Tree in the DST
Cohort
In the DST cohort, using exE/e’ ≥15 a diagnosis of HFpEF was
made in 35 out of 326 patients (11%). A total of 291 patients
(89%) remained (Figure 3B). Applying the stricter ASE/EACVI
recommendations, the majority of patients had inconclusive
results (294 patients, 90%, Supplementary Figure 3). Among
the 291 patients with normal exE/e’, 155 patients (53%)
had exS’ <9.5 cm/s, 64 patients (22%) had mPAP/CO slope
≥3.2 mmHg/L, and 50 patients (17%) had both. Also, 116
patients (40%) had normal values for both exS’ and mPAP/CO.
Most of the patients with elevated exE/e’ had abnormal exS’
(32 patients, 86%).

Applying the proposed decision tree, 166 patients (57% of
inconclusive tests) could be reclassified as “high probability of
HFpEF” or “low probability of HFpEF,” reducing the number
of inconclusive tests from 291 (89%) to 125 (43%). Patients
in the “high probability” group had a worse exercise capacity
compared to patients with intermediate or low probability: lower
peak VO2 (Figure 4A), lower peak heart rate, lower workload,
and steeper ventilation over carbon dioxide production slope
(Table 2). Patients classified as “high probability” had a higher
logistic H2FPEF score compared to patients with intermediate or
low probability, indicating high likelihood of elevated exPAWP
(Figure 4B; Table 2). Patients in the “high probability” group
were older, more frequently had atrial fibrillation, and had worse
renal function compared to patients with intermediate or low
probability (Table 2). Finally, compared to the other groups,
patients classified as “high probability” had higher resting E/e’,
higher exE/e’ and exercise sPAP, and reduced peak cardiac index
(Table 2).

Supplementary Figure 4 shows the percentage of true and
false positive tests using different DST criteria for diagnosis of
HFpEF. All current criteria show a lack of sensitivity: of patients

FIGURE 3 | Proposed decision tree for diagnosis of HFpEF on DST. (A)

Derivation of the decision tree in the exRHC cohort. Step 1: the existing

approach using exE/e’ is maintained. Step 2: exS’ and mPAP/CO slope are

determined, HFpEF is considered high probability if exS’ <9.5 cm/s and

mPAP/CO slope ≥3.2 mmHg/L, and low probability if both parameters below

these thresholds. Thus, all patients with exPAWP ≥25 mmHg are identified. A

single patient is false positive using this approach. (B) Application of the

decision tree to the non-invasive DST cohort. Of 291 patients with normal

exE/e’, 116 (40%) had exS’ >9.5 cm/s and mPAP/CO slope <3.2 mmHg/L,

we propose that probability of HFpEF is low in these patients. A total of 50

patients (17%) had low exS’ and elevated mPAP/CO slope, we propose that

probability of HFpEF is high in these patients. In the remaining 125 patients, we

propose to perform additional investigations before establishing a diagnosis of

HFpEF. CO, cardiac output; exE/e’, highest septal E/e’ recorded during

exercise; exS’, S’ at peak exercise; mPAP, mean pulmonary artery pressure.

with invasively proven HFpEF, ASE/EACVI recommendations
detected 43%, the Heart Failure Association consensus onHFpEF
21%, and exE/e’ alone 50%. The decision tree proposed in this
paper detected 100% of HFpEF patients, at the cost of 13% false
positives.
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FIGURE 4 | Performance of decision tree in the DST cohort. To evaluate the performance of the decision tree (Figure 3), the probability of HFpEF according to the

decision tree (high/intermediate/low) was compared to surrogate HFpEF indicators peak VO2 (A) and logistic H2FPEF score (B), which calculates the probability of

elevated exPAWP in percentage through clinical and echocardiographic parameters (17). Multiplicity-corrected P-values from Kruskal-Wallis test. HFpEF, heart failure

with preserved ejection fraction; Peak VO2, peak oxygen uptake, *p < 0.001 compared to low;
†
p < 0.001 compared to intermediate.

Reproducibility of DST Parameters
ExS’ was measured successfully in all patients in the exRHC
cohort, and in 315 patients (97%) in the DST cohort. ExS’ was
highly reproducible, with an interobserver agreement of 0.97
(CI 0.92–0.99). Measurement of mPAP/CO was successful in
325 patients (99%) and showed good interobserver agreement
of 0.73 (CI 0.53–0.87). In comparison, exE/e’ could be
measured in all patients and had an interobserver agreement
of 0.83 (CI 0.69–0.92). Bland-Altman plots are provided in
Supplementary Figure 5.

DISCUSSION

In this study, we established septal exS’ and mPAP/CO slope
as compelling parameters to improve identification of elevated
cardiac filling pressures in a small cohort of patients referred for
simultaneous exRHC and DST. A threshold of exS’ <9.5 cm/s
had a high sensitivity and specificity to identify exPAPW ≥25
mmHg. We propose a decision tree to diagnose HFpEF on DST,
incorporating exS’ and mPAP/CO slope. Applying this decision
tree to 326 patients with unexplained dyspnea substantially
improved the diagnostic yield of DST from 11% (using guideline
recommendations) to 57% (using the decision tree).

Current ASE/EACVI recommendations recommend the use
of exE/e’ and sPAP to diagnose HFpEF on DST (10, 11). These
recommendations are based on early studies focusing solely on
exE/e’, disregarding other possible correlates of elevated exPAWP
(19). Most of these were performed without concurrent exPAWP
measurement, and subsequent invasive validation studies showed
at most a moderate correlation between exE/e’ and PAPW (12,
20). Another limitation of the evaluation of exE/e’ relates to
the influences of increased respiratory rate and tachycardia that
occur during exercise. Hence, fusion of E/A waves and e’/a’
waves often occurs beyond heart rates of 100 bpm, thereby
compromising the accuracy of this assessment. E and e’ are
also highly load dependent, which results in a large variability

at peak exercise, when the increased respiratory rate induces
shifts in preload and afterload (21, 22). ExE/e’ has a good
positive predictive value for diagnosis of elevated exPAWP, but its
negative predictive value (55–77%) allows a substantial amount
of false negative results (12, 19).

A recent Heart Failure Association expert consensus paper
proposed DST in patients with an intermediate to high pre-
test probability of HFpEF (8). Compared to the ASE/EACVI
recommendations, the authors removed the resting echo criteria
but included a stricter cutoff of >3.4 m/s for exercise TR. In our
exRHC cohort, this approach showed reduced sensitivity for the
diagnosis of HFpEF compared to ASE/EAVCI recommendations
(Supplementary Figure 4).

It is well-accepted that patients with HFpEF not only have
impaired diastolic cardiac function, but also suffer from subtle
reductions in systolic function despite a normal LVEF (23, 24).
Measurements of longitudinal function, such as strain and strain
rate, have emerged as less afterload dependent surrogates of
systolic function, but are affected by respiratory variation in
image quality at peak exercise. In contrast, systolic velocity of
the mitral annulus (S’) can be easily obtained at peak exercise
regardless of heart rate and image quality (in 96% of patients
in our study), while showing high reproducibility. From a
mechanistic point of view, the reduction of exS’ in patients
with increased exPAWP during exercise may be explained by
decreased diastolic suction and elastic recoil resulting from a lack
of systolic functional reserve. Hence, as the capacity of the LV
to decrease its end-systolic volume during exercise is reduced,
the driving force for early diastolic suction to enable is impaired
and rapid LV filling becomes exquisitely dependent on increased
filling pressures across the mitral valve.

Other studies have previously evaluated longitudinal LV
function during exercise in HFpEF patients. Wang et al. found
reduced values of resting S’ and exS’ in HFpEF patients compared
to controls (25). ExS’ correlated well-with peak VO2 (26),
and was a significant predictor of all-cause mortality and HF
hospitalization (27).
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TABLE 2 | Clinical characteristics and measurements in DST cohort, stratified according HFpEF probability (decision tree).

High probability (n = 85) Intermediate probability (n = 125) Low probability (n = 116) P-value

Surrogate HFpEF indicators

H2FPEF score, % 53 (40–72)*
†

37 (22–54)* 28 (14–45) <0.001

Peak VO2, mL/kg/min 13.0 (10.7–15.1)*
†

16.0 (12.2–19.4)* 21.4 (17.6–25.6) <0.001

Clinical characteristic

Age, years 72 (67–78)*
†

66 (59–71)* 59 (50–66) <0.001

Women 59 (69)* 84 (67)* 31 (27) <0.001

Heart rate, bpm 68 (61–76)* 68 (64–79) 71 (65–84) 0.026

Systolic blood pressure, mmHg 144 (128–156) 139 (123–152) 135 (123–148) 0.109

BMI, kg/m2 27.3 (24.1–29.9) 26.8 (23.9–30.0) 26.8 (24.2–30.0) 0.894

Past medical history

Atrial fibrillation 23 (27)* 20 (16) 14 (12) 0.022

Coronary heart disease 14 (16) 17 (14) 23 (20) 0.441

Diabetes 10 (12) 17 (14) 13 (11) 0.868

Hypertension 56 (67)* 62 (50) 42 (36) <0.001

Laboratory analysis

Hemoglobin, g/dL 13.7 (12.6–14.6) (n = 63) 13.8 (12.9–14.6) (n = 85) 14.3 (13.0–15.2) (n = 76) 0.065

EGFR, mg/dL 65 (54–73)*
†
(n = 54) 80 (62–91)* (n = 76) 86 (72–97) (n = 68) <0.001

Echocardiography: rest

E/e’ septal, ratio 11.8 (10.0–13.3)*
†

10.0 (8.2–11.5)* 9.0 (7.5–10.5) <0.001

S’, cm/s 4.0 (3.8–5.0)* 4.5 (3.1–6.0)* 6.0 (5.0–8.0) <0.001

Systolic PAP, mmHg 22 (20–25)* 22 (19–25) 20 (18–24) 0.009

LV ejection fraction, % 63 (57–70) 62 (56–69) 62 (57–67) 0.613

Cardiac index, L/m2 2.4 (1.9–2.9) 2.4 (2.1–2.8) 2.6 (2.2–3.2) 0.048

LV mass index, g/m2 89 (70–106) 80 (65–96) 85 (64–101) 0.087

Left atrial volume index, mL/m2 24 (19–33)*
†
(n = 61) 20 (16–29)* (n = 90) 17 (12–23) (n = 96) <0.001

RVFAC, % 47 (41–55) (n = 74) 50 (42–56) (n = 101) 50 (43–57) (n = 101) 0.234

Echocardiography: peak exercise

E/e’ septal, ratio‡ 14.4 (12.2–16.7)*
†

10.7 (9.2–12.6)* 9.5 (8.3–10.8) <0.001

S’, cm/s 7.0 (5.0–8.0)*
†

8.0 (6.6–9.0)* 11.0 (10.0–13.0) <0.001

Systolic PAP, mmHg 50 (45–56)*
†

45 (40–50) 43 (40–49) <0.001

LV ejection fraction, % 68 (60–75)* 68 (62–74)* 70 (66–76) 0.009

Cardiac index, L/min/m2 4.7 (4.0–5.4)*
†

5.6 (4.8–6.3)* 6.6 (5.5–7.2) <0.001

Mean PAP/CO slope, mmHg/L/min 4.1 (3.4–5.1)*
†

2.3 (1.9–2.8)* 2.0 (1.4–2.4) <0.001

RVFAC, % 56 (48–61) (n = 73) 56 (50–62) (n = 109) 57 (50–65) (n = 101) 0.228

Cardiopulmonary exercise test

Peak heart rate, bpm 111 (97–119)*
†

121 (110–138)* 137 (122–153) <0.001

Workload, W 70 (53–85)*
†

86 (69–112)* 137 (100–161) <0.001

VE/VCO2 slope, unitless 30.8 (28.2–34.4)*
†

28.5 (25.6–31.7)* 26.6 (24.8–29.0) <0.001

CO/VO2 slope, unitless 5.3 (4.2–6.8)
†

6.4 (5.0–7.6)* 5.5 (4.5–6.7) <0.001

See Figure 3B for decision tree. Continuous variables: median (IQR), P-value from Kruskal-Wallis test. Categorical variables: no. (%), P-value from Chi-square test. BMI, Body mass

index, CO, cardiac output, EGFR, Estimated glomerular filtration rate using CKD-EPI formula, H2FPEF score, score estimating likelihood of heart failure with preserved ejection fraction

based on (17), LV, left ventricular, PAP, pulmonary artery pressure, RVFAC, right ventricular fractional area change, VE, ventilation, VCO2, carbon dioxide removal, VO2, oxygen uptake,

*p < 0.05 vs. Low probability, †p < 0.05 vs. Intermediate probability, ‡Highest septal E/e’ value obtained during entire duration of exercise. Bold type: p < 0.05, Italic type: number of

available measurements when smaller than group size.

Because each individual echo parameter has its limitations,
including exS’, we firmly believe the diagnosis of HFpEF should
not be based on a single parameter. Thus, we proposed a decision
tree incorporating several parameters. Using our proposed
decision tree (Figure 3B), 57% of patients with normal exE/e’
could be reclassified as high or low probability of HFpEF,

substantially improving the diagnostic yield of DST. In the
decision tree, we maintain exE/e’ in the first step because of
its extensive validation in multiple populations, and its high
specificity (12, 19, 28). In a next step, exS’ and mPAP/CO
slope are evaluated. HFpEF is considered high probability when
exS’ <9.5 cm/s and mPAP/CO slope ≥3.2 mmHg/L, and low
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probability when both are below these thresholds, based on
our current findings. In our opinion, an indication of exercise
pulmonary hypertension must be present for the diagnosis of
HFpEF using DST alone, because of the close pathophysiological
relation between left atrial pressure, PAWP and mPAP. We
chose mPAP/CO slope rather than sPAP, because (1) mPAP/CO
slope is more accurate in situations where peak exercise CO
is abnormal, such as in HFpEF (15), (2) mPAP/CO was the
next-to-best parameter in the AUC analysis, (3) in the exRHC
cohort all patients with exS’<9.5 cm/s and elevated exPAWP
had a mPAP/CO slope above threshold, and (4) pulmonary
vascular dysfunction is a known predictor of adverse outcomes
in HFpEF (29).

Importantly, the proposed decision tree incorporates
several aspects of HFpEF pathophysiology, including elevated
filling pressures during exercise (exE/e’, exS’), longitudinal
LV function (exS’), LV relaxation (e’) and exercise pulmonary
hypertension (mPAP/CO).

In a number of patients, exercise pulmonary hypertension
was not present, but exS’ <9.5 cm/s indicated elevated
exPAWP. This may reflect early HFpEF in patients with
relatively compliant left atrium and pulmonary vasculature,
underestimation of mPAP/CO slope on DST, or lower specificity
of exS’ in an unselected population. In these cases, other methods
can aid to establish a final diagnosis of HFpEF. The gold
standard investigation for these patients remains an exRHC,
as sPAP and mPAP/CO slope are generally underestimated on
echocardiographywhen compared to invasivemeasurement (15).

Besides the obvious clinical impact on the HFpEF diagnostic
process, our results also have implications for HFpEF clinical
trials. Inclusion criteria of HFpEF clinical trials thus far included
only echocardiography measurements at rest. An improved
diagnostic yield of DST as suggested in our results, reducing
the need for backup invasive haemodynamic exercise testing,
could pave the way for DST as inclusion criterion for HFpEF
clinical trials.

Our study results should be interpreted in the context of some
limitations. Color TDI is angle-dependent, however the use of
offline repositioning and the use of septal rather than lateral
S’ mitigated the impact of this limitation. Conventional pulse
wave TDI was used for e’ measurement. Whether using a pulse
wave TDI signal optimized for assessing S’ has equal diagnostic
capabilities, remains to be studied.

A “gold standard” to diagnose HFpEF non-invasively is
currently still lacking. As such, we used several surrogate
measures (peak VO2, logistic H2FPEF score) and supporting
features (diastolic function, typical clinical characteristics) in
the DST cohort to demonstrate differences between patients
classified as high, intermediate or low probability of HFpEF.

The absence of systematic natriuretic peptide measurement
precludes a full comparison of the findings in the DST cohort
with the HFA consensus criteria.

Due to the relatively high prevalence of coronary artery
disease in the exRHC cohort, our findings should be interpreted
with caution in other populations. None of the exRHC cohort
patients had evidence of inducible myocardial ischemia or wall
motion abnormalities in the basal inferoseptum.

Furthermore, the small sample size of the exRHC cohort
compared to the DST cohort suggests a highly selected
population. Our results should be validated in a larger
patient cohort.

We conclude that exS’ was the most accurate parameter to
identify patients with elevated cardiac filling pressures in a cohort
of patients referred for exRHC because of exertional dyspnea.
We propose a decision tree to diagnose elevated exPAWP on
DST in patients with unexplained dyspnea and LVEF ≥50%.
Applying this decision tree for the diagnosis of HFpEF on DST
substantially improved the diagnostic yield from 11% (using
exE/e’ alone) to 62% (using the decision tree). Validation in a
separate exRHC cohort is desirable before application of our
findings in clinical practice.
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1 Tianjin Key Laboratory of Ionic-Molecular Function of Cardiovascular Disease, Department of Cardiology, Tianjin Institute of

Cardiology, The Second Hospital of Tianjin Medical University, Tianjin, China, 2 School of Public Health, Tianjin Medical
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Introduction: The diagnosis of heart failure with preserved ejection fraction (HFpEF)

remains challenging. In this study, a novel echocardiography index based on

three-dimensional and tissue Doppler echocardiography for diagnosing and estimating

prognosis in HFpEF.

Materials and Methods: Patients with symptoms and/or signs of heart failure

and normal left ventricular ejection fraction (LVEF ≥50%) who underwent right heart

catheterization were screened. Patients were divided based on pulmonary capillary

wedge pressure (PCWP) of ≥15 mmHg and PCWP < 15 mmHg. A diagnosis of HFpEF

was confirmed by PCWP of ≥15 mmHg according to ESC guidelines. A novel index was

calculated by the ratio between stroke volume standardized to body surface area (SVI)

and tissue Doppler mitral annulus systolic peak velocity S’ (SVI/S’). Its diagnostic and

prognostic values were determined.

Results : A total of 104 patients (mean age 64 ± 12 years) were included. Of these,

63 had PCWP ≥15 mmHg and 41 patients had PCWP <15 mmHg. Compared to

the PCWP <15 mmHg group, the ≥15 mmHg group had a significantly lower SVI/S’

(P < 0.001). Logistic regression showed that SVI/S’ was associated with high PCWP

measured invasively. The SVI/S’ had an area under the curve of 0.761 for diagnosing

classifying between PCWP ≥15 mmHg and <15 mmHg. Kaplan–Meier analysis showed

that the lower SVI/S’ group showed a poorer prognosis.

Conclusions: SVI/S’ is a non-invasive index calculated by three-dimensional and tissue

Doppler echocardiography. It is a surrogate measure of PCWP and can be used to

diagnose and determine prognosis in HFpEF.

Keywords: heart failure with preserved ejection fraction, diagnosis, prognosis, a novel echocardiography index,

right heart catheterization

354

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.822314
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.822314&domain=pdf&date_stamp=2022-02-10
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fuhuaying@tmu.edu.cn
mailto:tjcardiol@126.com
https://doi.org/10.3389/fcvm.2022.822314
https://www.frontiersin.org/articles/10.3389/fcvm.2022.822314/full


Wang et al. New Index in Diagnosing HFpEF

INTRODUCTION

Heart failure (HF) with preserved ejection fraction (HFpEF),
previously known as diastolic heart failure, is a complex
clinical syndrome, characterized by normal or near normal
left ventricular ejection fraction (LVEF > 50%) (1). HFpEF
results from abnormalities of ventricular relaxation and reduced
ventricular compliance can lead to impairment of effective filling
in the left ventricle (LV), in turn lead to declines in stroke
volume (SV) and thus cardiac output (2). Community-based
cohort studies have found that HFpEF accounts for ∼40–50%
of incident HF cases (3, 4). The diagnosis of HFpEF requires
clinical symptoms and/or signs of HF, as well as evidence of
preserved LVEF and diastolic dysfunction (1). Echocardiography
has emerged as the most commonly used and widely available
diagnostic tool in patients with suspected HFpEF (5). A wide
variety of echocardiography parameters have been used to
assess diastolic function, including mitral valve inflow velocities
(E), mitral annular velocity (e’), ratio of early diastolic mitral
valve inflow velocity and early diastolic mitral annulus tissue
velocity (E/e’), peak velocity of tricuspid regurgitation (TR)
jet and left atrial maximum volume index (LAVI) (1, 6).
However, the sensitivity and specificity of the echocardiography
parameters for diagnosing HFpEF remains unsatisfactory (7).
As a result, the assessment of invasive hemodynamic using
cardiac catheterization continues to serve as the gold standard
for diagnosing diastolic dysfunction (8).

In this study, proposed a novel echocardiography index
based on three-dimensional echocardiography, calculated by
stroke volume standardized by the body surface area (SVI) and
tissue Doppler mitral annulus systolic peak velocity (S’), SVI/S’.
The diagnostic and prognostic value of this SVI/S’ in HFpEF
was investigated.

MATERIALS AND METHODS

Study Population
This is a prospective study. This study was registered in the
Chinese Clinical Trial Registry network (registration number:
ChiCTR1900024903). The study fully conformed to the ethical
guidelines laid down by the 1975 Declaration of Helsinki. The
study protocol was approved by the ethics committee of the
second hospital of Tianjin Medical University (2019, 010). All
patients provided written informed consent.

Consecutive patients who underwent cardiac catheterization
with an initial diagnosis of HFpEF at the Second Hospital
of Tianjin Medical University between December 2019
and June 2021 were screened. The exclusion criteria are
congenital heart disease, restrictive cardiomyopathy, constrictive
pericarditis, chronic obstructive pulmonary disease, pulmonary
embolism, idiopathic pulmonary hypertension, cardiac surgery
history and valvular disease (valve stenosis, moderate or
severe regurgitation). All enrolled patients were confirmed by
cardiologists at admission and underwent a detailed physical
examination and laboratory testing including hematologic and
biochemical variables and NT-proBNP. The initial diagnosis
of HFpEF requires clinical symptoms and/or signs of HF

and normal ejection fraction (LVEF ≥50%) by subsequent
three-dimensional transthoracic echocardiography (3D-TTE).

Definitions of Signs and Symptoms
Suggestive of Heart Failure
Typical symptoms included dyspnea, orthopnea, paroxysmal
nocturnal dyspnea, reduced exercise tolerance, fatigue, tiredness,
increased time to recover after exercise and/or ankle swelling.
The specific signs for heart failure included elevated jugular
venous pressure, hepatojugular reflux, third heart sound (gallop
rhythm) and laterally displaced apical impulse.

Transthoracic Echocardiography
Echocardiography was performed and reported by cardiologists
with advanced training in echocardiography. Images were
obtained in the left recumbent position of the patients.
The measurements were based on current guidelines for
the assessment of cardiovascular structure and function (9).
Transthoracic echocardiography was performed using a Philips
IE33 ultrasound system equipped with a X5-1 probe. Images
with at least five cycles of sinus rhythm and atrial fibrillation
(AF) (echocardiography measurements require at least five
cycles in patients with AF) were digitally stored in the
original DICOM format for offline analysis. The images were
recorded in the following standard views: parasternal long-
axis view, parasternal short-axis view, apical four-chamber view,
apical three-chamber view and apical two-chamber view. The
following parameters were determined: left ventricular end-
diastolic diameter (LVEDD), left ventricular wall thickness, LVEF,
left ventricular end-diastolic volume (LVEDV) and end-systolic
volume (LVESV), tissue Doppler mitral annulus (septal side)
systolic peak velocity (S’), left ventricular global longitudinal
strain (GLS), the ratio of early diastolic transmitral velocity to
early diastolic mitral annular tissue velocity (E/e’), the ratio of
early diastolic transmitral velocity to diastolic transmitral velocity
(E/A), left atrial diameter (LAD), left atrial volume index (LAVI),
myocardial performance index (Tei index) and tricuspid annular
plane systolic excursion (TAPSE). HFA-PEFF scores (10) were
calculated after echocardiography examination.

Three-dimensional full-volume scan was obtained from the
apical position and ensured including the whole LV structure
in the 3D full-volume image. LVEF, LVEDV, LVESV, left
ventricular stroke volume (LVSV) and left atrial volume (LAV)
were measured with 3D Auto mode (11). LVSV and LAV
were standardized to body surface area (BSA) (SVI and LAVI,
respectively). The mean values of three measurements of the
SVI/S’ were then calculated.

Right Heart Catheterization
All patients had a clinical indication for right heart
catheterization (RHC) based on heart failure guidelines (1).
RHC were performed within 24 hours after echocardiography
examination in all the patients. A 6F balloon-tipped Swan-Ganz
catheter was inserted into the median cubital vein for venous
access by Seldinger technique. A two-chamber Swan-Ganz
thermosensitive floating catheter was placed through the sheath
and sent to the superior vena cava, the right atrium, the right
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FIGURE 1 | Flowchart of study selection. HF, heart failure; LVEF, left ventricular ejection fraction; RHC, right heart catheterization; COPD, chronic obstructive

pulmonary disease; HFpEF, Heart failure with preserved ejection fraction; PCWP, pulmonary capillary wedge pressure.

ventricle, the main pulmonary artery and the right lower
pulmonary artery, then recorded the pressure at the above
points. After the Swan-Ganz floating catheter was sent to the
distal end of the pulmonary artery, the balloon was pulled up and
wedged into the pulmonary arterioles, and the mean pulmonary
capillary wedge pressure (PCWP) was measured. Catheterization
data were acquired through automated measurements on typical
pressure waveforms.

Stratification
The study was carried out using single blinding. According to
the 2016 ESC guidelines for heart failure, PCWP ≥15 mmHg
was recommended as the gold standard for HFpEF diagnosis
(1). Based on the results of right heart catheterization, the
patients were divided into two groups: HFpEF group (PCWP
≥15 mmHg) and non-HFpEF group (PCWP <15 mmHg).

Primary Outcome and Statistical Analysis
The primary outcome was a composite event of cardiovascular
death and re-hospitalization due to heart failure within 6
months of discharge. Statistical analyses were performed by using
SPSS 26 and MedCalc 19 software. Continuous variables were
expressed as mean ± SD or medians (25th−75th percentiles)
and categorical variables as numbers and percentages. Tests
for significance were conducted using the unpaired t-test or
non-parametric test (Mann–Whitney U test) for continuous
variables and the Chi-square test or Fisher’s exact test for
categorical variables. Correlation analysis was conducted using
variables that were statistically significant (P < 0.05). To identify
factors that were relevant to high PCWP (≥15 mmHg), logistic
regression analysis was then conducted with echocardiography
parameters and NT-proBNP as the independent variables and
the presence/absence of high PCWP as the dependent variable.
The optimal cut-off value of SVI/S’ for diagnosis was investigated
using a receiver-operating characteristics (ROC) analysis. The
optimum cut-off value was defined as the point combining the

highest sensitivity and specificity. The event-free survival rate was
estimated by the Kaplan–Meier method with group comparisons
made using the log-rank test. Statistical tests were performed at
95% confidence intervals and a P-value ≤0.05 was considered
statistically significant. Coefficient of variation from duplicate
measurements was used to compare stroke volumes and S’ inter-
or intro-observers.

RESULTS

Baseline Characteristics and Laboratory
Measurements
The study flowchart for subject inclusion and exclusion is shown
in Figure 1. 122 patients with typical symptoms and/or signs
of heart failure and normal ejection fraction (LVEF ≥50%)
underwent right heart catheterization examination were screened
for this study. Following the exclusion of 18 patients, 104 patients
were finally included. The study cohort had a mean age of 64
± 12 years, 57% were male, with a mean LVEF of 60 ± 7% and
mean PCWP of 18± 8 mmHg. 63 (61%) patients were identified
as having increased PCWP (≥15 mmHg; HFpEF group), with
the remaining 41 (39%) patients showing normal PCWP (<15
mmHg; non-HFpEF group).

The baseline characteristics of the two groups are summarized
in Tables 1, 2. HFpEF group showed higher BMI and higher
rates of coronary heart disease (CHD) and atrial fibrillation
(AF). There were no significant differences in age, gender, body
surface area (BSA), blood pressure, smoking, alcohol intake,
medications, the prevalence of hypertension and diabetic history.
Higher levels of NT-proBNP and percent of patients with HFA-
PEFF score in 5-6 points were observed in HFpEF group. There
was no significant difference in percent of patients with HFA-
PEFF score in 2–4 points between the two groups. There were
no significant differences in hepatic and renal function, red blood
cell distribution levels and serum lipids between the two groups.
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TABLE 1 | Clinical characteristics of patients.

Parameter Non-HFpEF (n = 41) HFpEF (n = 63) P

Baseline characteristic

Age (years) 64 ± 13 65 ± 12 0.879

Male, n (%) 18 (42.3) 36 (52.4) 0.266

BMI (kg/m2 ) 25.4 ± 3.9 26.9 ± 4.0 0.029*

BSA (m2) 1.8 ± 0.2 1.9 ± 0.2 0.102

HR (bpm) 75 ± 13 74 ± 14 0.884

SBP (mmHg) 137 ± 24 136 ± 21 0.965

DBP (mmHg) 83 ± 14 81 ± 11 0.642

Medical history

Hypertension, n (%) 34 (83.8) 48 (76.2) 0.378

CHD, n (%) 20 (48.7) 44 (69.8) 0.038*

AF, n (%) 4 (9.7) 18 (28.5) 0.025*

DM, n (%) 6 (14.6) 17 (26.9) 0.159

Smoke, n (%) 8 (19.5) 15 (23.8) 0.605

Alcohol intake, n (%) 3 (7.3) 10 (15.8) 0.195

Medications

ARB, n (%) 14 (34.1) 30 (47.6) 0.213

ACEI, n (%) 4 (9.7) 12 (19.0) 0.223

Beta-blocker, n (%) 21 (51.2) 36 (57.1) 0.679

CCB, n (%) 14 (34.1) 30 (47.6) 0.213

Diuretic, n (%) 12 (29.2) 14 (22.2) 0.350

Anti-platelet, n (%) 23 (56.1) 43 (68.3) 0.270

HFA-PEFF score, median (IQR) 2 (1–2) 3 (2–4) <0.001*

0-1, n (%) 14 (34.1) 0 (0) <0.001*

2-4, n (%) 26 (63.4) 49 (77.7) 0.146

5-6, n (%) 1 (2.4) 14 (22.2) 0.009*

ACEI, angiotensin converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin

receptor blocker; BMI, body mass index; CCB, calcium channel blocker; CHD, coronary

heart disease; DBP, diastolic blood pressure; DM, diabetes mellitus; HR, heart rate; IQR,

interquartile range; SBP, systolic blood pressure.
*P < 0.05.

Baseline Echocardiography and Right
Heart Catheterization
Compared to patients in the non-HFpEF group, those in the
HFpEF group demonstrated higher LAD, IVST, PWT, E/e’ and
LAVI, and lower LVEDD, LVEF, LVSV and lower SVI/S’. By
contrast, no significant differences in left ventricular volume,
blood flow velocity, S’, Tei index, GLS and TAPSE between
the two groups were observed (Table 3). HFpEF patients had
higher PCWP and pulmonary artery systolic pressure (PASP) in
RHC examinations.

Logistic Regression and ROC Curve
Analysis
There was a poor to moderate correlation between
echocardiography parameters, NT-proBNP, HFA-PEFF score
and PCWP (Table 4). Logistic regression analysis, E/e’ and SVI/S’
remained associated with invasively measured high PCWP (≥15
mmHg) (OR= 1.2 P = 0.037; OR= 0.3 P = 0.005, respectively).

Receiver operating characteristic (ROC) analysis was applied
using a PCWP cut-off of ≥15 mmHg. This yielded an AUC
for SVI/S’ of 0.761 (P<0.001). The cut-off value of SVI/S’ was

TABLE 2 | Laboratory parameters of patients.

Parameter Non-HFpEF (n = 26) HFpEF (n = 42) P

WBC (*109/L) 6.8 ± 1.5 7.2 ± 2.7 0.414

N (%) 68.5 ± 9.1 65.9 ± 8.2 0.155

RDW-CV 13.2 ± 1.2 13.3 ± 1.5 0.786

RDW-SD 42.7 ± 3.6 42.2 ± 6.1 0.600

Hb (g/L) 135 ± 20 132 ± 29 0.689

Plt (*109/L) 237 ± 55 215 ± 72 0.113

ALT (IU/L) 20 ± 15 22 ± 18 0.493

AST (IU/L) 18 ± 6 21 ± 12 0.248

Cr (umol/L) 89 ± 42 87 ± 36 0.779

Ur (mmol/L) 7.0 ± 2.5 6.9 ± 2.7 0.900

K+ (mmol/L) 4.2 ± 0.4 4.0 ± 0.5 0.109

Na+ (mmol/L) 142 ± 2 141 ± 3 0.244

TG (mmol/L) 1.9 ± 1.8 1.8 ± 1.2 0.881

TC (mmol/L) 4.9 ± 1.0 4.5 ± 1.1 0.110

HDLc (mmol/L) 1.2 ± 0.4 1.1 ± 0.3 0.133

LDLc (mmol/L) 3.1 ± 0.8 2.8 ± 0.8 0.099

Glu (mmol/L) 6.5 ± 2.7 6.4 ± 2.2 0.807

CK (U/L) 87 ± 51 103 ± 66 0.224

CKMB (U/L) 13 ± 10 14 ± 7 0.403

NT-proBNP (pg/ml) 154 ± 111 231 ± 171 0.016*

ALT, alanine aminotransferase; AST, aspartic transaminase; CK, creatine kinase; CKMB,

creatine kinase isoenzyme; Cr, creatinine; Glu, glucose; Hb, hemoglobin; HDLc, high

density lipoprotein cholesterol; LDLc, low density lipoprotein cholesterol; N, percent of

neutrophile granulocyte; NT-proBNP, N-terminal pro brain natriuretic peptide; PCWP,

pulmonary capillary wedge pressure; Plt, platelet; RDW-CV, red blood cell distribution

width-variable coefficient; RDW-SD, red blood cell distribution width-standard deviation;

TC, total cholesterol; TG, triglyceride; Ur, urea; WBC, white blood cell.
*P < 0.05.

4.08. The SVI/S’ cut-off value was considered for diagnosing
HFpEF with a sensitivity of 80% and a specificity of 64%. Figure 2
and Table 5 showed the ability of SVI/S’, E/e’, LAVI and NT-
proBNP to distinguish HFpEF from non-HFpEF. The AUC of
these parameters for diagnosing HFpEF were 0.761, 0.646, 0.638,
and 0.630 respectively.

There was a correlation between the HFA–PEFF score and
SVI/S’ (r = −0.326, P = 0.002). Compared with the non-HFpEF
group, lower SVI/S’ was observed in the HFpEF group (4.3 ±

1.1 vs. 3.3 ± 0.7, P < 0.001) in the patients with intermediate
HFA–PEFF score (2–4 points). With the cut-off value of 4.08, the
positive and negative predictive value of SVI/S’ for diagnosing
HFpEF in the patients with an intermediate HFA–PEFF score
(2–4 points) were 75 and 78%, respectively.

Follow-Up
A total of 84 patients finished the following up in this study, and
21 patients met the endpoints during the follow-up periods. All
21 patients were re-hospitalized due to worsening of heart failure
and no patient died from cardiovascular events. By ROC analysis,
the best cut-off value of SVI/S’ for predicting poor outcome was
<2.85 (AUC= 0.688, P= 0.021). Kaplan–Meier analysis showed
that patients with SVI/S’<2.85 had a poorer prognosis than those
with SVI/S’>2.85 (P = 0.001, Figure 3).
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TABLE 3 | Echocardiographic and invasive parameters of patients.

Parameter Non-HFpEF (n = 26) HFpEF (n = 42) P

LAD (mm) 38.8 ± 6.0 42.4 ± 6.8 0.013*

IVST (mm) 9.2 ± 1.9 10.1 ± 2.2 0.039*

PWT (mm) 9.0 ± 1.4 9.8 ± 1.9 0.040*

LVEDD (mm) 48 ± 2 45 ± 4 0.039*

LVEDV (ml) 84 ± 17 77 ± 20 0.126

LVESV (ml) 30 ± 9 32 ± 8 0.470

LVSV (ml) 53 ± 14 46 ± 13 0.012*

LVEF (%) 63 ± 7 58 ± 7 0.001*

E/A 0.9 ± 0.3 0.8 ± 0.3 0.456

E/e’ 11.6 ± 3.4 14.0 ± 5.0 0.014*

S’ (cm/s) 6.8 ± 1.5 7.2 ± 1.2 0.271

TEI 0.36 ± 0.14 0.43 ± 0.12 0.180

GLS (%) −18.5 ± 4.0 −15.9 ± 4.4 0.152

TAPSE (mm) 17.5 ± 2.9 16.9 ± 2.6 0.327

LAVI (ml/m2 ) 25.9 ± 7.9 29.5 ± 8.3 0.047*

SVI/S’ [(ml/m2 )/(cm/s)] 4.4 ± 1.2 3.4 ± 1.0 <0.001*

PASP (mmHg) 21 ± 8 29 ± 7 0.009*

PCWP (mmHg) 11 ± 3 22 ± 8 <0.001*

E/A, the ratio of early diastolic transmitral velocity to diastolic transmitral velocity; E/e’,

the ratio of early diastolic transmitral velocity to early diastolic septal myocardial velocity;

GLS, left ventricular global longitudinal strain rate; LAD, left atrium diameter; LAVI, left

atrial volume index; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular

end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-

systolic volume; LVSV, left ventricular stroke volume; IVST, interventricular septal thickness;

PASP, pulmonary artery systolic pressure; PCWP, pulmonary capillary wedge pressure;

PWT, posterior wall thickness; SVI, the ratio of body surface area standardized stroke

volume; SVI/S’, the ratio of body surface area standardized stroke volume (SVI) normalized

by tissue Doppler mitral annulus systolic peak velocity; TAPSE, tricuspid annular plane

systolic excursion.
*P < 0.05.

Feasibility and Reproducibility
Measurements of SVI/S’ could be performed in all cases. 20
patients were randomly selected from all, and the data of them
were evaluated by two independent cardiologists. Intra- and
inter-observer variability for SV and S’ was 4.71, 6.54, 4.20,
and 5.69%, respectively. SV and S’ were measured again by one
observer to verify the inter-observer agreement after an interval
of 1 month.

DISCUSSION

The main findings of this study are that the novel non-invasive
echocardiographic index, stroke volume standardized to body
surface area (SVI) divided by tissue Doppler mitral annulus
systolic peak velocity S’ (SVI/S’), can be used for both diagnosis
and determining prognosis in HFpEF.

In recent years, HFpEF has received a considerable amount of
attention from the medical community (12, 13), but its diagnosis
and prognosis remain difficult (1, 14). Patients with HFpEF are
more often women, obese and more commonly have a history of
hypertension and AF (1). According to current ESC guidelines,
the diagnosis of HFpEF requires signs and/or symptoms of heart
failure, a preserved ejection fraction and evidence of structural

TABLE 4 | Correlations between parameters and PCWP.

Parameter r p

LAD (mm) 0.300 0.004*

IVST (mm) 0.257 0.015*

PWT (mm) 0.276 0.009*

LVEDD (mm) 0.253 0.232

LVSV (ml) −0.215 0.039*

LVEF (%) −0.187 0.075

E/e’ 0.492 0.001*

LAVI (ml/m2 ) 0.556 0.001*

SVI/S’ [(ml/m2 )/(cm/s)] −0.431 0.013*

NT-proBNP (pg/ml) 0.473 0.001*

HFA-PEFF score 0.552 <0.001*

E/e’, the ratio of early diastolic transmitral velocity to early diastolic septal myocardial

velocity; LAD, left atrium diameter; IVST, interventricular septal thickness; LAVI, left atrial

volume index; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection

fraction; LVSV, left ventricular stroke volume; NT-proBNP, N-terminal pro brain natriuretic

peptide; PCWP, pulmonary capillary wedge pressure; PWT, posterior wall thickness;

SVI/S’, the ratio of body surface area standardized stroke volume (SVI) normalized by

tissue Doppler mitral annulus systolic peak velocity; TAPSE, tricuspid annular plane

systolic excursion.
*P < 0.05.

and/or functional cardiac abnormalities, indicating diastolic
dysfunction. Assessment of diastolic function can provide
valuable insight into the development and progression of HFpEF,
allowing for earlier detection and intervention (15). At present,
the gold standard is to determine intracardiac pressures with
invasive hemodynamic measurements using right and left heart
catheterization (1). Thismethod provides a wealth of information
and parameters for measuring diastolic function, which is central
to the definition of diastolic dysfunction (DD) and HFpEF.
In the present study, PCWP assessed by RHC was selected
as the gold standard for diagnosing HFpEF. However, heart
catheterization is an invasive and time-consuming procedure,
which is not appropriate as a universal approach to all patients
with suspected HFpEF (16). As a result, echocardiography has
served as the most commonly used method owing to its wide
availability and non-invasive nature (17). A wide variety of
echocardiography techniques and parameters have been used to
establish a diagnosis of heart failure and determine the EF sub-
type, which is recommended by the guide and widely accepted
in clinical practice, including E/e’ ratio, peak velocity of TR jet
and LAVI.

However, significant limitations of these echocardiographic
parameters for the assessment of diastolic function and diagnosis
of HFpEF are present. In patients withHFpEF, echocardiographic
measurements have a poor predictive value for the estimation
of invasively acquired left ventricular end-diastolic pressure
(LVEDP) and PCWP. This limitation should be taken into
account for the diagnosis and evaluation of patients with
HFpEF. The E/e’ ratio is generally accepted for estimating
increased left ventricular filling pressures and has received a
prominent position in current guidelines and recommendations
(18). The E/e’ ratio was validated in several studies against
invasively measured mean left ventricular diastolic pressure,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 February 2022 | Volume 9 | Article 822314358

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. New Index in Diagnosing HFpEF

FIGURE 2 | ROC analysis showed the SVI/S’, E/e’, LAVI and NT-proBNP

diagnosing ability. SVI/S’, the ratio of body surface area standardized stroke

volume (SVI) and tissue Doppler mitral annulus systolic peak velocity; E/e’, the

ratio of early diastolic transmitral velocity to early diastolic septal myocardial

velocity; LAVI, left atrial volume index; NT-proBNP, N-terminal pro-brain

natriuretic peptide.

PCWP and LVEDP across a variety of populations and etiologies
with varying results (9, 15). The correlation between E/e’
and PCWP in our study was moderate (r = 0.470), and
in bivariate logistic regression analysis, it was independently
associated with invasively measured high PCWP, which is
consistent with previously published results. Different results
were found in other traditional echocardiographic parameters,
including LAVI, TAPSE, and NT-proBNP. Although specific,
current recommendations show low sensitivity, identifying only
34–60% of subjects with invasively proven HFpEF based on
these traditional echocardiographic data alone (16). LVEF is
normal in patients with HFpEF, but myocardial deformation
observed by speckle-tracking echocardiography (STE) often
shows abnormalities. A recent study employing STE found
that systolic function measures such as LV global longitudinal
strain (GLS) are frequently abnormal in HFpEF patients (19).
This study shows similar results, but the impaired GLS brings
out no significance compared with non-HFpEF patients. In
the present study, while HFpEF has a higher NT-proBNP
level and the correlation between NT-proBNP and PCWP is
moderate, NT-proBNP shows no diagnostic ability from ROC
curve analysis.

In 2019, the Heart Failure Association of the European
Society of Echocardiography recommended a new stepwise
diagnostic process, the “HFA–PEFF diagnostic algorithm” (10).
The algorithm contains a diagnostic scoring system, which has
functional, morphological, and biomarker domains, including
echocardiographic measurements of cardiac structure and
function and NP levels. Within each domain, a major criterion

TABLE 5 | Receiver-operating characteristic curves for the diagnosis of HFpEF.

Parameter Sensitivity Specificity AUC 95%CI P

SVI/S’ 80% 65% 0.761 0.660–0.844 <0.001*

E/e’ 53% 71% 0.646 0.540–0.739 0.012*

LAVI 77% 50% 0.638 0.529–0.737 0.023*

NT-proBNP 59% 64% 0.630 0.524–0.727 0.025*

AUC, area under the curve; CI, confidence interval; E/e’, the ratio of early diastolic

transmitral velocity to early diastolic septal myocardial velocity; LAVI, left atrial volume

index; NT-proBNP, N-terminal pro-brain natriuretic peptide; SVI/S’, the ratio of body

surface area standardized stroke volume (SVI) normalized by tissue Doppler mitral annulus

systolic peak velocity.
*P < 0.05.

FIGURE 3 | Kaplan–Meier curves for the freedom from the primary outcome.

SVI/S’, the ratio of body surface area standardized stroke volume (SVI) and

tissue Doppler mitral annulus systolic peak velocity.

scores 2 points or a minor criterion 1 point. A total score ≥5
points is considered to be diagnostic of HFpEF, while a score
of ≤1 point is considered to make a diagnosis of HFpEF very
unlikely and to mandate investigations for alternative causes.
Patients with an intermediate score (2–4 points) need further
functional tests, such as exercise stress echocardiography or
invasive hemodynamic tests. In the present study, scores were
significantly different between the non-HFpEF group andHFpEF
group. There was a moderate correlation between the HFA–
PEFF score and PCWP. Moreover, higher HFA-PEFF scores (≥5
points) had high positive predictive value to diagnose HFpEF
(93%). Previous findings also substantiate the diagnostic validity
of the HFA-PEFF scoring systems for the identification of HFpEF
patients (20, 21). Nevertheless, the score leaves us with a rather
large group (∼72%) of patients with an intermediate likelihood
where additional testing is required, which is consistent with
recently published results (20–22).

Novel Echocardiographic Parameter,
SVI/S’
After the determination of the LVEF, evaluation of diastolic
function is crucial for the workup of HFpEF. Diastolic
dysfunction is defined as impaired myocyte relaxation or
increased wall stiffness, resulting in decreased filling and elevated
pressures during diastole (23), and further a reduced stroke
volume. Recent studies have demonstrated the decreasing of
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FIGURE 4 | SVI/S’ is the initial changing echocardiographic parameter in the

process of HFpEF. BNP, brain natriuretic peptide; E/e’, the ratio of early

diastolic transmitral velocity to early diastolic septal myocardial velocity;

HFpEF, heart failure with preserved ejection fraction; LA, left atrium; LAD, left

atrial diameter; LAVI, left atrial volume index; LV, left ventricular; SVI/S’, the

ratio of body surface area standardized stroke volume (SVI) and tissue Doppler

mitral annulus systolic peak velocity; TRV, tricuspid regurgitation velocity.

SV measured by invasive hemodynamic or echocardiography
method, despite the preserved left ventricular ejection fraction
in HFpEF patients (24, 25). SV, which can be affected by
contractility, preload and afterload, is lower in not only systolic
dysfunction but also diastolic dysfunction. This is different from
EF being reduced only when systolic dysfunction occurs. SVI,
stroke volume standardized by BSA, can accurately reflect the
change of SV in HFpEF patients. S’, a tissue Doppler parameter,
which refers to the mitral annulus systolic peak velocity during
contraction, directly reflects the left ventricular systolic function.
As mentioned above, left ventricular systolic function in HFpEF
patients is generally normal, even increased (26), so we use
the ratio of these two parameters to improve the sensitivity
of diagnosis.

As shown in Figure 4, a lack of effective filling in LV due
to diastolic dysfunction may result in the following results.
Firstly, the insufficient filling of LV leads to reductions in SV
and consequently cardiac output (2). Secondly, an increase in
LV stiffness, reflecting abnormal diffuse myocardial fibrosis, will
produce an increase in E/e’ and left ventricular mass index.
Thirdly, the increased pressure in the LV chamber can lead to
increased pressure in LA, followed by a gradual enlargement in
LAV and LAVI (23). Meanwhile, the poor pulmonary venous
return may bring about post-capillary pulmonary hypertension,
which is characterized by greater tricuspid regurgitation and
pressure gradient. In summary, decreasing SV should be the
initial change in the process of HFpEF. SVI/S’ decreasing was
more sensitive and occurred earlier than other indexes.

Therefore, we propose this echocardiographic parameter and
try to explore the value of SVI/S’ in identifying HFpEF. A
lower SVI/S’ was previously found in HFpEF patients and SVI/S’
showed better diagnostic value than traditional parameters.
Better correlations between SVI/S’ and PCWP (r = −0.435)
were found, and SVI/S’ remained independently associated with
invasively measured high PCWP by logistic regression after

multivariable adjustment. Meanwhile, ROC analysis resulted in
an AUC for SVI/S’ of 0.761 (P < 0.001), in contrast with E/e’
and LAVI (yielded 0.694 and 0.614, respectively). Notably, NT-
proBNP showed poor diagnostic ability from ROC curves (P =

0.578, P = 0.169) in the present study. Indeed, the evidence cited
in the guidelines on the diagnostic utility of NT-proBNP derives
from patients with predominantly systolic dysfunction (1). Thus,
even though the guidelines recommended, the diagnostic utility
of NT-proBNP in HFpEF patients is still conflicting (27). Further
analysis suggested a correlation between the HFA–PEFF score
and SVI/S’. Moreover, SVI/S’ may be valuable in distinguishing
HFpEF in patients with intermediate HFA–PEFF score. Thus, the
combination of the two methods may provide a more accurate
diagnosis in future research.

At present, the 2018 Chinese guideline for diagnosis and
treatment of Heart failure suggests that natriuretic peptide levels
can be used to evaluate the prognosis of HFpEF, but the value is
still controversial. Several studies show that natriuretic peptide
is mainly related to cardiac systolic function, but there is no
effective evidence that natriuretic peptide is associated with the
diastolic function (28). In addition to natriuretic peptide, C-
reactive protein, galactose lectin-3 and left atrial enlargement can
be used to predict the prognosis of HFpEF, but the predictive
accuracy is not clear (29–31). In this study, the ROC curve
of SVI/S’ for predicting the occurrence of HFpEF endpoint
events showed an AUC of 0.688, indicating that SVI/S’ could
independently predict the poor outcome. The Kaplan–Meier
analysis directly showed that the risk of events in patients with
SVI/S’ <2.85 was significantly higher than that in patients with
SVI/S’ >2.85 (P = 0.001), indicating that SVI/S’ <2.85 was a
predictor of poor prognosis.

Studies have shown that 3D echocardiography of adequate
quality can improve the quantification of LV volumes and LVEF
and has the best accuracy compared with values obtained through
CMR (32). With the more accessible 2D echocardiography, the
SV is usually obtained from the product of the left ventricular
outflow tract (LVOT) cross-sectional area (CSA, in cm2) with
the LVOT velocity–time integral (VTI) (33). The LVOT CSA is
derived from the LVOT diameter (LVOTd) using the formula
πr2 [3.1416× (LVOTd/2)2], or its equivalent (LVOTd)2 × 0.785.
For the LVOT diameter, using a similar inner edge-to-inner edge
methodology, themeasurement should bemade∼3–10mm from
the valve plane in midsystole (34, 35). The LVOT VTI is obtained
by tracing the envelope of the Doppler spectrum of LVOT systolic
flow from the apical five- or three-chamber view using pulsed-
wave Doppler (PWD), with the sample volume placed within the
LVOT, approximately at 5mm distance to the aortic valve (11).
The SV calculated with 2D mode may be more pragmatic and
useful in the daily work.

LIMITATIONS

Some limitations of this study should be acknowledged. Firstly,
our study was performed in a single-center, and the size
of the study population was relatively small. Secondly, right
heart catheterizations and echocardiography were not performed
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simultaneously may have a potential impact on the results.
Moreover, S’ was calculated on the septal side instead of the mean
of the lateral and the septal side tissue Doppler velocity. Finally,
right heart catheterizations were performed in rest and stressed
RHC data were not available.

CONCLUSIONS

SVI/S’ is a non-invasive index calculated by three-dimensional
and tissue Doppler echocardiography. It is a surrogate measure
of PCWP and can be used to diagnose and determine prognosis
in HFpEF.
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Heart failure with preserved ejection fraction (HFpEF) is a syndrome defined by the

presence of heart failure symptoms and increased levels of circulating natriuretic peptide

(NP) in patients with preserved left ventricular ejection fraction and various degrees of

diastolic dysfunction (DD). HFpEF is a complex condition that encompasses a wide

range of different etiologies. Cardiovascular imaging plays a pivotal role in diagnosing

HFpEF, in identifying specific underlying etiologies, in prognostic stratification, and in

therapeutic individualization. Echocardiography is the first line imaging modality with

its wide availability; it has high spatial and temporal resolution and can reliably assess

systolic and diastolic function. Cardiovascular magnetic resonance (CMR) is the gold

standard for cardiac morphology and function assessment, and has superior contrast

resolution to look in depth into tissue changes and help to identify specific HFpEF

etiologies. Differently, the most important role of nuclear imaging [i.e., planar scintigraphy

and/or single photon emission CT (SPECT)] consists in the screening and diagnosis

of cardiac transthyretin amyloidosis (ATTR) in patients with HFpEF. Cardiac CT can

accurately evaluate coronary artery disease both from an anatomical and functional

point of view, but tissue characterization methods have also been developed. The aim

of this review is to critically summarize the current uses and future perspectives of

echocardiography, nuclear imaging, CT, and CMR in patients with HFpEF.

Keywords: HFpEF, heart failure, multimodality imaging, diastolic function, echocardiography, cardiovascular

magnetic resonance, nuclear imaging, cardiovascular computed tomography

INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is diagnosed by identifying the HF
symptoms (e.g., breathlessness, ankle swelling, and fatigue) and signs (e.g., pulmonary crackles
and peripheral edema) in patients with left ventricular ejection fraction (LVEF) ≥ 50%, increased
plasma natriuretic peptide (NP) levels, and specific structural alterations or diastolic dysfunction
(DD) (1). Diagnosing HFpEF is essential because it represents≥ 50% of HF cases and it is the most
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common form of HF in patients aged ≥ 65 years (2). Since
the increased life expectancy and the increased prevalence of
obesity and diabetes, it is expected to be the most prevalent
form of HF in the next few years (3). Epidemiological data
revealed that the prevalence of HFpEF relative to heart failure
with reduced ejection fraction (HFrEF) is increasing at a rate
of 1% per year. More often, the patients affected by HFpEF
are women and older with risk factors and comorbidities
(such as obesity, hypertension, diabetes, chronic kidney disease,
and chronic obstructive pulmonary disease) (4, 5). HFpEF
is associated with an adverse prognosis, similar to that of
HFrEF (6). Together with clinical examination and plasma NP
sampling, cardiovascular imaging plays a pivotal role in HFpEF
diagnosis. However, cardiovascular imaging utility is not limited
to HFpEF diagnosis only. As HFpEF is a complex syndrome that
encompasses a wide range of different etiologies, cardiovascular
imaging can be helpful in identifying specific HFpEF causes
and therefore in tailoring specific therapies. Furthermore, data
obtained from different imaging modalities can also be used to
guide prognosis stratification.

DEFINITION AND ETIOLOGY OF HFpEF

Heart failure with preserved ejection fraction has been defined
by the European Society of Cardiology (ESC) as a clinical entity
marked by classic signs and symptoms of HF, elevated NP, and
preserved LVEF (≥50%), with evidence of DD or structural
heart disease (1). The diagnosis of HFpEF is challenging per
se and this is especially true when concomitant diseases are
present, for instance, atrial fibrillation (AF), where patients
often present with higher NP (7). In these conditions, it is
reasonable to use different N-terminal-pro brain natriuretic
peptide (NT-proBNP) or BNP levels cutoff for diagnosing
HFpEF according to the presence of sinus rhythm (with
lower cutoffs) or AF (higher cutoffs). Furthermore, some
morphologic parameters are modified in AF as compared
with sinus rhythm, for instance, left atrium volume index
(LAVI) is increased and functional parameters inherent DD
are less well-established (8). In parallel, AF represents a
worsening condition and patients with HFpEF usually have more
severe HF symptoms compared with patients with HFpEF and
sinus rhythm.

Actually, numerous studies have reported an intrinsic
limitation of LVEF in assessing LV systolic function since it
represents an imperfectmarker due to various reasons (geometric
assumptions, significant left ventricular hypertrophy, marked
reduced longitudinal contraction with preserved LVFE, etc.). It
seems that strain measurements reflect systolic function better
than EF as demonstrated in numerous study populations, where
a significant reduction in left ventricular global longitudinal
strain (GLS) did not match with a corresponding reduction
of LVEF (9). The significant reduction of GLS could be
compensated by a small increase of global circumferential
strain (GCS) or wall thickness or reduced diameter, so GCS
may contribute more than twice as much to EF than GLS.
Moreover, although reduction occurs in both longitudinal and

circumferential shortening, the increased wall thickness or
reduced diameter of the ventricles can maintain a preserved
EF. Therefore, on the one hand, LVEF plays a key role in
the management of almost any patients and its availability and
reproducibility are unrivaled, and on the other hand, we know
that EF alone is insufficient to identify and/or phenotype a
disease (10, 11).

Heart failure with preserved ejection fraction usually
represents a clinical syndrome resulting from a combination of
multiple risk factors and comorbidities, comprising female
sex, older, obesity, diabetes mellitus, systemic arterial
hypertension, renal dysfunction, sleep disorders, chronic
obstructive pulmonary disease (COPD), and anemia (2, 4, 5, 12).
Compared with patients with HFrEF, patients with HFpEF have
significantly higher blood pressure, lower resting heart rate,
and lower levels of potassium in the plasma (13). However, it
is important to underline that an older patient may present
signs and symptoms typical of HFpEF along with elevated NP
levels, but he/she may not be affected by HFpEF (14). It is of
pivotal relevance to differentiate these two conditions and two
scores, discussed later, which have been recently studied to help
in diagnosing HFpEF. Notably, also aging is characterized by
certain alterations in echocardiography. For instance, a decrease
of LA reservoir and conduit strain are the first changes that can
be found in healthy aging, followed by an impairment of LV
GLS. Right ventricular (RV) strain and aging, instead, have no
independent association.

The etiology and correlated pathophysiologic mechanisms
underlying HF are different considering the two forms at reduced
and preserved EF. It was shown that the pathophysiology
of HFpEF goes far beyond DD and the essence of the
pathophysiology of HFpEF is an increase of left ventricle (LV)
filling pressure (15). To sum up, diastolic disfunction does not
equal HFpEF. Indeed, diastolic disfunction due to aging in the
absence of signs and symptoms of HF cannot be defined as a
pathological condition; on the other hand, in a patient with signs
and/or symptoms of HF, it is necessary to identify sufficient
structural heart disease that can explain the clinical context to
diagnose HFpEF.

Taken together, cardiovascular pathophysiological processes
include increased systemic vascular resistance, increased conduit
arterial stiffness, abnormal ventricular-arterial coupling, reduced
LV long-axis systolic function, slowed early diastolic relaxation,
reduced LV compliance with increased end-diastolic stiffness,
reduced LA reservoir and contractile function, impaired RV
function, and chronotropic incompetence (16–20). Moreover,
coronary flow reserve (CFR) seems to predict the development
of systolic and diastolic HF. CFR is dependent on the combined
effects of epicardial coronary stenosis and microvascular
dysfunction. In the absence of obstructive coronary artery
stenosis, an impaired CFR reflects the presence of microvascular
dysfunction. The CFR can be assessed in the left anterior
descending artery by transthoracic Doppler echocardiography in
a non-invasive and physiological way. So, the development of
systolic and diastolic HF can be predicted by a lower CFR value
with excellent sensitivity and specificity (21). It seems that the
coronary microvascular abnormalities occur even in the early
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stage of the disease when LV contractility is preserved. Similarly,
impaired coronary microcirculation and LV diastolic disfunction
share the same pathogenic mechanisms [e.g., LV hypertrophy,
insulin resistance, disorders of the sympathetic nervous system
(SNS), etc.] and, in the end, they are linked by a close relationship.

The pathophysiological phenotype prevailing in the patient
affected by HFpEF should be always established, considering that
it may allow the prescription of specific therapies.

Specific etiologies underlying HFpEF-like syndromes could be
classified in abnormalities of the myocardium and abnormalities
of loading conditions. The first group can include ischemic
disease (such as myocardial postinfarction and myocardial
stunning), toxic conditions (such as recreational substance
abuse, heavy metals, medications, and radiations), immune
and inflammatory disease (related or not to infection, such
as myocarditis and chronic inflammatory cardiomyopathy),
infiltrative conditions (related or not to malignancy), metabolic
pathologies (hormonal or nutritional), and genetic conditions
(such as hypertrophic cardiomyopathy [HCM], restrictive
cardiomyopathies, or early forms of muscular dystrophies) (22–
27). The second group can include primary or secondary forms
of arterial hypertension, acquired or congenital valvular
and structural defects, pericardial and endomyocardial
pathologies, high output states (such as severe anemia or sepsis),
volume overload, and rhythm disorders (e.g., atrial/ventricular
arrhythmias, pacing, and conduction disorders). They should
always be considered once a diagnosis of HFpEF has been made
(28, 29).

In summary, while different specific etiologies could lead
to HFpEF, the most common risk factors and specific causes
for HFpEF are moderate-to-severe non-controlled arterial
hypertension, moderate-to-severe non-controlled diabetes
mellitus, permanent AF, history or presence of severe coronary
artery disease (CAD), and to a lesser extent, transthyretin
amyloidosis (ATTR), respectively.

Recently, a phenotype-oriented approach to HFpEF has been
proposed. Four main clinical phenotypes have been identified
(aging, obesity, pulmonary hypertension, and CAD phenotype).
This classification may help the management of these patients
since every group implies a different therapeutical pathway (30).

DIAGNOSIS OF HFpEF

Due to the diagnostic complexity of HFpEF, some algorithms
were built up in the recent past aiming to establish a probability
of HFpEF diagnosis suited for each patient (31–34). In 2018,
Reddy et al. developed the H2FPEF score, which is a weighted
scoring system that uses six simple clinical characteristics and
conventional echocardiographic information (35). One year later,
a consensus recommendation from the Heart Failure Association
(HFA) of the ESC was published containing a new diagnostic
algorithm for HFpEF (36). This proposed score, named HFA-
PEFF score, relies on four diagnostic steps and embraces recently
validated functional and structural parameters together with NP
assessment in a so precise fashion that confirmation or exclusion
of HFpEF at the end of algorithm is highly reliable (Table 1).

After initial anamnestic and clinical overview of the patient, the
path of the algorithm leads to consider precise measurements by
echocardiography together with NP values. Further diagnostic
tools, such as cardiac magnetic resonance (CMR), cardiac CT
(CCT), nuclear or other invasive diagnostics, are mainly taken in
consideration in case of path clinically inconclusive (Figure 1).
Figure 2 summarizes the strengths and limits of each cardiac
imaging modality, and their key applications in the diagnosis of
HFpEF, as detailed in the next sections.

According to the first step of HFA-PEFF score, an initial
evaluation should be performed in any patient who presents
with symptoms and/or signs compatible with a diagnosis of HF
[New York Heart Association functional classification (NYHA)
Class II or III, orthopnea, reduced exercise capacity and fatigue,
peripheral edema]. During this step, a detailed clinical and
demographic history and standard diagnostic should be done.
Among those, echocardiography should be used to measure
LVEF (from biplane or three-dimensional images, not estimated)
and LV diameters and volumes and a diagnosis of HFpEF is
likely if there is a non-dilated LV with normal EF, concentric
remodeling or LVH, and LA enlargement. Blood tests should
include NP measurement, and elevated levels suggest heart
disease despite normal levels do not exclude diagnosis of
HFpEF. A standard exercise stress test can be included in the
etiological workup to identify myocardial ischemia, abnormal
blood pressure response to exercise, chronotropic incompetence,
or supraventricular and ventricular arrhythmias.

Once step 1 is positive, the usefulness of step 2 consists in
confirmation or exclusion of HFpEF diagnosis and this is why
highly detailed echocardiographic measurements are warranted.
The complexity of the algorithm is due to the limited accuracy
of each echocardiographic parameter so that a combination
of functional and morphological measurements and biomarker
levels is able to profile a correct diagnostic classification.
Importantly, each diagnostic cutoff depends on specific variables,
such as age, gender, body weight, and renal function, and
in case of AF, this variability is so relevant that different
values need to be explicated and weighted. According to the
severity of an abnormality, it is recommended as the distinction
between major and minor diagnostic criteria, characterized by a
higher specificity and sensitivity, respectively. Finally, the only
biomarker considered in HFA-PEFF score is represented by NT-
proBNP, which has a different weight in the score according to
the cutoff values in sinus rhythm and AF. Definitive cutoffs to
diagnose HFpEF in patients with synus rhythm (SR) or in AF are
not well-established, and trials have used different values (37, 38).
In the setting of screening, average NPs have been reported to be
3–3.5 fold higher in patients with AF than in patients with SR
(8, 39).

In a sequential logic, an uncertain diagnostic definition of
HFpEF after a morphological evaluation leads to functional
analysis aiming to elucidate the presence or not of HF after the
applications of stress tests. Exercise echocardiography represents
the first choice followed by invasive hemodynamic approach
(right heart catheterization at rest or during exercise) when
inconclusive or not feasible. If hemodynamic abnormalities
such as reduced stroke volume, reduced cardiac output
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TABLE 1 | HFA-PEFF score.

Step 1: Initial overview

• Comorbidities and risk factors

• Symptoms and/or signs of HF

• Rule out other cardiac/non cardiac causes

• Standard diagnostic tests: ECG, standard

echocardiography, natriuretic peptides,

ergometry, 6-MWT, Cardiopulmonary

exercise testing








y

Results suggestive of HFpEF

Step 2: Echocardiographic and biomarker scoring

Functional domain:

Major:

• septal e’ < 7 cm/s or

• lateral e’ < 10 cm/s or

• average E/e’ ≥ 15 or

• TR velocity > 2.8 m/s (PASP > 35 mmHg)

Morphological domain:

Major:

- LAVI > 34 ml/m2 in sinus rhythm or

- LAVI > 40 ml/m2 in atrial fibrillation or

- LVMI ≥ 149/122 g/m2 (M/W) and RWT > 0,42

Biomarker domain:

Major:

- NT-proBNP > 220 pg/ml or BNP > 80 pg/ml in

sinus rhythm

- NT-proBNP > 660 pg/ml or BNP > 240 pg/ml in

atrial fibrillation

Minor:

- Average E/e’ 9–14 or

- GLS < 16%

Minor:

- LAVI 29–34 ml/m2 in sinus rhythm or

- LAVI 34–40 ml/m2 in atrial fibrillation or

- LVMI > 115/95 g/m2 (M/W) or

- RWT > 0,42 or

- LV wall thickness ≥ 12 mm

Minor:

- NT-proBNP 125–220 pg/ml or BNP 35–80 pg/ml

in sinus rhythm

- NT-proBNP 365–660 pg/ml or BNP 105–240

pg/ml in atrial fibrillation

Major and Minor criteria are scored with 2 and 1 points, respectively. Points are added only when they come from different domains.

≥5 points: definite diagnosis of HFpEF

2–4 points: uncertain diagnosis of HFpEF

Step 3: Functional testing in Case of Uncertainty

Diastolic echo stress test:

- Average E/e’ ≥ 15: 2 points

- Average E/e’ ≥ 15 and TR velocity > 3.4 m/s:

3 points

If Echo inconclusive, perform invasive

haemodynamic measurements

(right heart catheterization at rest or during exercise)

If Step (2) + Step (3) ≥ 5 points -> definite diagnosis of HFpEF

Step 4: Final etiology

Cardiovascular Magnetic Resonance

Scintigraphy / CT / PET

Cardiac or Non-Cardiac Biopsies

Genetic testing

Specific Laboratory Tests

The table shows the proposed score that relies on four diagnostic steps and embraces validated functional and structural parameters together with natriuretic peptides assessment

leading the confirmation or exclusion of HFpEF.

HF, heart failure; ECG, electrocardiogram; 6-MWT, 6-minute walking test; HFpEF, heart failure preserved ejection fraction; TR, tricuspid valve; PASP, pulmonary artery systolic pressure;

GLS, global longitudinal strain; LAVI, left atrium volume index; LVMI, left ventricle mass index; RWT, right wall thickness; NT-proBNP, Nterminal-pro Brain Natriuretic Peptide; CT, computed

tomography; PET, positron emission tomography [modified from Pieske et al. (36)].

(CO), and elevated LV filling pressures are detected either
at rest [left ventricular end-diastolic pressure ≥ 16 mmHg,
pulmonary capillary wedge pressure (PCWP) ≥ 15 mmHg
at rest] or during exercise, it is possible to confirm that
the symptoms complained by the patients originate from
the heart (32, 40, 41). The last step of HFA-ESC algorithm
is designed to identify a specific etiology, if appropriate,
once HFpEF has been diagnosed. Indeed, the possibility to
recognize a specific underlying etiology has to be considered for
therapeutic purposes. This goal may be achieved by different

diagnostic approach, such as CMR, CCT, or nuclear techniques,
depending on specific cases, other than local availability
and expertise.

The HFA-PEFF algorithm andH2FPEF score are surely useful
tool in the diagnosis of HFpEF, since the high-likelihood cutoff
of either score are quite accurate to diagnose this syndrome.
However, the diagnostic uncertainty in HFpEF implies that some
patients may be differently classified depending on which score
we apply. AF and body mass index (BMI) seem to represent the
main players of the discrepancy between the scores (42).
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FIGURE 1 | A 71-year-old male patient complained dyspnea on mild effort, fatigue, and lower limb edemas, 7 years before he was diagnosed with AL amyloidosis.

More recently, he was subjected to implantation of bicameral pacemaker and after that he presented persistent atrial fibrillation. ECG showed atrial fibrillation with a

ventricular paced rhythm (mean ventricular rate: 75 bpm) and low-voltage QRS complexes in limb leads. So, according to the proposed Heart Failure Association

(HFA) algorithm, the pretest assessment resulted suggestive of heart failure with preserved ejection fraction (HFpEF). 2D transthoracic echocardiography (TTE) apical

4-chamber view showed significant thickening of the both ventricles (ventricular septum wall thickness = 14mm, LV posterior wall thickness = 16mm, right wall

thickness (RWT) = 0.83, left ventricle mass indexed (LVMi) = 150 g/m2 ), biatrial enlargement [left atrium volume index (LAVI) = 40 mL/m2 ], and thickening of

atrioventricular valves. 2D TTE showed preserved systolic function of left ventricle assessed by biplane Simpson’s method [left ventricular ejection fraction (LVEF)

55%]. 2D TTE apical 4-chamber view with pulsed wave Doppler showed peak E velocity equal to 93 cm/s. 2D TTE tissue Doppler imaging (TDI) showed reduced

septal mitral annular peak early diastolic velocity e’ (3.4 cm/s) and reduced lateral mitral annular peak early diastolic velocity e’ (3.6 cm/s), with a E/e’ ratio equal to

26.6. Color Doppler assessment showed mild tricuspid regurgitation with TRV equal to 2.5 m/s. Blood tests showed NT-proBNP equals to 3,251 pg/mL. The

Echocardiographic and Natriuretic Peptide Score (Step 2 of the proposed HFA Algorithm) is equal to 6: in the functional domain, the patient scores 2 points (major

criterion: septal e’ < 7 cm/s, lateral e’ < 10 cm/s, average E/e’ ≥ 15), in the morphological domain, he scores 2 points (major criterion: LVMI ≥ 149 g/m2 in males and

RWT > 0,42; minor criterion: LAVI between 34 and 40 mL/m2, LV wall thickness ≥ 12mm) and he achieves the major criterion related to NT-proBNP (>660 pg/ml in

atrial fibrillation), so further 2 points can be added to the total amount. In conclusion, the diagnosis of HFpEF can be confirmed.

Since the diagnostic performance of both H2FPEF score
and HFA-PEFF algorithm has varied and the additional tests
recommended in case of uncertainty are not widely available
except in specialized centers, none of the abovementioned
scores have been recommended in the 2021 ESC HF guidelines,
which contain the latest recommendations on this topic (1,
43, 44). So, the current guidelines recommend a simplified
approach, instead of using a diagnostic score, leaving the
HFA-PEFF diagnostic algorithm to those who have access
to expertise. Cardiopulmonary exercise testing, exercise stress
testing, and invasive hemodynamic testing still represent
additional confirmatory evaluation (Table 2).

Recently, the European Association of Cardiovascular
Imaging (EACVI) has published an expert consensus document
about the importance of multimodality imaging in patients
affected by HFpEF, since it can be very helpful to determine
specific etiologies (45, 46). CAD, HCM, cardiac amyloidosis,
Fabry disease, and sarcoidosis are the main identified etiologies
of patients with HFpEF, and it is important to highlight in these
setting, the possibility of prescribing established and specific
therapies. Echocardiography plays a central role, and it can be
sufficient for a conclusive diagnosis in case of cardiomyopathy

with specific findings (e.g., HCM). Differently, some patients
need confirmation by additional imaging, such as CMR,
coronary angiography (CT or invasive), positron emission
tomography (PET), single photon emission CT (SPECT),
bone and cardiac scintigraphy, right heart catheterization at
rest, or during exercise. In a limited number of patients, a
myocardial biopsy may be helpful. The consensus document
recommends to rule out alternative diagnoses, like non-cardiac
types of pulmonary hypertension or constrictive pericarditis. For
instance, it should be taken into consideration in the differential
diagnosis of suspected HFpEF other causes of dyspnea such
as pulmonary embolism, severe renal failure, pneumonia, and
decompensated COPD.

ECHOCARDIOGRAPHY

Diastolic Function and HFpEF
In 1997, Nishimura et al. published a cornerstone paper about the
assessment of diastolic filling of the left ventricle using Doppler
echocardiography, in particular, mitral flow velocity curves (47),
which has been updated about 10 years later by a key publication
of Lester et al. (48).
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FIGURE 2 | Strengths and limits of each cardiac imaging modality, and their principal applications in the diagnosis of HFpEF.

More recently, in 2016, an update from the American
Society of Echocardiography (ASE) and EACVI about
the recommendation for the evaluation of left ventricular
diastolic function by echocardiography was published (15).
It established how to determine elevated left ventricle filling
pressures (LVFP) in patients with signs and symptoms of HF
and with the myocardial disease using echocardiography.

Mitral flow velocities, mitral annular e
′

velocity, E/e
′

ratio, peak velocity of tricuspid valve regurgitation (TR)
jet, and LA maximum volume index are the main values
recommended for the assessment of LV diastolic function
grade. Additional variables are pulmonary vein velocities and
LV, GLS measured by speckle-tracking echocardiography
(STE), the last one used to identify mild reduction in
systolic function.

Initially, it is necessary to rule out the presence of AF,
significant mitral valve disease (at least moderate mitral annular
calcification, any mitral stenosis or mitral regurgitation of more
than moderate severity, mitral valve repair or prosthetic mitral
valve), LV assist devices, left bundle branch block, and ventricular
paced rhythm because of the inaccuracy of the mitral E/e

′

ratio in
this setting.

The recommended approach is mainly based on the mitral
E/A ratio and it is indicated for patients in sinus rhythm. Patients
with E/A ratio ≥ 2 are considered as having elevated LA mean
pressure and grade III DD, thereby the diagnosis of HFpEF could
be established. In patients treated with recent cardioversion to

sinus rhythm, mitral deceleration time (DT) should be added to
the assessment of LV diastolic function because they can have a
markedly reduced mitral A velocity for the LA stunning at the
time of the echocardiographic examination; this can lead to an
E/A ratio≥ 2 despite the absence of elevated LV filling pressures.
Moreover, an E/A ratio >2 can be a normal finding in young
individuals (<40 years of age) (49) and therefore in this age
group, other signs of DD should be looked for.

Notably, in patients with mitral E/A ratio between 0.8 and 1.9
or with mitral E/A ratio ≤ 0.8 and peak E velocity > 50 cm/s,
further three criteria should be considered for finally determining
elevated LV filling pressures (50–52): left atrial volume index
(LAVI)> 34mL/m2; peak velocity of tricuspid regurgitation (TR)
by CW Doppler obtained from multiple views > 2.8 m/s; and

mitral average septal-lateral E/e
′

ratio > 14. All three indices
have been shown to be of values in identifying patients with
HFpEF. The pulmonary venous S/D ratio is often <1 in healthy
young individuals, so this index has a limited value in patients
with normal LVEF. If all three parameters are available and only
one of the three or none of the three meets the cutoff value,
then left atrial pressure (LAP) is normal and there is grade
I DD. In addition, in patients with two of these parameters
negative, further evaluation (e.g., a diastolic stress test) should be
considered to confirm the diagnosis of HFpEF.

The left ventricle DD causes LA enlargement, which can
lead to AF (53–55). In patients with AF, Doppler assessment
of LV diastolic function is limited by the variability in cycle
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TABLE 2 | Proposed scores for diagnosis of HFpEF.

Diagnostic criteria Comment

H2FPEF score H, Heavy: BMI > 30 kg/m2 (2 points)

H, Hypertension: use of ≥2 antihypertensive drugs (1 point)

F, Atrial Fibrillation (3 points)

P, Pulmonary hypertension: PAPS > 35 mmHg (1 point).

E, Elderly: age > 60 years (1 point).

F, Filling: elevated filling pressure, E/e > 9 (1 point).

The probability of HFpEF increases with H2FPEF score:

- 0–1: low probability (<20%), unlikely HFpEF.

- 2–5: intermediate probability, need of additional testing (echocardiographic

or invasive hemodynamic exercise stress tests).

- 6–9: high probability (>90%), HFpEF is likely.

HFA-PEFF

algorithm

Step 1: Initial overview

Step 2:

- Echocardiographic and Biomarker Scoring

- Functional domain

- Morphological domain

- Biomarker domain

Step 3: Functional testing in case of uncertainty

Step 4: Final etiology

Step 1 is useful to identify patient with clinical suspicion of HFpEF and to

exclude other causes.

Step 2 requires a detailed echocardiography + assessment of NPs levels.

The measurements are grouped in domain and classified in major and minor

criteria; if they are fulfilled, they add 2 points or 1 point respectively.

Total score: ≥ 5 points is diagnostic of HFpEF

2–4 points requires further evaluation (Step 3)

≤ 1 HFpEF diagnosis very doubtful.

Step 3 diastolic echo stress test and invasive measurements (when required).

Step 2 score plus Step 3 score ≥ 5 points, the diagnosis of HFpEF is

confirmed.

Step 4 encourages the research of a specific etiology of HFpEF since it can

affect the therapeutic decision.

2021 ESC

guidelines

All the following criteria need to be fulfilled:

- Symptoms and/or signs

- LVEF ≥ 50%

- Objective evidence of cardiac structural and/or functional

abnormalities consistent with the presence of LV diastolic

dysfunction/raised LV filling pressure.

The recommended parameters are the following:

- LV mass index (≥95 g/m2 for female, ≥115 g/m2 for male);

- Relative wall thickness (>0.42);

- LA volume index (>34 mL/m2 for patients in sinus rhythm, >40 mL/m2 for

patients in atrial fibrillation);

- E/e’ ratio at rest (>9);

- NPs blood concentration (NT-proBNP >125 pg/mL or BNP >35 pg/mL

in case of sinus rhythm; NT-proBNP >365 pg/mL or BNP >105 pg/mL in

case of atrial fibrillation);

- PA systolic pressure (>35 mmHg);

- TR velocity at rest (>2.8 m/s).

The probability of HFpEF proportionally increases with the number of the

parameters.

BMI, body mass index; PASP, pulmonary artery systolic pressure; HFpEF, heart failure preserved ejection fraction; LVEF, left ventricle ejection fraction; NT-proBNP, Nterminal-pro Brain

Natriuretic Peptide; PA, pulmonary artery; TR, tricuspid valve.

length, the absence of organized atrial activity, and the frequent
occurrence of LA enlargement regardless of filling pressures (56).
Other Doppler measurements that can be applied include peak
acceleration rate of mitral E velocity (≥1.90 cm/s2), isovolumic
relaxation time (IVRT) (≤65ms), DT of pulmonary venous

diastolic velocity (≤220ms), E/mitral Vp (E/Vp; ≥1.4), and E/e
′

ratio (≥11) (55, 57, 58). At present, the two most important
criteria to determine elevated LV filling pressures in patients with
AF are septal E/e’ ≥ 11 and/or TR > 2.8 m/s (15, 46).

Importantly, the HFA-PEFF algorithm and the 2021 ESC HF
guidelines do not add other assessment to the diagnostic pathway
in case of AF and those presented two different thresholds
depending on the presence of the arrhythmia: LAVI should be
>40 mL/m2 to define LA enlargement and NPs levels should be
higher to reveal raised LV filling pressures (NT-proBNP should
be >365 pg/ml and BNP >105 pg/ml).

Exercise Diastolic Stress
Echocardiography
Echo stress technique may be employed in cardiology for
multiple purposes including the evaluation of myocardial

viability, inducible ischemia, sisto/diastolic HF, and assessment
of therapeutic options (59, 60). In some patients with HFpEF,
who have symptoms such as dyspnea only during exercise, often
echocardiography at rest can be normal (1, 15, 36). In this
regard, several studies demonstrated that in some patients with
HFpEF, LV diastolic abnormalities occur only during exercise.
So, adding diastolic analysis during exercise can increase the
sensibility to diagnose HFpEF (41, 60, 61). Consequently, in case
of suspicion of HFpEF but inconclusive criteria by using diastolic
measurements at rest, a diastolic stress test should be done (1,
31, 36). Indeed, the failure of earlyvs diastolic relaxation together
with increment of LV filling pressure let simpler the diagnosis
of HFpEF. The parameters that have been studied most often,
during or immediately after exercise, are the mitral E/e’ ratio and

the TR peak velocity, which indicate increases in mPCWP and

pulmonary artery systolic pressure (PAPs), respectively (15, 62–

64). Inconclusive results are considered when mitral E/e
′

septal-

lateral ratio >14 (or mitral E/e
′

septal ratio >15) and at the same
time TR velocity≤ 2.8 m/s are present (65–67). Indeed, a positive
stress test is considered when average E/e’ > 14 (or septal E/e’ >
15) and TR > 2.8 m/s are present.
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The most validated and recommended protocol for a diastolic
stress test is a semi-supine bicycle test with imaging during
exercise or a treadmill or upright bicycle exercise protocol with
imaging at or immediately after peak stress (15, 68), but there are
no universally adopted protocols.

Left Atrial Dimensions and Dysfunction
The left atrial dimensions and function should be accurately
evaluated when assessing diastolic function in patients with
preserved EF. Importantly, the enlargement of LA is strongly
suggestive of chronically elevated LV filling pressure once
pathological conditions such as atrial tachyarrhythmias and
hemodynamically severe valve diseases have been excluded.
The increased LV filling pressure causes LA remodeling and
disfunction, which lead to worsen symptoms, pulmonary
vascular disease, greater RV dysfunction, depressed exercise
capacity, and adverse outcomes (69–72).

The left atrium pathophysiology and its mechanics generally
talking have a pivotal role in diagnosis and prognosis of
HFpEF, and indices of LA mechanics have utility in HFpEF
(73, 74). A study published by Morris et al. showed that
abnormal LA strain (<23%) is significantly associated with worse
NYHA class and with the risk of HF hospitalization at 2 years
independently from age and sex (73). Very recently, a meta-
analysis correlated LA disfunction parameters with outcomes
in patients with HFpEF showing that decreased LA reservoir
strain independently predicted for all-cause mortality or HF
hospitalization (75). In conclusion, left atrial size is nowadays
the best marker of chronic elevation of filling pressures, but the
assessment of left atrial function, as discussed above, should be
addressed in future clinical research in order to be included in
future guidelines.

Left Ventricle Systolic Dysfunction
An impaired LV longitudinal systolic function and impaired
ventricular contractility have been found in patients affected by
HFpEF and can cause the symptoms, along with DD (76, 77).
Importantly, LV global longitudinal strain has shown that the
longitudinal systolic function of the LV seems to be significantly
altered in a high proportion of patients with HFpEF. Moreover,
impaired LV systolic mechanics in HFpEF also predict an
increased risk of adverse outcomes (69, 78, 79).

CARDIAC MAGNETIC RESONANCE

Morphology and Systolic and Diastolic
Function Assessment
Cardiac magnetic resonance offers superior anatomical
assessment, can reliably depict various diastolic events, and
provides unprecedented in vivo tissue characterization to help
the clinician to identify specific etiologies (Table 3).

Cardiac magnetic resonance is the gold standard for
measuring biventricular volumes, wall thickness, mass, and EF
(80, 81). Modern balanced steady-state free precession (bSSFP)
sequences generate images with high spatial, temporal, and
contrast resolution. Left ventricular (LV) mass and volumes
are measured from a set of contiguous short-axis cine slices;

volumes are obtained without geometric assumptions with the
summation disk method, multiplying endomyocardial areas and
interslice length, and mass is calculated taking into account
the myocardial specific gravity of 1.05 g/ml. Left ventricular
geometric indices do not appear to have prognostic value in
patients with HFpEF. Indeed, CMR-derived LV mass has been
shown to predict incident HF events in a large general cohort
from the Multiethnic Study of Atherosclerosis (MESA) study but
not in patients with HFpEF (82, 83).

Cardiac magnetic resonance can also assess LV diastolic
function by different approaches. By measurement of LV volume
in different cardiac cycle phases, it is possible to derive left
ventricular volume-time curves, their derivative dV/dt with peak
filling rate and time to peak filling. These indices describe the
speed of LV relaxation in early diastole (84). Due to lengthy
manual endomyocardial contour tracing, this analysis is usually
restricted to research purposes. However, artificial intelligence–
assisted methods for endomyocardial border detection could
accelerate analysis and make it more widely adopted in clinical
practice (85). Phase-contrast technique allows to accurately
measure blood flows that are perpendicular to properly placed
imaging planes, and it can be used to measure CMR-equivalents
of echocardiography diastolic indices such as mitral E/A ratio
and pulmonary vein flow. In this regard, previously published
comparative studies between the two techniques have shown
good correlation (86, 87). Phase-contrast sequences are usually
acquired duringmultiple cardiac cycles with retrospective cardiac
gating. The accuracy of phase-contrast-derived measures can
be worsened by arrhythmias and patient movements and is
strictly dependent on the correct imaging plane prescription,
which is made particularly challenging by the continuously
changing mitral annulus position during the cardiac cycle. This
limitation has been overcome by novel 4D-flow sequences that
produce three-dimensional velocity encoded datasets, so that
postprocessing multiplanar navigation allows to measure flows
across any desired plane (88). Three-dimension velocity encoded
imaging with retrospective mitral valve tracking results in
superior accuracy than standard phase-contrast sequences when
compared to echocardiography (89). Another CMR technique to
evaluate diastolic function is myocardial tagging, which enables
to study local myocardial deformation: specific radiofrequency
impulses are applied prior to the imaging sequences to create a
grid of low-intensity lines; as the heart contracts during systole
and relaxes during diastole the grid is deformed. Recoil rate and
circumferential-longitudinal shear indices describe early diastolic
LV untwisting during isovolumic relaxation and are associated
with LV pressure fall and relaxation time constant τ (90). As the
tag grid rapidly fades, diastolic evaluation by myocardial tagging
is limited to the early diastolic phase. Moreover, myocardial
tagging is routinely used for qualitative, inspective analysis, while
time-consuming quantitative methods are usually reserved for
research purposes. Such limitations have been overcome by
feature tracking technique, which enables to measure systolic
and diastolic myocardial strain and strain rate, by tracking
anatomical features in LV myocardium along the cardiac cycle,
in a fashion similar to echocardiography speckle tracking (91).
Feature tracking analysis is performed on common bSSFP cine
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TABLE 3 | CMR sequences and their utility in the assessment of cardiac chambers anatomy, left ventricular diastole, and myocardial tissue in patients with HFpEF.

CMR sequences Applications

Morphological assessment bSSFP Accurately measuring LV volumes, wall thickness, mass and LVEF, without geometric

assumptions

bSSFP Accurately measuring RV volumes, wall thickness and RVEF, without geometric

assumptions

bSSFP Accurately measuring LA volumes and LAEF, without geometric assumptions

Functional diastolic evaluation bSSFP Measuring LV volume-time curve, peak filling rate, time to peak filling

Phase-contrast, 4D-flow Measuring mitral diastolic flow, pulmonary vein flow

Myocardial tagging Measuring LV recoil rate and circumferential-longitudinal shear

bSSFP, feature tracking in post-processing Measuring LV diastolic longitudinal, circumferential, and radial strain and strain rate

Tissue phase-contrast Measuring early diastolic mitral septal velocity

CMR elastography Measuring LV stiffness

Tissue characterization LGE Detecting necrotic myocardium, fibrosis

T1 mapping (e.g., MOLLI, shMOLLI, SASHA) Altered in fibrosis, myocardial edema, iron overload, intracellular deposition

T2 mapping Detecting myocardial edema

ECV mapping Detecting fibrosis, extracellular matrix alterations (e.g., amyloid deposition)

images and does not require additional sequences and scan time.
Feature tracking–derived LV early diastolic global longitudinal,
circumferential, and radial strain rates were different in a group
of 84 hypertensive patients with HFpEF compared with healthy
controls and hypertensive patients, and were associated with
symptoms and NP levels (92). Left ventricular early diastolic

circumferential strain rate has also been shown to be reduced in
older obese HFpEF patients, but has poor correlation with peak
oxygen consumption (93). Another technique to depict regional
myocardial deformation is tissue phase-contrast analysis, which
is conceptually similar to an echocardiography tissue Doppler
study. Tissue phase-contrast analysis allows to measure early
diastolic mitral septal velocity (Ea); this measure, coupled with
mitral valve inflow phase-contrast analysis, enables to derive
septal E/Ea ratio. In line with echocardiography, CMR-derived
E/Ea < 8 has 100% positive predictive value for PCWP ≤ 15
mmHg, and E/Ea ratio >15 has 100% positive predictive value
for PCWP > 15 mmHg (94). Using mitral inflow and myocardial
tissue phase-contrast analysis, the CMR can classify DD with
excellent agreement with echocardiography (95). The tissue
phase-contrast analysis can also measure different components
of wall motion (radial, longitudinal, and circumferential) during
both systole and diastole, using a respiratory self-navigated,
cardiac-gated, velocity-encoded golden-angle spiral sequence
(96). All of the above-mentioned techniques do not allow to
measure LV stiffness, but its effects and surrogate markers. A
promising approach enables to directly measure LV stiffness
with a 3D high-frequency CMR elastography technique, also
generating LV stiffness maps (97).

Cardiac magnetic resonance can also assess left atrial (LA)
area and volume, using the biplane area-length method from the
4-chamber and 2-chamber planes, or using the disc summation
method from a cine short-axis stack encompassing the LA. Due
to its different roles during the cardiac cycle (reservoir, conduit,
pump), the LA function can be investigated by different indices
and techniques, from volumetric to feature-tracking methods.

Left atrium EF is calculated dividing the difference between
maximum and minimum LA volumes by maximum LA volume.
It is associated with increased LV end-diastolic pressure and is a
strong and independent prognostic predictor in HFpEF (98, 99).

Finally, CMR is the gold standard for measuring RV and atrial
volumes and function (80). RV systolic dysfunction is highly
prevalent in HFpEF, and is associated with worse symptoms and
prognosis (100, 101).

Tissue Characterization
Due to its high superior contrast resolution and intrinsic
multiparameter nature, CMR can accurately characterize
myocardial tissue conditions such as edema, fibrosis, and
infiltrative processes. Kanagala et al. showed that CMR with
tissue characterization could identify previously undiagnosed
pathology in 27% of 154 patients with HFpEF; notably
diagnoses made by CMR conferred an increased risk of adverse
outcome (102).

Late gadolinium enhancement (LGE) imaging technique takes
advantage of different wash-out kinetics of gadolinium-based
contrast from normal myocardium and necrotic myocardium or
fibrosis (103). LGE enables to differentiate viable from non-viable
myocardium, ischemic from non-ischemic cardiomyopathies,
and plays a pivotal role in diagnosing different non-ischemic
cardiomyopathies (104–108). Moreover, LGE presence and
extent have been reported to hold prognostic value in different
cardiomyopathies (109–112). In 111 patients with HFpEF, LGE
extent was an independent predictor of cardiovascular death or
decompensated HF admission, even after adjustment for age,
diabetes mellitus, functional class, LVEF, and history of HF
hospitalizations (113).

Quantitative methods for native longitudinal relaxation time
(T1), transverse relaxation time (T2), and extracellular volume
(ECV) mapping have been developed to identify both focal and
global myocardial changes. In particular, native T1 mapping,
which is obtained without the administration of gadolinium
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contrast agent, may reveal diffuse myocardial fibrosis and can
identify subtle changes that would go unnoticed by LGE.
Differently, ECV can be calculated from native and postcontrast
T1 values and shows high agreement with extracellular
space as a whole (including collagen, extracellular matrix
proteins, and vessels) (114). Native T1 mapping can help in
identifying acute and chronic myocardial infarction, myocarditis,
amyloidosis, Fabry disease, and iron overload (115–120)
(Figure 3). Native T2 mapping can detect myocardial edema in
acute myocardial ischemia and inflammatory cardiomyopathies
(121, 122). Fibrosis and extracellular matrix alterations are
thought to be the major contributors to DD and HFpEF. ECV is
higher in patients with HFpEF than in controls and is associated
with DD (123). Moreover, higher ECV is associated with higher
peak filling rate, a CMR-derived left ventricular DD index, higher
invasivelymeasured left ventricular stiffness, prolonged active left
ventricular relaxation, LV mass, and maximal left atrial volume
(124, 125). Higher ECV is also associated with higher NP levels
and worse functional class and outcome. In 250 patients who
were at risk of HFpEF, given their elevated NP levels, higher ECV
was associated with worse outcome, and the authors hypothesize
that myocardial fibrosis as detected by ECV might precede over
HFpEF diagnosis (126). Notably, in a study on 19 patients with
HFpEF, global native T1 was associated with increased ECV,
invasive LV stiffness, and histological fibrosis (127). Native T1
mapping has been proposed as a method to investigate patients
with HFpEF with severely reduced renal function, who cannot
be administered gadolinium-based contrast agents. Moreover,
anterior RV insertion point native T1 values are thought to
reflect increased RV afterload and hold prognostic value in
HFpEF (128).

Right ventricular free wall ECV can be obtained using high-
resolution mapping sequences. In 14 patients with HFpEF and
pulmonary hypertension, RV free wall ECV was associated
with higher RV end-diastolic volume and worse RV free
wall strain, independently of invasively measured pulmonary
resistance (129).

NUCLEAR IMAGING

Traditionally, the evaluation and management of the patients
affected by HF have been focused on hemodynamic
abnormalities, but the neurohormonal and molecular
pathophysiologies have gained attention along with the
rapid development of nuclear medicine instruments and the
widespread availability of new radiopharmaceutical agents. The
metabolic assessment, consisting in identifying ischemic but
viable myocardium, can be done; thanks to PET. This is useful in
order to detect CAD and, basically, as a first step to determine
HF etiology.

While fluorodeoxyglucose (FDG)-positron emission
tomography (PET) is available only in limited number of
centers, SPECT using ultrahigh energy collimator and branched
fatty acid analog I-123 beta-methyl-p-iodophenylpentadecanoic
acid (BMIPP) represents a solid alternative for metabolic imaging
in routine clinical settings (130). A reduced BMIPP uptake at

rest, despite normal perfusion, identifies severe ischemia, since
BMIPP plays a central role in ischemic memory imaging.
Moreover, quantitative blood flow techniques, such as CFR,
seem to be interesting to overcome potential underestimation
of ischemia. CFR can be assessed by cardiac PET with either
rubidium-82 (82Rb) or nitrogen-13 ammonia (13NH3) as
radiotracer (131).

In the pathophysiology of HF, the activation of the SNS
plays a key role (132, 133). Indeed, the SNS hyperactivity and
the resultant compromised myocardial sympathetic innervation
have been demonstrated to contribute to the DD and to predict
adverse cardiac events in patients with HF (134, 135).

While the sympathetic innervation in HFrEF has been studied
by several authors, the same cannot be said for HFpEF. It
has been found that in patients with HFrEF, excessive cardiac
SNS activation is typical of HF progression. An increase
in adrenergic drive and consequent downregulated uptake-
1 mechanism generates desensitization/downregulation of b-
adrenergic receptors, cardiac remodeling, and thus progression
of HF (132, 136, 137). Grassi et al. showed that SNS hyperactivity
can cause DD in hypertensive patients. Actually, patients
presenting DD and affected by hypertension show higher
SNS activity [e.g., muscle sympathetic nerve activity (MSNA)]
and abnormal baroreflex modulation than patients affected by
hypertension without DD, and both these groups have higher
MSNA than age-matched controls (138). Notably, planar 123I-
metaiodobenzylguanadine (123I-mIBG) scintigraphy, which is
able to determine the sympathetic presynaptic nerve function, is
applicable in HFpEF for the correlation with the severity of DD,
LV remodeling, functional capability of the patient, and his/her
response to therapy (139–141).

In 2017, Aikawa et al. studied the relationship between
impaired cardiac SNS innervation and LV DD (assessed by
transthoracic echocardiography) in patients with HFpEF using
PET imaging with 11C-hydroxyephedrine (11C-HED) and
showed that 11C-HED uptake was globally reduced and more
heterogenous than in age-matched controls (142). Moreover, in
patients with more severe DD (grade 2-3), the reduction in
global 11C-HED uptake was greater with more heterogenous
uptake than in patients with less severe DD (grade 0–1). While
the relationships with 123I-mIBG planar scintigraphic indices
in patients with HFpEF were already studied, the use of 11C-
HED PET imaging represents a turning point because it allows an
improved global and regional quantification of SNS innervation;
thanks to better spatiotemporal resolution and more quantitative
image analysis than conventional 123I-mIBG planar imaging.

It is important to underline that the most relevant role of
nuclear medicine (i.e., planar scintigraphy and/or SPECT) is in
the screening and diagnosis of cardiac ATTR amyloidosis in
patients with HFpEF.

CARDIAC CT ANGIOGRAPHY

During the last decades, cardiac CT angiography (CCTA)
showed a dramatic technological improvement, absolutely more
than any other cardiac diagnostic technique, with consequent
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FIGURE 3 | Cardiovascular magnetic resonance (CMR) in a patient with dyspnea and cardiac amyloidosis. An 80-year-old man with a history of ischemic heart

disease was referred to the cardiology clinic because of dyspnea. Clinical examination was unremarkable. CMR showed increased left ventricular wall thickness [(A,B),

bSSFP images showing three- and four-chamber view respectively], increased left ventricular mass (115.9 g/m2 ), and small pleural and pericardial effusion. Native T1

values were significantly increased, up to 1,200ms (C). Late gadolinium enhancement showed diffuse left ventricular subendocardial enhancement, also involving the

atria [(D,E), three- and four-chamber view, respectively]. ECV was markedly increased (F). Patient was diagnosed with cardiac amyloidosis.

clinical implications both in ischemic heart disease and
in other cardiac context (143–148) (Figure 4). In patients
presenting with dyspnea and HFpEF, CCTA can accurately
rule out CAD, particularly when pretest probability is low to
intermediate (149). However, CCTA also enables to accurately
measure ventricles volumes, permits to assess LV function, and
allows myocardial tissue characterization (150). CCTA permits
multiplanar reconstruction and can evaluate cardiac structures

that are typically difficult to assess with echocardiography,
such as left ventricular apex, the anterolateral wall, and the
atria (151). It is possible to assess left ventricular function

and wall motion acquiring a whole cardiac cycle using ECG-
gated scanning (152, 153), at the expense of increased radiation

exposure. Iodinated contrasts have similar wash-out kinetics
from normal and necrotic/fibrotic myocardium as gadolinium-
based contrasts. Therefore, delayed contrast-enhanced CCTA is

able to identify acute and chronic myocardial infarction and
can be used to differentiate between ischemic and non-ischemic

causes of left ventricular systolic dysfunction (154). In a fashion
similar to CMR, ECV can be calculated from blood pool and

myocardium radiodensity before and after contrast injection

(155, 156). Drawbacks of delayed contrast-enhanced CCTA are
prolonged scan time and increased patient radiation exposure.
As far as we know, tissue characterization CT capabilities have
not yet been studied in patients with HFpEF.

Valvular calcifications can be easily identified by cardiac
CT; valvular calcification progression is strongly associated with
HFpEF incidence (157).

Finally, cardiac CT also allows to accurately assess the
presence and the extension of epicardial adipose tissue. Epicardial
adipose tissue has been linked to hemodynamic abnormalities
such as higher cardiac filling pressures and greater pericardial
restraint, and to poorer exercise capacity in patients with the
obese phenotype of HFpEF (158).

FINAL CONSIDERATIONS ON SPECIFIC
PATIENT POPULATIONS

End-Stage Kidney Disease (or Patients
With Dialysis)
Patients with end-stage kidney disease (ESKD) often present
volume overload, even without structural or functional heart
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FIGURE 4 | Cardiac CT in a patient with dyspnea and apical hypertrophic cardiomyopathy (left ventricular long-axis views, top row; left ventricular short axis views,

bottom row). A 79-year-old woman with hypertension was referred to the cardiology clinic because of dyspnea. Clinical examination was unremarkable. Resting ECG

showed anterior T wave inversion. A cardiac CT ruled out obstructive coronary artery disease, while showing hypertrophy (maximal wall thickness 15mm at

end-diastole) of the inferior and lateral apical segments, and of the inferior mid-ventricular segment (arrowhead). Moreover, there was fatty infiltration in the apical

lateral segment (asterisk). Patient was diagnosed with apical hypertrophic cardiomyopathy.

disease. In addition, the symptoms typical of HF can be
intermittent in patients with dialysis. Therefore, it is crucial to
perform echocardiography in this subgroup of patients in order
to assess systolic and diastolic ventricular function, chamber
volumes, wall thickness, valve function, and filling pressures
(159). Even though the role of NPs is unclear in case of dialysis,
their relative negative predictive value is significant and the
presence of high plasma levels in this setting of patients can be
caused by both worsening of eGFR and cardiac dysfunction (160–
163).

Moreover, Otsuka et al. studied serum sensitive cTroponin I
(cTnI) levels in patients with ESKD. In patients with preserved
LVEF underwent to dialysis, diastolic disfunction, and risk of
mortality were significantly associated with sensitive cTnI levels
regardless of echocardiographic variables (164). Patients with
elevated cTnI level showed a greater E/e’ ratio and LVmass index,
assessed by echocardiography, which can be the underlying
mechanism of troponin elevation in patients with dialysis and
preserved LVEF. So, sensitive cTnI level may represent a marker
of risk stratification, since it can provide useful information of
underlying LV DD.

Consequently, the diagnosis of HFpEF in these patients
should be supported by several measurement obtained from
echocardiography, at rest or during exercise, blood test to
evaluate NPs and sensitive cTnI levels, and, in case of uncertainty,
invasive hemodynamic approach in order to exclude other
causes (e.g., primary pulmonary hypertension, high output from
arteriovenous shunting, lung disease, and obesity).

Cardiac Amyloidosis
One of the specific etiologies of HFpEF is represented by cardiac
amyloid deposition (165, 166). The most common forms of
cardiac amyloidosis are light chain immunoglobulin amyloidosis
(AL) and ATTR (167). Moreover, ATTR amyloidosis can be
classified into two groups: the wild-type ATTR amyloidosis and
the hereditary ATTR amyloidosis. It is often underdiagnosed
because there are frequently alternative explanations for wall
thickening and DD (e.g., arterial hypertension), but the recent
discovery of therapeutical options for ATTR amyloidosis
highlights the importance of identifying the specific etiology
of HFpEF.

Wild-type ATTR amyloidosis seems to affect mainly male
patient over 60 years of age. It has been identified in 13% of
patients >60 years old with HFpEF and it was prevalent in
14–16% of older patients with severe calcified aortic stenosis
undergoing transcatheter aortic valve replacement (166, 168–
171). The clinical suspicion of cardiac amyloidosis should arise
when the patient presents electrocardiographic anomalies (such
as low QRS voltage) and bilateral carpal tunnel syndrome, signs
and symptoms of HF, septal and posterior wall thickness>14mm
(i.e., Interventricular septum diameter (IVSd) and Posterior wall
diameter (PWd)>14mmwith reduced GLS and apical sparing as
optional criteria) at echocardiography, and age >65 years (172).
The diagnosis of AL amyloidosis can be confirmed by abnormal
hematological tests, cardiac imaging, and endomyocardial or
extra-cardiac biopsy (Figures 1, 3). In case of suspicion of
ATTR amyloidosis, bone tracer scintigraphy with planar and
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SPECT imaging represents an excellent diagnostic test, since it
has a specificity and positive predictive value close to 100%.
The endomyocardial biopsy remains the gold standard for the
diagnosis (173).

Particular attention must be needed in case of patient with
long-term dialysis: these patients have commonly IVSd and PWd
>14mm and systemic amyloidosis due to β2-microglobulin
can involve the heart. Dialysis-related cardiac β2-microglobulin
amyloidosis often occurs in patients who had undergone
dialysis for 9 or more years with traditional low-flow dialysis
membranes (174).

Hypertrophic Cardiomyopathy
Among cardiomyopathies, HCM represents a specific etiology
of HFpEF. It is diagnosed in case of increased myocardial
wall thickness in the absence of abnormal loading conditions
(Figure 4). In the majority of patients, HCM is caused by
autosomal dominant sarcomere gene mutations. Hereditary
syndromes, neuromuscular disorders, and storage disease (such
as Anderson-Fabry disease) represent potential etiologies (22,
175). HFpEF is often diagnosed in patients affected by HCM
and only at the end of the natural history of patients with
HCM develop HFrEF (176, 177). Moreover, tachyarrhythmia
(e.g., AF), ischemia, and acute or worsening mitral regurgitation
or comorbidity can cause acute HF.

Therefore, the identification of HCM plays a pivotal role in
the diagnostic process of HFpEF due to the different treatment
options that need to be considered, both choice of drugs and risk
assessment for sudden cardiac death.

Severe CAD
Coronary artery disease is the most common cause of HF in
industrialized countries. Patients with HFpEF or HFmrEF and
CAD seem to have a worse cardiovascular prognosis as compared
to patients with healthy coronary vessels (178, 179). On parallel,
a complete coronary revascularization following the diagnosis of
severe CAD is associated with improved survival in this subset of
patients (180). Consequently, the screening for CAD in patients
affected by HFpEF needs a careful assessment independently on
the observed LVEF because of different outcome and response to

treatment. Often, symptoms and non-invasive diagnostic stress
testing seem to have inadequate predictive value in this group of
patients, therefore coronary angiography may be appropriate.

Recently, after the publication of illuminating studies, such
as the ISCHEMIA trial, there has been a lot of attention
on new information derived by CCTA applications (181). In
particular, high relevance is given to the identification of
prognostic markers including, for instance, increased high-
risk plaque volume and inflammatory activity around coronary
arteries (e.g., fat attenuation index) (182–187). This change of
paradigm inevitably leads to modify the therapeutic decisional
processes (188).

CONCLUSION

Heart failure with preserved ejection fraction represents a
challenging clinical syndrome despite the fact that considerable
progress is being made in its overall framing. The diagnosis
of HFpEF relies mainly in the determination of elevated LV
filling pressures, which can be non-invasively determined using
a conventional transthoracic echocardiography in line with ESC
guidelines statements. It is pivotal to follow an appropriate
diagnostic pathway starting from the presence of the clinical
suspicion, at first blood examinations and NP and stepping
forward with morphological and functional diagnostic tools.
Importantly, the interplay of advanced multi-modality imaging
techniques plays a key role in screening and detection of specific
etiologies that is essential step for evaluating tailored therapy.

AUTHOR CONTRIBUTIONS

All authors made a substantial contribution to the conception,
design of this review paper, including drafting and revisions,
and granted their approval for all aspects of the manuscript and
its submission.

ACKNOWLEDGMENTS

We thank to Dr. Marika Memoli for her contribution to
realization of the manuscript.

REFERENCES

1. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm

M, et al. ESC Scientific Document Group.2021 ESC Guidelines for the

diagnosis and treatment of acute and chronic heart failure. Eur Heart J.

(2021) 42:3599–726.

2. van Riet EE, Hoes AW,Wagenaar KP, Limburg A, LandmanMA, Rutten FH.

Epidemiology of heart failure: the prevalence of heart failure and ventricular

dysfunction in older adults over time. A systematic review. Eur J Heart Fail.

(2016) 18:242–52. doi: 10.1002/ejhf.483

3. Chioncel O, LainscakM, Seferovic PM, Anker SD, Crespo-LeiroMG,Harjola

VP, et al. Epidemiology and one-year outcomes in patients with chronic heart

failure and preserved, mid-range and reduced ejection fraction: an analysis of

the ESC heart failure long-term registry. Eur J Heart Fail. (2017) 19:1574–85.

doi: 10.1002/ejhf.813

4. Triposkiadis F, Giamouzis G, Parissis J, Starling RC, Boudoulas H,

Skoularigis J, et al. Reframing the association and significance of

comorbidities in heart failure. Eur J Heart Fail. (2016) 18:744–58.

doi: 10.1002/ejhf.600

5. Beale AL, Meyer P, Marwick TH, Lam CSP, Kaye DM. Sex differences in

cardiovascular pathophysiology: why women are overrepresented in heart

failure with preserved ejection fraction. Circulation. (2018) 138:198–205.

doi: 10.1161/CIRCULATIONAHA.118.034271

6. Borlaug BA, Paulus WJ. Heart failure with preserved ejection fraction:

pathophysiology, diagnosis, and treatment. Eur Heart J. (2011) 32:670–9.

doi: 10.1093/eurheartj/ehq426

7. Reddy YNV, Obokata M, Gersh BJ, Borlaug BA. High prevalence of

occult heart failure with preserved ejection fraction among patients

with atrial fibrillation and dyspnea. Circulation. (2018) 137:534–5.

doi: 10.1161/CIRCULATIONAHA.117.030093

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 March 2022 | Volume 9 | Article 758975375

https://doi.org/10.1002/ejhf.483
https://doi.org/10.1002/ejhf.813
https://doi.org/10.1002/ejhf.600
https://doi.org/10.1161/CIRCULATIONAHA.118.034271
https://doi.org/10.1093/eurheartj/ehq426
https://doi.org/10.1161/CIRCULATIONAHA.117.030093
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Del Torto et al. Multimodality Imaging in HFpEF

8. Lam CS, Rienstra M, Tay WT, Liu LC, Hummel YM, van der Meer P, et al.

Atrial fibrillation in heart failure with preserved ejection fraction: association

with exercise capacity, left ventricular filling pressures, NP, and left atrial

volume. JACC Heart Fail. (2017) 5:92–8. doi: 10.1016/j.jchf.2016.10.005

9. Stokke TM, Hasselberg NE, Smedsrud MK, Sarvari SI, Haugaa KH, Smiseth

OA, et al. Geometry as a confounder when assessing ventricular systolic

function: comparison between ejection fraction and strain. J AmColl Cardiol.

(2017) 70:942–54. doi: 10.1016/j.jacc.2017.06.046

10. Marwick TH. Ejection fraction pros and cons. State-of-the-art review. J Am

Coll Cardiol. (2018) 72:2360–79. doi: 10.1016/j.jacc.2018.08.2162

11. Vega-Adauy J, TokOO, Celik A, Barutcu A, VannanMani A. Comprehensive

assessment of heart failure with preserved ejection fraction using cardiac

MRI. Heart Fail Clin. (2021) 17:447–62. doi: 10.1016/j.hfc.2021.03.006

12. Seferovic PM, Petrie MC, Filippatos GS, Anker SD, Rosano G, Bauersachs

J, et al. Type 2 diabetes mellitus and heart failure: a position statement from

the Heart Failure Associat of the European Society of Cardiology. Eur J Heart

Fail. (2018) 20:853–72. doi: 10.1002/ejhf.1170

13. Lee DS, Gona P, Vasan RS, Larson MG, Benjamin EJ, Wang TJ, et al. Relation

of disease pathogenesis and risk factors to heart failure with preserved or

reduced ejection fraction: insights from the Framingham Heart Study of the

National Heart, Lung, and Blood Institute. Circulation. (2009) 119:3070–7.

doi: 10.1161/CIRCULATIONAHA.108.815944

14. Yoshida Y, Nakanishi K, Daimon M, Ishiwata J, Sawada N, Hirokawa

M, et al. Alteration of cardiac performance and serum B-type natriuretic

peptide level in healthy aging. J Am Coll Cardiol. (2019) 74:1789–800.

doi: 10.1016/j.jacc.2019.07.080

15. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H,

Edvardsen T, et al. Recommendations for the evaluation of left

ventricular diastolic function by echocardiography: an update from the

American Society of Echocardiography and the European Association of

Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging. (2016) 17:1321–60.

doi: 10.1093/ehjci/jew082

16. Borlaug BA. The pathophysiology of heart failure with preserved ejection

fraction. Nat Rev Cardiol. (2014) 11:507–15. doi: 10.1038/nrcardio.2014.83

17. Reddy YNV, Andersen MJ, Obokata M, Koepp KE, Kane GC, Melenovsky

V, et al. Arterial stiffening with exercise in patients with heart failure

and preserved ejection fraction. J Am Coll Cardiol. (2017) 70:136–48.

doi: 10.1016/j.jacc.2017.05.029

18. Gorter TM, Obokata M, Reddy YNV, Melenovsky V, Borlaug BA. Exercise

unmasks distinct pathophysiologic features in heart failure with preserved

ejection fraction and pulmonary vascular disease. Eur Heart J. (2018)

39:2825–35. doi: 10.1093/eurheartj/ehy331

19. Borlaug BA, Kane GC, Melenovsky V, Olson TP. Abnormal right

ventricular-pulmonary artery coupling with exercise in heart failure

with preserved ejection fraction. Eur Heart J. (2016) 37:3293–302.

doi: 10.1093/eurheartj/ehw241

20. AbudiabMM, RedfieldMM,Melenovsky V, Olson TP, Kass DA, Johnson BD,

et al. Cardiac output response to exercise in relation to metabolic demand

in heart failure with preserved ejection fraction. Eur J Heart Fail. (2013)

15:776–85. doi: 10.1093/eurjhf/hft026

21. Nakanishi K, Fukuda S, Shimada K, Miyazaki C, Otsuka K, Maeda K,

et al. Impaired coronary flow reserve as a marker of microvascular

dysfunction to predict long-term cardiovascular outcomes, acute coronary

syndrome and the development of heart failure. Circ J. (2012) 76:1958–64.

doi: 10.1253/circj.CJ-12-0245

22. Seferovic PM, Polovina M, Bauersachs J, Arad M, Gal TB, Lund LH, et al.

Heart failure in cardiomyopathies: a position paper from the Heart Failure

Association of the European Society of Cardiology. Eur J Heart Fail. (2019)

21:553–76. doi: 10.1002/ejhf.1461

23. Aquaro GD, Perfetti M, Camastra G, Monti L, Dellegrottaglie S, Moro C,

et al. Cardiac MR with late gadolinium enhancement in acute myocarditis

with preserved systolic function: ITAMY study. J Am Coll Cardiol. (2017)

70:1977–87. doi: 10.1016/j.jacc.2017.08.044

24. Escher F, Westermann D, Gaub R, Pronk J, Bock T, Al-Saadi N,

et al. Development of diastolic heart failure in a 6-year follow-up

study in patients after acute myocarditis. Heart. (2011) 97:709–14.

doi: 10.1136/hrt.2010.199489

25. Plazak W, Kopec G, Tomkiewicz-Pajak L, Rubis P, Dziedzic H,

Suchon E, et al. Heart structure and function in patients with

generalized autoimmune diseases: echocardiography with tissue

Doppler study. Acta Cardiol. (2011) 66:159–65. doi: 10.1080/AC.66.2.20

71246

26. Pereira NL, Grogan M, Dec GW. Spectrum of restrictive and infiltrative

cardiomyopathies: part 1 of a 2-part series. J Am Coll Cardiol. (2018)

71:1130–48. doi: 10.1016/j.jacc.2018.01.016

27. Kamdar F, Garry DJ. Dystrophin-deficient cardiomyopathy. J Am Coll

Cardiol. (2016) 67:2533–46. doi: 10.1016/j.jacc.2016.02.081

28. Metra M, Teerlink JR. Heart failure. Lancet. (2017) 390:1981–95.

doi: 10.1016/S0140-6736(17)31071-1

29. Pfeffer MA, Shah AM, Borlaug BA. Heart failure with preserved

ejection fraction in perspective. Circ Res. (2019) 124:1598–617.

doi: 10.1161/CIRCRESAHA.119.313572

30. Samson R, Jaiswal A, Ennezat PV, Cassidy M, Le Jemtel TH. Clinical

phenotypes in heart failure with preserved ejection fraction. J Am Heart

Assoc. (2016) 5:e002477. doi: 10.1161/JAHA.115.002477

31. Paulus WJ. H2FPEF score. At last, a properly validated diagnostic algorithm

for heart failure with preserved ejection fraction. Circulation. (2018)

138:871–3. doi: 10.1161/CIRCULATIONAHA.118.035711

32. Nagueh SF, Chang SM, Nabi F, ShahDJ, Estep JD. Cardiac imaging in patients

with heart failure and preserved ejection fraction. Circ Cardiovasc Imaging.

(2017) 10:6547. doi: 10.1161/CIRCIMAGING.117.006547

33. Lewis GA, Pearce K, Williams SG, Schelbert EB, Macnab A. Miller CA.The

utility of cardiovascular imaging in heart failure with preserved ejection

fraction: diagnosis, biological classification and risk stratification. Heart Fail

Rev. (2021) 26:661–78. doi: 10.1007/s10741-020-10047-9

34. Chacon-Portillo MA, Acharya T, Janardhanan R. Imaging in heart failure

with preserved ejection fraction: insights into echocardiography and

cardiac magnetic resonance imaging. Rev Cardiovasc Med. (2021) 22:11–24.

doi: 10.31083/j.rcm.2021.01.134

35. Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA,

Simple A. Evidence-based approach to help guide diagnosis of heart

failure with preserved ejection fraction. Circulation. (2018) 138:861–70.

doi: 10.1161/CIRCULATIONAHA.118.034646

36. Pieske B, Tschöpe C, de Boer RA, Fraser AG, Anker SD, Donal E, et al. How

to diagnose heart failure with preserved ejection fraction: the HFA–PEFF

diagnostic algorithm: a consensus recommendation from the Heart Failure

Association (HFA) of the European Society of Cardiology (ESC). Eur Heart

J. (2019) 40:3297–317. doi: 10.1093/eurheartj/ehz641

37. Pieske B, Butler J, Filippatos G, Lam C, Maggioni AP, Ponikowski P,

et al. Rationale and design of the SOluble guanylate Cyclase stimulatoR in

heArT failurE Studies (SOCRATES). Eur J Heart Fail. (2014) 16:1026–38.

doi: 10.1002/ejhf.135

38. Solomon SD, Zile M, Pieske B, Voors A, Shah A, Kraigher-Krainer E,

et al. Prospective comparison of ARNI with ARB on Management Of heart

failUre with preserved ejectioN fracTion (PARAMOUNT) Investigators.

The angiotensin receptor neprilysin inhibitor LCZ696 in heart failure with

preserved ejection fraction: a phase 2 double-blind randomised controlled

trial. Lancet. (2012) 380:1387–95. doi: 10.1016/S0140-6736(12)61227-6

39. Filippatos G, Maggioni AP, Lam CSP, Pieske-Kraigher E, Butler J, Spertus

J, et al. Patient-reported outcomes in the SOluble guanylate. Cyclase

stimulatoR in heArT failurE patientS with PRESERVED ejection fraction

(SOCRATES-PRESERVED) study. Eur J Heart Fail. (2017) 19:782–91.

doi: 10.1002/ejhf.800

40. Westermann D, Kasner M, Steendijk P, Spillmann F, Riad A,

Weitmann K, et al. Role of left ventricular stiffness in heart failure

with normal ejection fraction. Circulation. (2008) 117:2051–60.

doi: 10.1161/CIRCULATIONAHA.107.716886

41. Borlaug BA, Kass DA. Invasive hemodynamic assessment in heart failure.

Heart Fail Clin. (2009) 5:217–28. doi: 10.1016/j.hfc.2008.11.008

42. Sanders-van Wijk S, Barandiarán Aizpurua A, Brunner-La Rocca HP,

Henkens MTHM, Weerts J, Knackstedt C, et al. The HFA-PEFF and H2

FPEF scores largely disagree in classifying patients with suspected heart

failure with preserved ejection fraction. Eur J Heart Fail. (2021) 23:838–40.

doi: 10.1002/ejhf.2019

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 March 2022 | Volume 9 | Article 758975376

https://doi.org/10.1016/j.jchf.2016.10.005
https://doi.org/10.1016/j.jacc.2017.06.046
https://doi.org/10.1016/j.jacc.2018.08.2162
https://doi.org/10.1016/j.hfc.2021.03.006
https://doi.org/10.1002/ejhf.1170
https://doi.org/10.1161/CIRCULATIONAHA.108.815944
https://doi.org/10.1016/j.jacc.2019.07.080
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1038/nrcardio.2014.83
https://doi.org/10.1016/j.jacc.2017.05.029
https://doi.org/10.1093/eurheartj/ehy331
https://doi.org/10.1093/eurheartj/ehw241
https://doi.org/10.1093/eurjhf/hft026
https://doi.org/10.1253/circj.CJ-12-0245
https://doi.org/10.1002/ejhf.1461
https://doi.org/10.1016/j.jacc.2017.08.044
https://doi.org/10.1136/hrt.2010.199489
https://doi.org/10.1080/AC.66.2.2071246
https://doi.org/10.1016/j.jacc.2018.01.016
https://doi.org/10.1016/j.jacc.2016.02.081
https://doi.org/10.1016/S0140-6736(17)31071-1
https://doi.org/10.1161/CIRCRESAHA.119.313572
https://doi.org/10.1161/JAHA.115.002477
https://doi.org/10.1161/CIRCULATIONAHA.118.035711
https://doi.org/10.1161/CIRCIMAGING.117.006547
https://doi.org/10.1007/s10741-020-10047-9
https://doi.org/10.31083/j.rcm.2021.01.134
https://doi.org/10.1161/CIRCULATIONAHA.118.034646
https://doi.org/10.1093/eurheartj/ehz641
https://doi.org/10.1002/ejhf.135
https://doi.org/10.1016/S0140-6736(12)61227-6
https://doi.org/10.1002/ejhf.800
https://doi.org/10.1161/CIRCULATIONAHA.107.716886
https://doi.org/10.1016/j.hfc.2008.11.008
https://doi.org/10.1002/ejhf.2019
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Del Torto et al. Multimodality Imaging in HFpEF

43. Segar MW, Patel KV, Berry JD, Grodin JL, Pandey A. Generalizability

and implications of the H2FPEF score in a cohort of patients with heart

failure with preserved ejection fraction. Circulation. (2019) 139:1851–3.

doi: 10.1161/CIRCULATIONAHA.118.039051

44. Myhre PL, Vaduganathan M, Claggett BL, Lam CSP, Desai AS, Anand IS,

et al. Application of the H2 FPEF score to a global clinical trial of patients

with heart failure with preserved ejection fraction: the TOPCAT trial. Eur J

Heart Fail (2019) 21:1288–91. doi: 10.1002/ejhf.1542

45. Schirmer H, Lunde P, Rasmussen K Mitral flow derived Doppler indices of

left ventricular diastolic function in a general population - the Tromso study.

Eur Heart J. (2000) 21:1376–86. doi: 10.1002/ejhf.154

46. Smiseth OA, Morris DA, Cardim N, Cikes M, Delgado V, Donal E,

et al. Multimodality imaging in patients with heart failure and preserved

ejection fraction: an expert consensus document of the EuropeanAssociation

of Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging. (2021)

2021:jeab154. doi: 10.1093/ehjci/jeab154

47. Nishimura RA, Tajik AJ. Evaluation of diastolic filling of left ventricle in

health and disease: Doppler echocardiography is the clinician’s Rosetta Stone.

J Am Coll Cardiol. (1997) 30:8–18. doi: 10.1016/S0735-1097(97)00144-7

48. Lester SJ, Tajik AJ, Nishimura RA, Oh JK, Khandheria BK, Seward

JB. Unlocking the mysteries of diastolic function: deciphering the

Rosetta Stone 10 years later. J Am Coll Cardiol. (2008) 51:679–89.

doi: 10.1016/j.jacc.2007.09.061

49. KasnerM,WestermannD, Steendijk P, Gaub R,WilkenshoffU,Weitmann K,

et al. Utility of Doppler echocardiography and tissue Doppler imaging in the

estimation of diastolic function in heart failure with normal ejection fraction:

a comparative Doppler-conductance catheterization study. Circulation.

(2007) 116:637–47. doi: 10.1161/CIRCULATIONAHA.106.661983

50. Melenovsky V, Borlaug BA, Rosen B, Hay I, Ferruci L, Morell CH, et al.

Cardiovascular features of heart failure with preserved ejection fraction

versus nonfailing hypertensive left ventricular hypertrophy in the urban

Baltimore community: the role of atrial remodeling/dysfunction. J Am Coll

Cardiol. (2007) 49:198–207. doi: 10.1016/j.jacc.2006.08.050

51. Lam CS, Roger VL, Rodeheffer RJ, Borlaug BA, Enders FT, Redfield

MM. Pulmonary hypertension in heart failure with preserved ejection

fraction: a community-based study. J Am Coll Cardiol. (2009) 53:1119–26.

doi: 10.1016/j.jacc.2008.11.051

52. Tsang TS, Gersh BJ, Appleton CP, Tajik AJ, Barnes ME, Bailey KR, et al.

Left ventricular DD as a predictor of the first diagnosed nonvalvular atrial

fibrillation in 840 elderly men and women. J Am Coll Cardiol. (2002)

40:1636–44. doi: 10.1016/S0735-1097(02)02373-2

53. Vasan RS, Larson MG, Levy D, Galderisi M, Wolf PA, Benjamin

EJ. Doppler trans- mitral flow indexes and risk of atrial fibrillation

(the Framingham heart study). Am J Cardiol. (2003) 91:1079–83.

doi: 10.1016/S0002-9149(03)00152-8

54. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.

Recommendations for cardiac chamber quantification by echocardiography

in adults: an update from the American Society of Echocardiography and

the European Association of Cardiovascular Imaging. J Am Soc Echocardiogr.

(2015) 28:1–39.e14. doi: 10.1016/j.echo.2014.10.003

55. Temporelli PL, Scapellato F, Corra U, Eleuteri E, Imparato A, Giannuzzi

P. Estimation of pulmonary wedge pressure by transmitral Doppler in

patients with chronic heart failure and atrial fibrillation.Am J Cardiol. (1999)

83:724–7. doi: 10.1016/S0002-9149(98)00978-3

56. Wu J, Barton D, Xie F, O’Leary E, Steuter J, Pavlides G, et al.

Comparison of fractional flow reserve assessment with demand

stress myocardial contrast echocardiography in angiographically

intermediate coronary stenoses. Circ Cardiovasc Imaging. (2016) 9:e004129.

doi: 10.1161/CIRCIMAGING.116.004129

57. Sohn DW, Choi YJ, Oh BH, Lee MM. Lee YW.Estimation of left ventricular

end-diastolic pressure with the difference in pulmonary venous and mitral

A durations is limited when mitral E and A waves are overlapped. J Am Soc

Echocardiogr. (1999) 12:106–12. doi: 10.1016/S0894-7317(99)70122-7

58. Chirillo F, Brunazzi MC, Barbiero M, Giavarina D, Pasqualini M,

Franceschini-Grisolia E, et al. Estimating mean pulmonary wedge pressure

in patients with chronic atrial fibrillation from transthoracic Doppler indexes

of mitral and pulmonary venous flow velocity. J Am Coll Cardiol. (1997)

30:19–26. doi: 10.1016/S0735-1097(97)00130-7

59. Gaibazzi N, Porter T, Lorenzoni V, Pontone G, De Santis D, De Rosa A,

et al. Effect of coronary revascularization on the prognostic value of stress

myocardial contrast wall motion and perfusion imaging. J Am Heart Assoc.

(2017) 6:e006202. doi: 10.1161/JAHA.117.006202

60. Burgess MI, Jenkins C, Sharman JE, Marwick TH. Diastolic stress

echocardiography: hemodynamic validation and clinical significance of

estimation of ventricular filling pressure with exercise. J Am Coll Cardiol.

(2006) 47:1891–900. doi: 10.1016/j.jacc.2006.02.042

61. Flachskampf F, Biering-Sørensen T, Solomon S, Duvernoy O, Bjerner T,

Smiseth OA. Cardiac imaging to evaluate left ventricular diastolic function.

JACCCardiovasc Imaging. (2015) 8:1071–93. doi: 10.1016/j.jcmg.2015.07.004

62. Obokata M, Kane GC, Reddy YN, Olson TP, Melenovsky V,

Borlaug BA. Role of diastolic stress testing in the evaluation for

heart failure with preserved ejection fraction: a simultaneous

invasive-echocardiographic study. Circulation. (2017) 135:825–38.

doi: 10.1161/CIRCULATIONAHA.116.024822

63. Obokata M, Borlaug BA. The strengths and limitations of E/e’ in heart

failure with preserved ejection fraction. Eur J Heart Fail. (2018) 20:1312–4.

doi: 10.1002/ejhf.1250

64. Belyavskiy E, Morris DA, Url-Michitsch M, Verheyen N, Meinitzer A,

Radhakrishnan AK, et al. Diastolic stress test echocardiography in patients

with suspected heart failure with preserved ejection fraction: a pilot study.

ESC Heart Fail. (2019) 6:146–53. doi: 10.1002/ehf2.12375

65. Sugimoto T, Bandera F, Generati G, Alfonzetti E, Barletta M, Losito M, et al.

Left atrial dynamics during exercise in mitral regurgitation of primary and

secondary origin: pathophysiological insights by exercise echocardiography

combined with gas exchange analysis. JACC Cardiovasc Imaging. (2020)

13:25–40. doi: 10.1016/j.jcmg.2018.12.031

66. Mandoli GE, Sisti N, Mondillo S, Cameli M. Left atrial strain in left

ventricular DD: have we finally found the missing piece of the puzzle? Heart

Fail Rev. (2020) 25:409–17. doi: 10.1007/s10741-019-09889-9

67. Morris DA, Takeuchi M, Nakatani S, Otsuji Y, Belyavskiy E, Aravind Kumar

R, et al. Lower limit of normality and clinical relevance of left ventricular

early diastolic strain rate for the detection of left ventricular DD. Eur Heart J

Cardiovasc Imaging. (2018) 19:905–15. doi: 10.1093/ehjci/jex185

68. Lancellotti P, Pellikka PA, Budts W, Chaudhry FA, Donal E, Dulgheru R,

et al. The clinical use of stress echocardiography in non-ischaemic heart

disease: recommendations from the European Association of Cardiovascular

Imaging and the American Society of Echocardiography. Eur Heart J

Cardiovasc Imaging. (2016) 17:1191–229. doi: 10.1093/ehjci/jew190

69. Obokata M, Reddy YNV, Borlaug BA. DD and heart failure with preserved

ejection fraction: understanding mechanisms by using noninvasive methods.

JACCCardiovasc Imaging. (2020) 13:245–57. doi: 10.1016/j.jcmg.2018.12.034

70. Cameli M, Sciaccaluga C, Loiacono F, Simova I, Miglioranza MH, Nistor D,

et al. The analysis of left atrial function predicts the severity of functional

impairment in chronic heart failure: the FLASH multicenter study. Int J

Cardiol. (2019) 286:87–91. doi: 10.1016/j.ijcard.2019.03.063

71. Santos AB, Roca GQ, Claggett B, Sweitzer NK, Shah SJ, Anand IS

et al. Prognostic relevance of left atrial dysfunction in heart failure

with preserved ejection fraction. Circ Heart Fail. (2016) 9:e002763.

doi: 10.1161/CIRCHEARTFAILURE.115.002763

72. Melenovsky V, Hwang SJ, Redfield MM, Zakeri R, Lin G, Borlaug

BA. Left atrial remodeling and function in advanced heart failure with

preserved or reduced ejection fraction. Circ Heart Fail. (2015) 8:295–303.

doi: 10.1161/CIRCHEARTFAILURE.114.001667

73. Morris DA, Gailani M, Vaz Pérez A, Blaschke F, Dietz R, Haverkamp

W, et al. Left atrial systolic and DD in heart failure with normal left

ventricular ejection fraction. J Am Soc Echocardiogr. (2011) 24:651–62.

doi: 10.1016/j.echo.2011.02.004

74. Freed BH, Daruwalla V, Cheng JY, Aguilar FG, Beussink L, Choi

A, et al. Prognostic utility and clinical significance of cardiac

mechanics in heart failure with preserved ejection fraction: importance

of left atrial strain. Circ Cardiovasc Imaging. (2016) 9:e003754.

doi: 10.1161/CIRCIMAGING.115.003754

75. Khan MS, Memon MM, Murad MH, Vaduganathan M, Greene SJ, Hall M,

et al. Left atrial function in heart failure with preserved ejection fraction:

a systematic review and meta-analysis. Eur J Heart Fail. (2020) 22:472–85.

doi: 10.1002/ejhf.1643

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 March 2022 | Volume 9 | Article 758975377

https://doi.org/10.1161/CIRCULATIONAHA.118.039051
https://doi.org/10.1002/ejhf.1542
https://doi.org/10.1002/ejhf.154
https://doi.org/10.1093/ehjci/jeab154
https://doi.org/10.1016/S0735-1097(97)00144-7
https://doi.org/10.1016/j.jacc.2007.09.061
https://doi.org/10.1161/CIRCULATIONAHA.106.661983
https://doi.org/10.1016/j.jacc.2006.08.050
https://doi.org/10.1016/j.jacc.2008.11.051
https://doi.org/10.1016/S0735-1097(02)02373-2
https://doi.org/10.1016/S0002-9149(03)00152-8
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/S0002-9149(98)00978-3
https://doi.org/10.1161/CIRCIMAGING.116.004129
https://doi.org/10.1016/S0894-7317(99)70122-7
https://doi.org/10.1016/S0735-1097(97)00130-7
https://doi.org/10.1161/JAHA.117.006202
https://doi.org/10.1016/j.jacc.2006.02.042
https://doi.org/10.1016/j.jcmg.2015.07.004
https://doi.org/10.1161/CIRCULATIONAHA.116.024822
https://doi.org/10.1002/ejhf.1250
https://doi.org/10.1002/ehf2.12375
https://doi.org/10.1016/j.jcmg.2018.12.031
https://doi.org/10.1007/s10741-019-09889-9
https://doi.org/10.1093/ehjci/jex185
https://doi.org/10.1093/ehjci/jew190
https://doi.org/10.1016/j.jcmg.2018.12.034
https://doi.org/10.1016/j.ijcard.2019.03.063
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002763
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001667
https://doi.org/10.1016/j.echo.2011.02.004
https://doi.org/10.1161/CIRCIMAGING.115.003754
https://doi.org/10.1002/ejhf.1643
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Del Torto et al. Multimodality Imaging in HFpEF

76. Morris DA, Boldt LH, Eichstadt H, Ozcelik C, Haverkamp W.

Myocardial systolic and diastolic performance derived by 2-dimensional

speckle tracking echocardiography in heart failure with normal

left ventricular ejection fraction. Circ Heart Fail. (2012) 5:610–20.

doi: 10.1161/CIRCHEARTFAILURE.112.966564

77. Zhong L, Ng KK, Sim LL, Allen JC, Lau YH, Sim DK, et al. Myocardial

contractile dysfunction associated with increased 3-month and 1-year

mortality in hospitalized patients with heart failure and preserved ejection

fraction. Int J Cardiol. (2013) 168:1975–83. doi: 10.1016/j.ijcard.2012.12.084

78. Borlaug BA, Lam CS, Roger VL, Rodeheffer RJ, Redfield MM. Contractility

and ventricular systolic stiffening in hypertensive heart disease insights into

the pathogenesis of heart failure with preserved ejection fraction. J Am Coll

Cardiol. (2009) 54:410–8. doi: 10.1016/j.jacc.2009.05.013

79. Shah AM, Claggett B, Sweitzer NK, Shah SJ, Anand IS, Liu L, et al. Prognostic

importance of impaired systolic function in heart failure with preserved

ejection fraction and the impact of spironolactone. Circulation. (2015)

132:402–14. doi: 10.1161/CIRCULATIONAHA.115.015884

80. Petersen SE, Khanji MY, Plein S, Lancellotti P, Bucciarelli-Ducci C.

2019. European Association of Cardiovascular Imaging Expert Consensus

Paper: a comprehensive review of cardiovascular magnetic resonance

normal values of cardiac chamber size and aortic root in adults and

recommendations for grading severity. Eur Heart J Cardiovasc Imaging.

20:1321–31. doi: 10.1093/ehjci/jez232

81. Barison A, Baritussio A, Cipriani A, De Lazzari M, Aquaro GD, Guaricci

AI, et al. Cardiovascular magnetic resonance: what clinicians should

know about safety and contraindications. Int J Cardiol. (2021) 331:322–8.

doi: 10.1016/j.ijcard.2021.02.003

82. Bluemke DA, Kronmal RA, Lima J, Liu K, Olson J, Burke GL, et al. The

relationship of left ventricular mass and geometry to incident cardiovascular

events. J Am Coll Cardiol. (2008) 52:2148–55. doi: 10.1016/j.jacc.2008.09.014

83. Aschauer S, Kammerlander AA, Zotter-Tufaro C, Ristl R, Pfaffenberger S,

Bachmann A, et al. The right heart in heart failure with preserved ejection

fraction: insights from cardiac magnetic resonance imaging and invasive

haemodynamics. Eur J Heart Fail. (2016) 18:71–80. doi: 10.1002/ejhf.418

84. Kudelka AM, Turner DA, Liebson PR, Macioch JE, Wang JZ, Barron

JT. Comparison of cine magnetic resonance imaging and doppler

echocardiography for evaluation of left ventricular diastolic function. Am J

Cardiol. (1997) 80:384–86. doi: 10.1016/S0002-9149(97)00375-5

85. Mendoza DD, Codella NC, Wang Y, Prince MR, Sethi S, Manoushagian SJ,

et al. Impact of DD severity on global left ventricular volumetric filling -

assessment by automated segmentation of routine cine cardiovascular

magnetic resonance. J Cardiovasc Magnet Resonan. (2010) 12:46.

doi: 10.1186/1532-429X-12-46

86. Mohiaddin RH, Amanuma M, Kilner PJ, Pennell DJ, Manzara C,

Longmore DB, et al. Phase-shift velocity mapping of mitral and

pulmonary venous flow. J Comput Assist Tomogr. (1991) 15:237–43.

doi: 10.1097/00004728-199103000-00009

87. Rathi VK, Doyle M, Yamrozik J, Williams RB, Caruppannan K, Truman

C, et al. Routine evaluation of left ventricular diastolic function by

cardiovascular magnetic resonance: a practical approach. J Cardiovasc

Magnet Resonan. (2008) 10:36. doi: 10.1186/1532-429X-10-36

88. Azarine A, Garçon P, Stansal A, Canepa N, Angelopoulos G, Silvera S, et al.

Four-dimensional flow MRI: principles and cardiovascular applications.

RadioGraphics. (2019) 39:632–48. doi: 10.1148/rg.2019180091

89. Brandts A, Bertini M, van Dijk EJ, Delgado V, Ajmone Marsan N,

van der Geest RJ, et al. Left ventricular diastolic function assessment

from three-dimensional three-directional velocity-encoded MRI with

retrospective valve tracking. J Magnet Resonan Imaging. (2011) 2:312–19.

doi: 10.1002/jmri.22424

90. Dong SJ, Hees PS, Siu CO, Weiss JL, Shapiro EP. MRI Assessment

of LV relaxation by untwisting rate: a new isovolumic phase

measure of τ . Am J Physiol Circulat Physiol. (2001) 281:H2002–9.

doi: 10.1152/ajpheart.2001.281.5.H2002

91. Garg P, Aziz R, Al Musa T, Ripley DP, Haaf P, Foley JRJ, et al. Effects

of hyperaemia on left ventricular longitudinal strain in patients with

suspected coronary artery disease: a first-pass stress perfusion cardiovascular

magnetic resonance imaging study. Netherlands Heart J. (2018) 26:85–93.

doi: 10.1007/s12471-017-1071-3

92. He J, Sirajuddin A, Li S, Zhuang S, Xu J, Zhou D, et al. Heart failure with

preserved ejection fraction in hypertension patients: a myocardial MR strain

study. J Magnet Resonan Imaging. (2021) 2:527–39. doi: 10.1002/jmri.27313

93. Jake ST, Kitzman DW, Haykowsky MJ, Upadhya B, Brubaker P, Nelson MB,

et al. Left ventricular DD and exercise intolerance in obese heart failure

with preserved ejection fraction. Am J Physiol Heart Circulat Physiol. (2021)

320:H1535–42. doi: 10.1152/ajpheart.00610.2020

94. Paelinck BP, de Roos A, Bax JJ, Bosmans JM, van Der Geest RJ, Dhondt

D, et al. Feasibility of tissue magnetic resonance imaging: a pilot study in

comparison with tissue Doppler imaging and invasive measurement. J Am

Coll Cardiol. (2005) 45:1109–16. doi: 10.1016/j.jacc.2004.12.051

95. Buss SJ, Krautz B, Schnackenburg B, Abdel-Aty H, Braggion Santos MF,

Maertens F, et al. Classification of diastolic function with phase-contrast

cardiac magnetic resonance imaging: validation with echocardiography

and age-related reference values. Clin Res Cardiol. (2014) 103:441–50.

doi: 10.1007/s00392-014-0669-3

96. Steeden JA, Knight DS, Bali S, Atkinson D, Taylor AM, Muthurangu V. Self-

navigated tissue phasemapping using a golden-angle spiral acquisition-proof

of concept in patients with pulmonary hypertension. Magnet Resonan Med.

(2014) 71:145–55. doi: 10.1002/mrm.24646

97. Arani A, Arunachalam SP, Chang IC, Baffour F, Rossman PJ, Glaser KJ, et al.

Cardiac MR elastography for quantitative assessment of elevated myocardial

stiffness in cardiac amyloidosis. J Magnet Resonan Imaging. (2017) 46:1361–

67. doi: 10.1002/jmri.25678

98. Posina K, McLaughlin J, Rhee P, Li L, Cheng J, Schapiro W, et al. 2013

relationship of phasic left atrial volume and emptying function to left

ventricular filling pressure: a cardiovascular magnetic resonance study. J

Cardiovasc Magnet Resonan. 15:99. doi: 10.1186/1532-429X-15-99

99. Kanagala P, Jayanth RA, Cheng AS, Singh A, Khan JN, Gulsin GS,

et al. Left atrial ejection fraction and outcomes in heart failure with

preserved ejection fraction. Int J Cardiovasc Imaging. (2020) 36:101–10.

doi: 10.1007/s10554-019-01684-9

100. Melenovsky V, Hwang SJ, Lin G, Redfield MM, Borlaug BA. Right heart

dysfunction in heart failure with preserved ejection fraction. Eur Heart J.

(2014) 5:3452–62. doi: 10.1093/eurheartj/ehu193

101. Muscogiuri G, Fusini L, Ricci F, Sicuso R, Guglielmo M, Baggiano A,

et al. Additional diagnostic value of cardiac magnetic resonance feature

tracking in patients with biopsy-proven arrhythmogenic cardiomyopathy.

Int J Cardiol. (2021) 2021:S0167-527301090-1. doi: 10.1016/j.ijcard.2021.

06.052

102. Kanagala P, Cheng AS, Singh A, McAdam J, Marsh AM, Arnold

JR, et al. Diagnostic and prognostic utility of cardiovascular magnetic

resonance imaging in heart failure with preserved ejection fraction –

implications for clinical trials. J Cardiovasc Magnet Resonan. (2018) 20:4.

doi: 10.1186/s12968-017-0424-9

103. Kellman P, Arai AE. Cardiac imaging techniques for physicians:

late enhancement. J Magnet Resonan Imaging. (2012) 36:529–42.

doi: 10.1002/jmri.23605

104. McCrohon JA, Moon JC, Prasad SK, McKenna WJ, Lorenz CH,

Coats AJS, et al. Differentiation of heart failure related to dilated

cardiomyopathy and coronary artery disease using gadolinium-enhanced

cardiovascular magnetic resonance. Circulation. (2003) 108:54–9.

doi: 10.1161/01.CIR.0000078641.19365.4C

105. Mahrholdt H, Wagner A, Deluigi CC, Kispert E, Hager S, Meinhardt

G, et al. Presentation, patterns of myocardial damage, and clinical

course of viral myocarditis. Circulation. (2006) 114:1581–90.

doi: 10.1161/CIRCULATIONAHA.105.606509

106. Mahrholdt H, Wagner A, Judd RM, Sechtem U, Kim RJ. Delayed

enhancement cardiovascular magnetic resonance assessment of

non-ischaemic cardiomyopathies. Eur Heart J. (2005) 26:1461–74.

doi: 10.1093/eurheartj/ehi258

107. Choudhury L, Mahrholdt H, Wagner A, Choi KM, Elliott MD, Klocke FJ,

et al. Myocardial scarring in asymptomatic or mildly symptomatic patients

with hypertrophic cardiomyopathy. J Am Coll Cardiol. (2002) 40:2156–64.

doi: 10.1016/S0735-1097(02)02602-5

108. Maceira AM, Joshi J, Prasad SK, Moon JC, Perugini E, Harding I, et al.

Cardiovascular magnetic resonance in cardiac amyloidosis. Circulation.

(2005) 111:186–93. doi: 10.1161/01.CIR.0000152819.97857.9D

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 March 2022 | Volume 9 | Article 758975378

https://doi.org/10.1161/CIRCHEARTFAILURE.112.966564
https://doi.org/10.1016/j.ijcard.2012.12.084
https://doi.org/10.1016/j.jacc.2009.05.013
https://doi.org/10.1161/CIRCULATIONAHA.115.015884
https://doi.org/10.1093/ehjci/jez232
https://doi.org/10.1016/j.ijcard.2021.02.003
https://doi.org/10.1016/j.jacc.2008.09.014
https://doi.org/10.1002/ejhf.418
https://doi.org/10.1016/S0002-9149(97)00375-5
https://doi.org/10.1186/1532-429X-12-46
https://doi.org/10.1097/00004728-199103000-00009
https://doi.org/10.1186/1532-429X-10-36
https://doi.org/10.1148/rg.2019180091
https://doi.org/10.1002/jmri.22424
https://doi.org/10.1152/ajpheart.2001.281.5.H2002
https://doi.org/10.1007/s12471-017-1071-3
https://doi.org/10.1002/jmri.27313
https://doi.org/10.1152/ajpheart.00610.2020
https://doi.org/10.1016/j.jacc.2004.12.051
https://doi.org/10.1007/s00392-014-0669-3
https://doi.org/10.1002/mrm.24646
https://doi.org/10.1002/jmri.25678
https://doi.org/10.1186/1532-429X-15-99
https://doi.org/10.1007/s10554-019-01684-9
https://doi.org/10.1093/eurheartj/ehu193
https://doi.org/10.1016/j.ijcard.2021.06.052
https://doi.org/10.1186/s12968-017-0424-9
https://doi.org/10.1002/jmri.23605
https://doi.org/10.1161/01.CIR.0000078641.19365.4C
https://doi.org/10.1161/CIRCULATIONAHA.105.606509
https://doi.org/10.1093/eurheartj/ehi258
https://doi.org/10.1016/S0735-1097(02)02602-5
https://doi.org/10.1161/01.CIR.0000152819.97857.9D
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Del Torto et al. Multimodality Imaging in HFpEF

109. Pontone G, Guaricci AI, Andreini D, Ferro G, Guglielmo M,

Baggiano A, et al. Prognostic stratification of patients with ST-

segment-elevation myocardial infarction (PROSPECT): a cardiac

magnetic resonance study. Circ Cardiovasc Imaging. (2017) 10:e006428.

doi: 10.1161/CIRCIMAGING.117.006428

110. Gulati A, Jabbour A, Ismail TF, Guha K, Khwaja J, Raza S, et al. Association

of fibrosis with mortality and sudden cardiac death in patients with

nonischemic dilated cardiomyopathy. J Am Med Assoc. (2013) 309:896–908.

doi: 10.1001/jama.2013.1363

111. Mandawat A, Chattranukulchai P, Mandawat A, Blood AJ, Ambati S, Hayes

B, et al. Progression of myocardial fibrosis in nonischemic DCM and

association with mortality and heart failure outcomes. JACC Cardiovasc

Imaging. (2021) 14:1338–50. doi: 10.1016/j.jcmg.2020.11.006

112. Guaricci AI, Masci PG, Muscogiuri G, Guglielmo M, Baggiano

A, Fusini L, et al. CarDiac magnEtic Resonance for prophylactic

Implantable-cardioVerter defibrillAtor ThErapy in Non-Ischaemic dilated

CardioMyopathy: an international Registry. Europace. (2021) 23:1072–83.

doi: 10.1093/europace/euaa401

113. Kato S, Saito N, Kirigaya N, Gyotoku D, Iinuma N, Kusakawa Y, et al.

Prognostic significance of quantitative assessment of focal myocardial

fibrosis in patients with heart failure with preserved ejection fraction. Int J

Cardiol. (2105) 191:314–19. doi: 10.1016/j.ijcard.2015.05.048

114. Nakamori S, Dohi K, Ishida M, Goto Y, Imanaka-Yoshida K, Omori T, et al.

Native T1 mapping and extracellular volume mapping for the assessment

of diffuse myocardial fibrosis in dilated cardiomyopathy. JACC Cardiovasc

Imaging. (2018) 11:48–59. doi: 10.1016/j.jcmg.2017.04.006

115. Messroghli DR, Walters K, Plein S, Sparrow P, Friedrich MG, Ridgway

JP, et al. Myocardial T1 mapping: application to patients with acute

and chronic myocardial infarction. Magn Reson Med. (2007) 58:34–40.

doi: 10.1002/mrm.21272

116. Ferreira VM, Piechnik SK, Dall’Armellina E, Karamitsos TD, Francis JM,

Ntusi N, et al. T1 mapping for the diagnosis of acute myocarditis using CMR.

JACCCardiovasc Imaging. (2013) 6:1048–58. doi: 10.1016/j.jcmg.2013.03.008

117. Baggiano A, Boldrini M, Martinez-Naharro A, Kotecha T, Petrie A,

Rezk T, et al. Noncontrast magnetic resonance for the diagnosis

of cardiac amyloidosis. JACC Cardiovasc Imaging. (2019) 13:69–80.

doi: 10.1016/j.jcmg.2019.03.026

118. Sado DM,White SK, Piechnik SK, Banypersad SM, Treibel T, Captur G, et al.

Identification and Assessment of anderson-fabry disease by cardiovascular

magnetic resonance noncontrast myocardial T1 mapping. Circulation.

(2013) 6:392–98. doi: 10.1161/CIRCIMAGING.112.000070

119. Feng Y, He T, Carpenter LP, Jabbour A, Harith Alam M, Gatehouse PD,

et al. In vivo comparison of myocardial T1 with T2 and T2∗ in Thalassaemia

major. J Magn Reson Imaging. (2013) 38:588–93. doi: 10.1002/jmri.24010

120. Guglielmo M, Fusini L, Muscogiuri G, Baessato F, Loffreno A,

Cavaliere A, et al. T1 mapping and cardiac magnetic resonance

feature tracking in mitral valve prolapse. Eur Radiol. (2021) 31:1100–9.

doi: 10.1007/s00330-020-07140-w

121. Verhaert D, Thavendiranathan P, Giri S, Mihai G, Rajagopalan S,

Simonetti OP, et al. Direct T2 quantification of myocardial edema

in acute ischemic injury. JACC Cardiovasc Imaging. (2011) 4:269–78.

doi: 10.1016/j.jcmg.2010.09.023

122. Thavendiranathan P, Walls M, Giri S, Verhaert D, Rajagopalan S,

Moore S, et al. Improved detection of myocardial involvement in acute

inflammatory cardiomyopathies using T2 mapping. Circulation. (2012)

5:102–10. doi: 10.1161/CIRCIMAGING.111.967836

123. Su MY, Lin LY, Tseng YH, Chang CC, Wu CK, Lin JL, et al. CMR-verified

diffusemyocardial fibrosis is associated with DD inHFpEF. JACC Cardiovasc

Imaging. (2014) 7:991–97. doi: 10.1016/j.jcmg.2014.04.022

124. Kanagala P, Cheng AS, Singh A, Khan JN, Gulsin GS, Patel P, et al.

Relationship between focal and diffuse fibrosis assessed by CMR and clinical

outcomes in heart failure with preserved ejection fraction. JACC Cardiovasc

Imaging. (2019) 12:2291–301. doi: 10.1016/j.jcmg.2018.11.031

125. Duca F, Kammerlander AA, Zotter-Tufaro C, Aschauer S, Schwaiger ML,

Marzluf BA, et al. Interstitial fibrosis, functional status, and outcomes in

heart failure with preserved ejection fraction. Circulation. (2016) 9:5277.

doi: 10.1161/CIRCIMAGING.116.005277

126. Schelbert EB, Fridman Y, Wong TC, Daya HA, Piehler KM, Kadakkal

A, et al. Temporal relation between myocardial fibrosis and heart failure

with preserved ejection fraction. J Am Med Assoc Cardiol. (2007) 2:995.

doi: 10.1001/jamacardio.2017.2511

127. Omori T, Nakamori S, Fujimoto N, Ishida M, Kitagawa K, Ichikawa Y, et al.

Myocardial native T1 predicts load-independent left ventricular chamber

stiffness in patients with HFpEF. JACC Cardiovasc Imaging. (2020) 13:2117–

28. doi: 10.1016/j.jcmg.2020.05.030

128. Nitsche C, Kammerlander AA, Binder C, Duca F, Aschauer S, Koschutnik

M, et al. Native T1 time of right ventricular insertion points by cardiac

magnetic resonance: relation with invasive haemodynamics and outcome

in heart failure with preserved ejection fraction. Eur Heart J Cardiovasc

Imaging. (2020) 21:683–91. doi: 10.1093/ehjci/jez221

129. Patel RB, Li E, Benefield BC, Swat SA, Polsinelli VB, Carr JC, et al.

Diffuse right ventricular fibrosis in heart failure with preserved ejection

fraction and pulmonary hypertension. ESC Heart Failure. (2020) 7:254–64.

doi: 10.1002/ehf2.12565

130. TravinMI. Cardiac radionuclide imaging to assess patients with heart failure.

Semin Nucl Med. (2014) 44:294–313. doi: 10.1053/j.semnuclmed.2014.04.005

131. Al-Mallah MH, Sitek A, Moore SC, Di Carli M, Dorbala S. Assessment of

myocardial perfusion and function with PET and PET/CT. J Nucl Cardiol.

(2010) 17:498–513. doi: 10.1007/s12350-010-9223-5

132. Cohn JN, Levine TB, Olivari MT, Garberg V, Lura D, Francis GS,

et al. Plasma norepinephrine as a guide to prognosis in patients with

chronic congestive heart failure. N Engl J Med. (1984) 311:819–23.

doi: 10.1056/NEJM198409273111303

133. Hasking GJ, Esler MD, Jennings GL, Burton D, Johns JA, Korner PI.

Norepinephrine spillover to plasma in patients with congestive heart failure:

evidence of increased overall and cardiorenal sympathetic nervous activity.

Circulation. (1986) 73:615–21. doi: 10.1161/01.CIR.73.4.615

134. Jacobson AF, Senior R, Cerqueira MD, Wong ND, Thomas GS, Lopez VA,

et al. Myocardial iodine-123meta- iodobenzylguanidine imaging and cardiac

events in heart failure: results of the prospective ADMIRE-HF (AdreView

Myocardial Imaging for Risk Evaluation in Heart Failure) study. J Am Coll

Cardiol. (2010) 55:2212–21. doi: 10.1016/j.jacc.2010.01.014

135. Nakata T, Nakajima K, Yamashina S, Yamada T, Momose M, Kasama

S, et al. A pooled analysis of multicenter cohort studies of 123I-

mIBG imaging of sympathetic innervation for assessment of long- term

prognosis in heart failure. JACC Cardiovasc Imaging. (2013) 6:772–84.

doi: 10.1016/j.jcmg.2013.02.007

136. Haider N, Baliga RR, Chandrashekhar Y, Narula J. Adrenergic excess,

hNET1 down-regulation, and compromised mIBG uptake in heart failure:

poverty in the presence of plenty. JACC Cardiovasc Imaging. (2010) 3:71–5.

doi: 10.1016/j.jcmg.2009.11.002

137. Kaye DM, Lambert GW, Lefkovits J, Morris M, Jennings G, Esler

MD. Neurochemical evidence of cardiac sympathetic activation

and increased central nervous system norepinephrine turnover in

severe congestive heart failure. J Am Coll Cardiol. (1994) 23:570–8.

doi: 10.1016/0735-1097(94)90738-2

138. Grassi G, Seravalle G, Quarti-Trevano F, Dell’Oro R, Arenare F,

Spaziani D, et al. Sympathetic and baroreflex cardiovascular control

in hypertension-related left ventricular dysfunction. Hypertension. (2009)

53:205–9. doi: 10.1161/HYPERTENSIONAHA.108.121467

139. Kasama S, Toyama T, Kumakura H, Takayama Y, Ichikawa S, Suzuki T, et al.

Effects of candesartan on cardiac sympathetic nerve activity in patients with

congestive heart failure and preserved left ventricular ejection fraction. J Am

Coll Cardiol. (2005) 45:661–7. doi: 10.1016/j.jacc.2004.11.038

140. SugiuraM, Yamamoto K, Takeda Y, Takeda Y, Dohmori T, OgataM, et al. The

relationship between variables of 123-I-metaiodobenzylguanidine cardiac

imaging and clinical status of the patients with diastolic heart failure. Int J

Cardiol. (2006) 113:223–8. doi: 10.1016/j.ijcard.2005.11.017

141. Katoh S, Shishido T, Kutsuzawa D, Arimoto T, Netsu S, Funayama A, et al.

Iodine-123-metaiodobenzylguanidine imaging can predict future cardiac

events in heart failure patients with preserved ejection fraction. Ann Nucl

Med. (2010) 24:679–86. doi: 10.1007/s12149-010-0409-3

142. Aikawa T, Naya M, Obara M, Manabe O, Tomiyama Y, Magota K, et al.

Impaired myocardial sympathetic innervation is associated with DD in heart

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 March 2022 | Volume 9 | Article 758975379

https://doi.org/10.1161/CIRCIMAGING.117.006428
https://doi.org/10.1001/jama.2013.1363
https://doi.org/10.1016/j.jcmg.2020.11.006
https://doi.org/10.1093/europace/euaa401
https://doi.org/10.1016/j.ijcard.2015.05.048
https://doi.org/10.1016/j.jcmg.2017.04.006
https://doi.org/10.1002/mrm.21272
https://doi.org/10.1016/j.jcmg.2013.03.008
https://doi.org/10.1016/j.jcmg.2019.03.026
https://doi.org/10.1161/CIRCIMAGING.112.000070
https://doi.org/10.1002/jmri.24010
https://doi.org/10.1007/s00330-020-07140-w
https://doi.org/10.1016/j.jcmg.2010.09.023
https://doi.org/10.1161/CIRCIMAGING.111.967836
https://doi.org/10.1016/j.jcmg.2014.04.022
https://doi.org/10.1016/j.jcmg.2018.11.031
https://doi.org/10.1161/CIRCIMAGING.116.005277
https://doi.org/10.1001/jamacardio.2017.2511
https://doi.org/10.1016/j.jcmg.2020.05.030
https://doi.org/10.1093/ehjci/jez221
https://doi.org/10.1002/ehf2.12565
https://doi.org/10.1053/j.semnuclmed.2014.04.005
https://doi.org/10.1007/s12350-010-9223-5
https://doi.org/10.1056/NEJM198409273111303
https://doi.org/10.1161/01.CIR.73.4.615
https://doi.org/10.1016/j.jacc.2010.01.014
https://doi.org/10.1016/j.jcmg.2013.02.007
https://doi.org/10.1016/j.jcmg.2009.11.002
https://doi.org/10.1016/0735-1097(94)90738-2
https://doi.org/10.1161/HYPERTENSIONAHA.108.121467
https://doi.org/10.1016/j.jacc.2004.11.038
https://doi.org/10.1016/j.ijcard.2005.11.017
https://doi.org/10.1007/s12149-010-0409-3
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Del Torto et al. Multimodality Imaging in HFpEF

failure with preserved ejection fraction: 11C-hydroxyephedrine PET study. J

Nucl Med. (2017) 58:784–90. doi: 10.2967/jnumed.116.178558

143. Pontone G, Weir-McCall JR, Baggiano A, Del Torto A, Fusini

L, Guglielmo M. Determinants of rejection rate for coronary CT

angiography fractional flow reserve analysis. Radiology. (2019) 292:597–605.

doi: 10.1148/radiol.2019182673

144. Pontone G, Muscogiuri G, Andreini D, Guaricci AI, Guglielmo M, Baggiano

A, et al. Impact of a new adaptive statistical iterative reconstruction

(ASIR)-V algorithm on image quality in coronary computed tomography

angiography. Acad Radiol. (2018) 25:1305–13. doi: 10.1016/j.acra.2018.

02.009

145. Guaricci AI, Arcadi T, Brunetti ND, Maffei E, Montrone D, Martini

C, et al. Carotid intima media thickness and coronary atherosclerosis

linkage in symptomatic intermediate risk patients evaluated by coronary

computed tomography angiography. Int J Cardiol. (2014) 176:988–93.

doi: 10.1016/j.ijcard.2014.08.141

146. Guaricci AI, Pontone P, Fusini L, De Luca M, Cafarelli FP, Guglielmo M,

et al. Additional value of inflammatory biomarkers and carotid artery disease

in prediction of significant coronary artery disease as assessed by coronary

computed tomography angiography. Eur Heart J Cardiovasc Imaging. (2017)

18:1049–56. doi: 10.1093/ehjci/jew173

147. Esposito A, Francone M, Andreini D, Buffa V, Cademartiri F, Carbone I,

et al. SIRM-SIC appropriateness criteria for the use of Cardiac Computed

Tomography. Part 1: congenital heart diseases, primary prevention, risk

assessment before surgery, suspected CAD in symptomatic patients, plaque

and epicardial adipose tissue characterization, and functional assessment of

stenosis. Radiol Med. (2021) 2021:1378. doi: 10.1007/s11547-021-01378-0

148. Muscogiuri G, Chiesa M, Trotta M, Gatti M, Palmisano V, Dell’Aversana

S, et al. Performance of a deep learning algorithm for the evaluation of

CAD-RADS classification with CCTA. Atherosclerosis. (2020) 294:25–32.

doi: 10.1016/j.atherosclerosis.2019.12.001

149. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano

E, et al. 2019 ESC guidelines for the diagnosis and management

of chronic coronary syndromes. Eur Heart J. (2020) 41:407–77.

doi: 10.1093/eurheartj/ehz425

150. Maffei E, Messalli G, Martini C, Nieman K, Catalano O, Rossi A, et al. Left

and right ventricle assessment with cardiac CT: validation study vs. cardiac

MR. Eur Radiol. (2012) 22:1041–9. doi: 10.1007/s00330-011-2345-6

151. Pontone G, Andreini D, Bertella E, Petullà M, Russo E, Innocenti E.

Comparison of cardiac computed tomography versus cardiac magnetic

resonance for characterization of left atrium anatomy before radiofrequency

catheter ablation of atrial fibrillation. Int J Cardiol. (2015) 179:114–21.

doi: 10.1016/j.ijcard.2014.10.030

152. Asferg C, Usinger L, Kristensen TS, Abdulla J. Accuracy of multi-

slice computed tomography for measurement of left ventricular ejection

fraction compared with cardiac magnetic resonance imaging and two-

dimensional transthoracic echocardiography. Eur J Radiol. (2012) 81:e757–

62. doi: 10.1016/j.ejrad.2012.02.002

153. Pontone G, Andreini D, Guaricci AI, Baggiano A, Fazzari F,

Guglielmo M, et al. Incremental diagnostic value of stress computed

tomography myocardial perfusion with whole-heart coverage CT

scanner in intermediate- to high-risk symptomatic patients suspected

of coronary artery disease. JACC Cardiovasc Imaging. (2019) 12:338–49.

doi: 10.1016/j.jcmg.2017.10.025

154. Mehra VC, Valdiviezo C, Arbab-Zadeh A, Ko BS, Seneviratne SK, Cerci

R, et al. A stepwise approach to the visual interpretation of CT-based

myocardial perfusion. J Cardiovasc Comput Tomogr. (2011) 5:357–69.

doi: 10.1016/j.jcct.2011.10.010

155. Bandula S, White SK, Flett AS, Lawrence D, Pugliese F, Ashworth MT,

et al. Measurement of myocardial extracellular volume fraction by using

equilibrium contrast-enhanced CT: validation against histologic findings.

Radiology. (2013) 269:396–403. doi: 10.1148/radiol.13130130

156. Lee HJ, Im DJ, Youn JC, Chang S, Suh YJ, Hong JY, et al. Myocardial

extracellular volume fraction with dual-energy equilibrium contrast-

enhanced cardiac CT in nonischemic cardiomyopathy: a prospective

comparison with cardiac MR imaging. Radiology. (2016) 280:49–57.

doi: 10.1148/radiol.2016151289

157. Fashanu OE, Upadhrasta S, Zhao D, Budoff MJ, Pandey A, Lima

JA et al. Effect of progression of valvular calcification on left

ventricular structure and frequency of incident heart failure (from the

multiethnic study of atherosclerosis). Am J Cardiol. (2020) 134:99–107.

doi: 10.1016/j.amjcard.2020.08.017

158. Koepp KE, Obokata M, Reddy YN, Olson TP, Borlaug BA. Hemodynamic

and functional impact of epicardial adipose tissue in heart failure

with preserved ejection fraction. JACC Heart Failure. (2020) 8:657–66.

doi: 10.1016/j.jchf.2020.04.016

159. McCullough PA, Roberts WC. Influence of chronic renal failure

on cardiac structure. J Am Coll Cardiol. (2016) 67:1183–5.

doi: 10.1016/j.jacc.2015.11.065

160. Safley DM, Awad A, Sullivan RA, Sandberg KR, Mourad I, Boulware M,

et al. Changes in B-type natriuretic peptide levels in hemodialysis and the

effect of depressed left ventricular function. Adv Chronic Kidney Dis. (2005)

12:117–24. doi: 10.1053/j.ackd.2004.11.002

161. Hill SA, Booth RA, Santaguida PL, Don-Wauchope A, Brown JA, Oremus

M, et al. Use of BNP and NT-proBNP for the diagnosis of heart failure in the

emergency department: a systematic review of the evidence. Heart Fail Rev.

(2014) 19:421–38. doi: 10.1007/s10741-014-9447-6

162. Colbert G, Jain N, de Lemos JA, Hedayati SS. Utility of traditional circulating

and imaging-based cardiac biomarkers in patients with predialysis CKD.Clin

J Am Soc Nephrol. (2015) 10:515–29. doi: 10.2215/CJN.03600414

163. Otsuka K, Nakanishi K, Shimada K, Nakamura H, Inanami H, Nishioka

H, et al. Associations of sensitive cardiac troponin-I with left ventricular

morphology, function and prognosis in end-stage renal disease patients

with preserved ejection fraction. Heart Vessels. (2018) 33:1334–42.

doi: 10.1007/s00380-018-1192-7

164. DeFilippi CR, Fink JC, Nass CM, Chen H, Christenson R. N-terminal pro-B-

type natriuretic peptide for predicting coronary disease and left ventricular

hypertrophy in asymptomatic CKD not requiring dialysis. Am J Kidney Dis.

(2005) 46:35–44. doi: 10.1053/j.ajkd.2005.04.007

165. Oghina S, BougouinW, BézardM, Kharoubi M, KomajdaM, Cohen-Solal A,

et al. The impact of patients with cardiac amyloidosis in HFpEF trials. JACC

Heart Fail. (2021) 9:169–78. doi: 10.1016/j.jchf.2020.12.005

166. González-López E, Gallego-Delgado M, Guzzo-Merello G, de Haro-Del

Moral FJ, Cobo-Marcos M, Robles C, et al. Wild-type transthyretin

amyloidosis as a cause of heart failure with preserved ejection fraction. Eur

Heart J. (2015) 36:2585–94. doi: 10.1093/eurheartj/ehv338

167. Garcia-Pavia P, Rapezzi C, Adler Y, Arad M, Basso C, Brucato A,

et al. Diagnosis and treatment of cardiac amyloidosis. A position

statement of the European Society of Cardiology Working Group on

Myocardial and Pericardial Diseases. Eur J Heart Fail. (2021) 23:512–26.

doi: 10.1002/ejhf.2140

168. Yamamoto H, Yokochi T. Transthyretin cardiac amyloidosis: an

update on diagnosis and treatment. ESC Heart Fail. (2019) 6:1128–39.

doi: 10.1002/ehf2.12518

169. Mohammed SF, Mirzoyev SA, Edwards WD, Dogan A, Grogan DR, Dunlay

SM, et al. Left ventricular amyloid deposition in patients with heart

failure and preserved ejection fraction. JACC Heart Fail. (2014) 2:113–22.

doi: 10.1016/j.jchf.2013.11.004

170. Rapezzi C, Quarta CC, Obici L, Perfetto F, Longhi S, Salvi F, et al.

Disease profile and differential diag- nosis of hereditary transthyretin-related

amyloidosis with exclusively cardiac phenotype: an Italian perspective. Eur

Heart J. (2013) 34:520–8. doi: 10.1093/eurheartj/ehs123

171. Ruberg FL, Berl JL. Transthyretin (TTR) cardiac amyloidosis.

Circulation. (2012) 126:1286–300. doi: 10.1161/CIRCULATIONAHA.111.

078915

172. Merlo M, Porcari A, Pagura L, Cameli M, Vergaro G, Musumeci B, et al.

A national survey on prevalence of possible echocardiographic red flags

of amyloid cardiomyopathy in consecutive patients undergoing routine

echocardiography: study design and patients characterization-the first

insight from the AC-TIVE study. Eur J Prev Cardiol. (2021) 2021:zwab127.

doi: 10.1093/eurjpc/zwab127

173. Gillmore JD, Maurer MS, Falk RH, Merlini G, Damy T, Dispenzieri A,

et al. Nonbiopsy diagnosis of cardiac transthyretin amyloidosis. Circulation.

(2016) 133:2404–12. doi: 10.1161/CIRCULATIONAHA.116.021612

Frontiers in Cardiovascular Medicine | www.frontiersin.org 18 March 2022 | Volume 9 | Article 758975380

https://doi.org/10.2967/jnumed.116.178558
https://doi.org/10.1148/radiol.2019182673
https://doi.org/10.1016/j.acra.2018.02.009
https://doi.org/10.1016/j.ijcard.2014.08.141
https://doi.org/10.1093/ehjci/jew173
https://doi.org/10.1007/s11547-021-01378-0
https://doi.org/10.1016/j.atherosclerosis.2019.12.001
https://doi.org/10.1093/eurheartj/ehz425
https://doi.org/10.1007/s00330-011-2345-6
https://doi.org/10.1016/j.ijcard.2014.10.030
https://doi.org/10.1016/j.ejrad.2012.02.002
https://doi.org/10.1016/j.jcmg.2017.10.025
https://doi.org/10.1016/j.jcct.2011.10.010
https://doi.org/10.1148/radiol.13130130
https://doi.org/10.1148/radiol.2016151289
https://doi.org/10.1016/j.amjcard.2020.08.017
https://doi.org/10.1016/j.jchf.2020.04.016
https://doi.org/10.1016/j.jacc.2015.11.065
https://doi.org/10.1053/j.ackd.2004.11.002
https://doi.org/10.1007/s10741-014-9447-6
https://doi.org/10.2215/CJN.03600414
https://doi.org/10.1007/s00380-018-1192-7
https://doi.org/10.1053/j.ajkd.2005.04.007
https://doi.org/10.1016/j.jchf.2020.12.005
https://doi.org/10.1093/eurheartj/ehv338
https://doi.org/10.1002/ejhf.2140
https://doi.org/10.1002/ehf2.12518
https://doi.org/10.1016/j.jchf.2013.11.004
https://doi.org/10.1093/eurheartj/ehs123
https://doi.org/10.1161/CIRCULATIONAHA.111.078915
https://doi.org/10.1093/eurjpc/zwab127
https://doi.org/10.1161/CIRCULATIONAHA.116.021612
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Del Torto et al. Multimodality Imaging in HFpEF

174. Morris AD, Smith RN, Stone JR. The pathology and changing epidemiology

of dialysis-related cardiac beta-2 microglobulin amyloidosis. Cardiovasc

Pathol. (2019) 42:30–5. doi: 10.1016/j.carpath.2019.05.002

175. Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, et al.

2020 AHA/ACC guideline for the diagnosis and treatment of patients

with hypertrophic cardiomyopathy: executive summary: a report of

the American College of Cardiology/American Heart Association Joint

Committee on Clinical Practice Guidelines. Circulation. (2020) 142:e533–57.

doi: 10.1161/CIR.0000000000000938

176. Baggiano A, Del Torto A, GuglielmoM, Muscogiuri G, Fusini L, Babbaro M,

et al. Role of CMR mapping techniques in cardiac hypertrophic phenotype.

Diagnostics. (2020) 10:770. doi: 10.3390/diagnostics10100770

177. Maron BJ, Rowin EJ, Udelson JE, Maron MS. Clinical spectrum and

management of heart failure in hypertrophic cardiomyopathy. JACC Heart

Fail. (2018) 6:353–63. doi: 10.1016/j.jchf.2017.09.011

178. Rush CJ, Berry C, Oldroyd KG, Rocchiccioli JP, Lindsay MM, Touyz

RM, et al. Prevalence of coronary artery disease and coronary

microvascular dysfunction in patients with heart failure with preserved

ejection fraction. J Am Med Assoc Cardiol. (2021) 6:1130–43.

doi: 10.1001/jamacardio.2021.1825

179. Park JJ, Park CS, Mebazaa A, Oh IY, Park HA, Cho HJ, et al. Characteristics

and outcomes of HFpEF with declining ejection fraction. Clin Res Cardiol.

(2020) 109:225–34. doi: 10.1007/s00392-019-01505-y

180. Hwang SJ, Melenovsky V, Borlaug BA. Implications of coronary artery

disease in heart failure with preserved ejection fraction. J Am Coll Cardiol.

(2014) 63:2817–27. doi: 10.1016/j.jacc.2014.03.034

181. Maron DJ, Hochman JS, O’Brien SM, Reynolds HR, Boden WE, Stene GW,

et al. International Study of Comparative Health Effectiveness with Medical

and Invasive Approaches (ISCHEMIA) trial: rationale and design. AmHeart

J. (2018) 201:124–35. doi: 10.1016/j.ahj.2018.04.011

182. Guglielmo M, Lin A, Dey D, Baggiano A, Fusini M, Muscogiuri G,

et al. Epicardial fat and coronary artery disease: Role of cardiac imaging.

Atherosclerosis. (2021) 321:30–8. doi: 10.1016/j.atherosclerosis.2021.02.008

183. Tzolos E, McElhinney P, Williams MC, Cadet S, Dweck RM, Berman DS,

et al. Repeatability of quantitative pericoronary adipose tissue attenuation

and coronary plaque burden from coronary CT angiography. J Cardiovasc

Comput Tomogr. (2021) 15:81–4. doi: 10.1016/j.jcct.2020.03.007

184. Zhou J, Chen Y, Zhang Y, Wang H, Tan Y, Liu Y, et al. Epicardial

fat volume improves the prediction of obstructive coronary artery

disease above traditional risk factors and coronary calcium score. Circ

Cardiovasc Imaging. (2019) 12:e008002. doi: 10.1161/CIRCIMAGING.118.0

08002

185. Goeller M, Achenbach S, Herrmann N, Bittner DO, Kilian T, Day T,

et al. Pericoronary adipose tissue CT attenuation and its association with

serum levels of atherosclerosis-relevant inflammatory mediators, coronary

calcification and major adverse cardiac events. J Cardiovasc Comput Tomogr.

(2021) 15:449–54. doi: 10.1016/j.jcct.2021.03.005

186. Kwiecinski J, Dey D, Cadet S, Lee SE, Otaki Y, Huynh PT, et al. Peri-coronary

adipose tissue density is associated with 18F-sodium fluoride coronary

uptake in stable patients with high-risk plaques. JACC Cardiovasc Imaging.

(2019) 12:2000–10. doi: 10.1016/j.jcmg.2018.11.032

187. Motoyama S, Ito H, Sarai M, Kondo T, Kawai H, Nagahara Y, et al. Plaque

characterization by coronary computed tomography angiography and the

likelihood of acute coronary events inmid-term follow-up. J AmColl Cardiol.

(2015) 66:337–46. doi: 10.1016/j.jacc.2015.05.069

188. Lee SE, Chang HJ, Sung JM, Park HB, Heo R, Rizvi A, et al. Effects of

statins on coronary atherosclerotic plaques: the PARADIGM study. JACC

Cardiovasc Imaging. (2018) 11:1475–84. doi: 10.1016/j.jcmg.2018.04.015

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Del Torto, Guaricci, Pomarico, Guglielmo, Fusini, Monitillo,

Santoro, Vannini, Rossi, Muscogiuri, Baggiano and Pontone. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 19 March 2022 | Volume 9 | Article 758975381

https://doi.org/10.1016/j.carpath.2019.05.002
https://doi.org/10.1161/CIR.0000000000000938
https://doi.org/10.3390/diagnostics10100770
https://doi.org/10.1016/j.jchf.2017.09.011
https://doi.org/10.1001/jamacardio.2021.1825
https://doi.org/10.1007/s00392-019-01505-y
https://doi.org/10.1016/j.jacc.2014.03.034
https://doi.org/10.1016/j.ahj.2018.04.011
https://doi.org/10.1016/j.atherosclerosis.2021.02.008
https://doi.org/10.1016/j.jcct.2020.03.007
https://doi.org/10.1161/CIRCIMAGING.118.008002
https://doi.org/10.1016/j.jcct.2021.03.005
https://doi.org/10.1016/j.jcmg.2018.11.032
https://doi.org/10.1016/j.jacc.2015.05.069
https://doi.org/10.1016/j.jcmg.2018.04.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


ORIGINAL RESEARCH
published: 21 March 2022

doi: 10.3389/fcvm.2022.824467

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 March 2022 | Volume 9 | Article 824467

Edited by:

Giulia Elena Mandoli,

University of Siena, Italy

Reviewed by:

Chunyan Ma,

The First Affiliated Hospital of China

Medical University, China

Nicola Riccardo Pugliese,

University of Pisa, Italy

*Correspondence:

Christoph Knosalla

knosalla@dhzb.de

†These authors have contributed

equally to this work and share first

authorship

Specialty section:

This article was submitted to

Cardiovascular Imaging,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 29 November 2021

Accepted: 31 January 2022

Published: 21 March 2022

Citation:

Nemchyna O, Solowjowa N,

Dandel M, Hrytsyna Y, Stein J,

Knierim J, Schoenrath F, Hennig F,

Falk V and Knosalla C (2022)

Predictive Value of Two-Dimensional

Speckle-Tracking Echocardiography in

Patients Undergoing Surgical

Ventricular Restoration.

Front. Cardiovasc. Med. 9:824467.

doi: 10.3389/fcvm.2022.824467

Predictive Value of Two-Dimensional
Speckle-Tracking Echocardiography
in Patients Undergoing Surgical
Ventricular Restoration
Olena Nemchyna 1†, Natalia Solowjowa 1†, Michael Dandel 2, Yuriy Hrytsyna 1, Julia Stein 1,

Jan Knierim 1, Felix Schoenrath 1,3, Felix Hennig 1,3, Volkmar Falk 1,3,4,5 and

Christoph Knosalla 1,3,6*

1Department of Cardiothoracic and Vascular Surgery, German Heart Center Berlin, Berlin, Germany, 2Cardio Centrum Berlin,

Berlin, Germany, 3DZHK (German Centre for Cardiovascular Research), partner site Berlin, Berlin, Germany, 4Department of

Cardiothoracic Surgery, Charité - Universitätsmedizin Berlin, corporate member of Freie Universität Berlin,

Humboldt-Universität zu Berlin, and Berlin Institute of Health, Berlin, Germany, 5 ETH Zurich, Department of Health Sciences

and Technology, Translational Cardiovascular Technology, Zurich, Switzerland, 6Charité - Universitätsmedizin Berlin,

corporate member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute of Health, Berlin, Germany

Objectives: Parameters of left ventricular (LV) mechanics, obtained from

speckle-tracking echocardiography (STE), were found to be of prognostic value in

patients with heart failure and those who underwent cardiac surgery. This study aimed to

assess the value of STE in patients scheduled to undergo surgical ventricular restoration

(SVR).

Methods: A total of 158 consecutive patients with baseline STE who underwent

SVR due to an LV anteroapical aneurysm were included in the analysis. Preoperative

longitudinal STE parameters were evaluated for their association with an outcome,

defined as all-cause mortality, LV assist device implantation, or heart transplantation.

The echocardiographic follow-up to assess the change in the regional function of the

segments remote from the aneurysm was performed in 43 patients at a median of 10

months [interquartile range (IQR): 6–12.7 months] after SVR.

Results: During a median follow-up of 5.1 years (IQR: 1.6–8.7 years), events occurred

in 68 patients (48%). Less impaired mean basal end-systolic longitudinal strain (BLS)

with a cutoff value ≤−10.1 % demonstrated a strong association with event-free

survival, also in patients with an LV shape corresponding to an intermediate shape

between aneurysmal and globally akinetic. Initially hypo- or akinetic basal segments with

preoperative end-systolic strain ≤−7.8% showed a greater improvement in wall motion

at the short-term follow up.

Conclusion: Patients with less impaired preoperative BLS exhibited a better event-free

survival after SVR, also those with severe LV remodeling. The preserved preoperative

segmental longitudinal strain was associated with a greater improvement in regional wall

motion after SVR. BLS assessment may play a predictive role in patients with an LV

anteroapical aneurysm who are scheduled to undergo SVR.

Keywords: surgical ventricular repair, surgical ventricular restoration, heart failure, left ventricular aneurysm,

speckle-tracking echocardiography (STE), outcome study
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CENTRAL MESSAGE

The preserved longitudinal strain of basal LV segments is
associated with an improvement in regional LV function
after surgical ventricular restoration and with better event-
free survival.

PERSPECTIVE STATEMENT

Preoperative assessment of basal longitudinal strain can be
used to predict the improvement in regional LV function and
event-free survival of patients undergoing surgical ventricular
restoration. Performing quantitative analysis of LV mechanics
using two-dimensional speckle-tracking may become an
important component of the integrative approach in SVR
decision-making in these patients.

INTRODUCTION

Left ventricular (LV) remodeling after myocardial infarction
leads to enlargement of the left ventricle, a change in its geometry,
and an increase in wall tension, which continuously impairs
the LV systolic function and clinically results in progression of
heart failure (HF) (1). Surgical ventricular restoration (SVR)
aims to reduce LV volume, normalize LV geometry, enhance
LV performance, and prevent the progression of remodeling.
The removal of extensive scar tissue and an aneurysmal sac
reduces wall stress, improves the ejection fraction (EF), and
increases the stroke work index (2). Despite being a convincing
pathophysiological concept, the benefits of SVR in improving
survival are less recognized. In the multicenter randomized
Surgical Treatment for Ischemic Heart Failure trial (STICH),
coronary artery bypass surgery (CABG) with concomitant SVR
in patients with ischemic cardiomyopathy did not show better
outcomes than CABG alone (3). Furthermore, no prognostic
benefit was demonstrated as regards the presence of viable
myocardium (4) or the visual assessment of regional LV function
(5). In a subsequent subanalysis, a less dilated left ventricle,
a less impaired EF, and an adequate volume reduction were
identified as predictors of favorable outcomes after SVR (6). In
nonrandomized studies, we and others demonstrated a benefit of
SVR and found additional predictors of adverse outcomes (7–12).
Currently, there are no clear guidelines for the decision-making
process in patients with an LV aneurysm. Therefore, additional
criteria for better procedural planning, patient selection, and
prediction of outcome after SVR are required.

Two-dimensional speckle-tracking echocardiography (STE)
is a useful technique for evaluating the regional and global
LV function in patients with coronary artery disease. Global
longitudinal strain (GLS) was found to play a predictive role in
patients with HF (13) and in those scheduled for cardiovascular
surgery (14). Longitudinal and radial LV strain can be used
to detect viable myocardium in patients with chronic ischemic
systolic dysfunction and is comparable to cardiac MRI (15).

The aim of this study was to evaluate the value of preoperative
longitudinal STE parameters in patients who underwent SVR
due to an anteroapical LV aneurysm. We hypothesized that the

regional function at the basal level of the left ventricle is a valuable
factor in reverse remodeling after SVR and, therefore, may be of
prognostic value for these patients.

METHODS

Study Population and Outcome
A total of 226 patients with a postischemic anteroapical LV
aneurysm underwent SVR at our center between November
2007 and January 2019. In total, 158 of these patients had
a preoperative transthoracic echocardiography suitable for
speckle-tracking analysis and were included in this analysis (first
patient in November 2007). The composite endpoint included
all-cause death, LV assist device (LVAD) implantation, and
heart transplantation. Mortality data were retrieved from the
National Death Index; follow-up data from patients after heart
transplantation and LVAD implantation were obtained from
medical records and through telephone inquiries. No patients
were lost to follow-up. The outcome analysis was conducted
considering preoperative clinical and echocardiographic
parameters, including STE parameters (see Figure 1 for the study
flowchart). This study was performed according to the principles
of the Declaration of Helsinki and was approved by the local
ethics committee (EA2/177/20, 12/14/2020).

Surgical Technique
All the SVR procedures were performed using a median
sternotomy approach under cardiopulmonary bypass. CABG
surgery (n = 113, 71.5%), mitral valve repair or replacement (n
= 37, 23.4%), or aortic valve replacement (n = 9, 5.7%) was
performed during the index procedure. The majority of patients
underwent a modified Dor procedure without a patch (16, 17)
with one or more Fontan sutures along the aneurysm perimeter.
In 17 patients (10.8%), a Dor procedure (2) using endoventricular
circular patch plasty was performed.

Transthoracic Echocardiography
All the patients underwent preoperative transthoracic
echocardiography using Vivid-7 and Vivid-E9 ultrasound
machines (GE Vingmed Ultrasound, Horton, Norway); the data
were stored in the institutional data repository. All the images
were analyzed retrospectively by a single investigator (ON) for
the purpose of this study. LV end-diastolic and end-systolic
volumes were measured in the apical 2- and 4-chamber views;
EF was obtained using the modified biplane Simpson method
(18). The assessment of the diastolic function of the LV was
performed for 138 patients using parameters of transmitral flow
by pulse-wave Doppler and, where available, using additional
parameters according to current guidelines (19). The LV
shape was assessed in the apical 2-chamber view based on the
classification proposed by Di Donato (10): aneurysmal (type
1), with a clear border between the aneurysm and the residual
myocardium in both LV walls; intermediate (type 2), with a clear
border on only one wall; and globally akinetic (type 3). The LV
sphericity index was calculated as the LV end-diastolic short
axis/long axis dimension ratio in the apical 4-chamber view.
Segmental wall motion was assessed visually and expressed as a
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FIGURE 1 | Study flowchart.

score ranging from 1 to 4 (normal to dyskinetic) (18), with the
global wall motion score index (WMSI) and basal WMSI as the
average score across all the evaluated segments. Predischarge
postoperative 2D echocardiography was available for 71 patients
with no STE data acquired; only studies with an assessment of
LV volumes and EF were considered.

Speckle-Tracking Echocardiography
Speckle-tracking analysis was performed using the EchoPac
software version 201 (GE Vingmed Ultrasound A/S, Norway).
Longitudinal parameters of LV function were obtained for all
the 158 patients from apical 2-, 3-, and 4-chamber views by
manual tracking of the endocardial border at an average frame
rate of 60 ± 11 fps. The longitudinal parameters were measured
according to the current recommendations using the 18-segment
LV segmentation model (20). Only segments with satisfactory
tracking throughout the entire cardiac cycle were included in
the analysis. Echocardiographic studies with inadequate speckle

tracking in ≥ 2 neighboring segments within one apical view,
with an overall poor image quality, or with <3 apical views per
study were not included in this analysis. The mean number of
segments analyzed for GLS was 17± 2 of 18 possible segments. In
25 studies (15.8%), one or more apical segments were not suitable
for analysis. The parameters assessed were peak systolic strain,
end-systolic strain, peak strain during the entire cardiac cycle,
and peak systolic strain rate. End-systole was defined visually by
aortic valve closure in the apical long-axis view or by pulsed-
wave Doppler of the aortic valve flow. GLS was calculated as the
average strain of all visible segments. Basal longitudinal strain
(BLS) was calculated as the average strain of six basal segments.
Postsystolic shortening (PSS) of segments was considered if ≥
20% of shortening occurred at >90ms after aortic valve closure
(21). Mechanical dispersion was calculated for the left ventricle
as a whole and for the basal level of the left ventricle as one
SD of the mean time-to-peak longitudinal strain of the assessed
segments (22).
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TABLE 1 | Patient baseline characteristics and the univariate analysis for

predicting the combined outcome.

Parameter All patients Univariate HR for combined outcome

N = 158 HR 95% CI P-value

Age, years (HR for 10

years)

62 ± 11.5 1.3 1.1–1.6 0.015

Female 41 (26%) 1.19 0.7–2.0 0.5

BMI, kg/m2 28 ± 5 1.0 0.96–1.1 0.78

Diabetes mellitus 45 (28.5%) 1.7 1.03–2.8 0.038

Arterial hypertension 108 (68.4%) 1.58 9.9–2.7 0.1

Atrial fibrillation 18 (11.4%) 3.35 1.8–6.4 0.0002

Chronic kidney disease 30 (19%) 2.25 1.3–3.8 0.003

Plasma creatinine,

mg/dL (HR for 0.1

mg/dL)

1.04

[0.88; 1.3]

2.3 1.3–3.8 0.003

New York Hear

Association (NYHA)

functional class III–IV

141 (89.2%) 1.72 0.5–5.5 0.36

Time since MI, years 2.7 [0.3; 12.9] 1.06 1.02–1.1 0.001

Previous heart surgery 11 (7%) 2.03 0.9–4.5 0.08

Intraoperative variables

Endoventricular

patch

17 (10.8%) 0.57 0.2–1.4 0.23

Thrombectomy 32 (20.3%) 0.94 0.5–1.9 0.86

CABG 113 (71.5%) 0.88 0.5–1.5 0.63

Valve surgery 44 (27.8%) 1.72 1.1–2.8 0.03

MV

repair/replacement

37 (23.4%) 1.45 0.9–2.4 0.16

AV replacement 9 (5.7%) 2.15 0.98–4.7 0.06

Cross-clamp time,

min

78 ± 36 1.002 1.0–1.01 0.53

Perfusion time, min 136 ± 80 1.12 1.005–1.01 0.004

Echocardiography

LV shape type:

1 (aneurysmal)

2 (intermediate)

3 (globally akinetic)

51 (32.2%)

86 (54.4%)

21 (13.3%)

–

1.68

3.2

–

0.93–3.0

1.58–6.5

–

0.086

0.001

LV EDDI, cm/m2 (HR

for 10 cm/m2 )

3.1 [2.8; 3.4] 1.64 1.1–2.5 0.027

LV ESDI, cm/m2 (HR

for 10 cm/m2 )

2.4 [1.9; 2.7] 2.02 1.4–3.0 0.001

LV EDVI, mL/m2 (HR

for 10 mL/m2 )

104 [83; 134] 1.05 0.99–1.1 0.09

LV ESVI, mL/m2 (HR

for 10 mL/m2 )

68 [52; 96] 1.06 0.99–1.13 0.09

SI (HR for 0.1) 0.61

[0.55; 0.67]

1.66 1.2–2.6 0.001

LV EF,% (HR for 5%) 34 ± 9 0.89 0.77–1.01 0.07

LV FS,% (HR for

5%)

23 [15; 29] 0.76 0.66–0.88 0.0002

CI (Doppler),

L/min/m2

1.84

[1.48; 2.17]

0.83 0.5–1.4 0.47

WMSI 1.9 [1.7; 2.2] 1.6 0.79–3.1 0.2

Basal WMSI 1.33

[1.0; 1.5]

2.2 1.1–4.5 0.035

(Continued)

TABLE 1 | Continued

Parameter All patients Univariate HR for combined outcome

N = 158 HR 95% CI P-value

LV mass index, g/m2 137

[114; 163]

1.005 1.0–1.01 0.09

RVOTI, mm/m2 14.9

[13.3; 16.4]

1.03 0.95–1.1 0.5

TAPSE, mm 17.3 ± 4 0.97 0.9–1.03 0.28

RV FAS, % 38.7 ± 10 0.99 0.97–1.02 0.53

Diastolic dysfunction grade*

1

2

3

75 (57.3%)

21 (16%)

35 (26.7%)

–

1.5

1.8

–

0.7–3.1

0.99–3.2

–

0.26

0.056

LAVI, mL/m2 (HR for 10

mL/m2 )

41 [34; 55] 1.2 1.03–1.4 0.02

MR 2+ 45 (28.5%) 1.62 0.99–2.7 0.055

GLSp, % −7.6

[−9.7; −5.8]

1.1 1.002–1.2 0.045

GLSs, % −5.4

[−7.7; −3.6]

1.05 0.97–1.1 0.21

GLSes, % −5.2

[−7.5; −3.3]

1.07 0.98–1.16 0.12

GLSR, s−1
−0.53 [−0.64;

−0.45]

3.4 0.72–16.5 0.12

BLSp, % −11 ± 3.2 1.09 1.01–1.17 0.03

BLSs, % −9.9 ± 3.4 1.06 0.99–1.1 0.07

BLSes, % −9.3 ± 3.4 1.09 1.01–1.16 0.02

BLSR, s−1
−0.7

[−0.8; −0.59]

3.7 0.88–15.4 0.08

Proportion of LV

segments with PSS

pattern, %

41 [24; 53] 1.0 0.98–1.0 0.29

Proportion of LV basal

segments with PSS

pattern, %

17 [17; 50] 1.0 0.99–1.01 0.9

MD, ms 76 [58; 107] 1.005 1.0–1.01 0.1

Basal MD, ms 69 [55; 81] 1.01 1.0–1.02 0.003

AV, aortic valve; BLSp, peak basal longitudinal strain; BLSs, systolic basal longitudinal

strain; BLSes, end-systolic basal longitudinal strain; BLSR, basal systolic longitudinal

strain rate; BMI, body mass index; CABG, coronary artery bypass graft; CI, cardiac index;

GLSp, peak global longitudinal strain; GLSs, systolic global longitudinal strain; GLSes,

end-systolic global longitudinal strain; GLSR, global systolic longitudinal strain rate; E/A,

early to late diastolic transmitral flow velocity; EDDI, end-diastolic diameter index; EDVI,

end-diastolic volume index; EF, ejection fraction; ESDI, end-systolic diameter index; ESVI,

end-systolic volume index; FS, fractional shortening; LAVI, left atrial volume index; LV, left

ventricular; LVAD, left ventricular assist device; MD, mechanical dispersion; MI, myocardial

infarction; MR, mitral regurgitation; MV, mitral valve; PSS, post-systolic shortening; RV

FAS, right ventricular fractional area shortening; RVOTI, right ventricular outflow tract

index; SI, sphericity index; TAPSE, tricuspid annular plane systolic excursion; WMSI, wall

motion score index.

Data are presented as mean ± SD, median [interquartile range], n (%).

*Proportion does not represent the total population (n = 131).

Short-Term Follow-Up
The short-term clinical and echocardiographic follow-up was
available for 43 patients at a median of 10 months [interquartile
range (IQR): 6–12.7 months] after SVR. At this time, data on
the NYHA class were collected and 2D echocardiography with
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a quantification of LV volumes and EF was performed. The wall
motion of basal LV segments with initial hypo- or akinesia was
evaluated at the follow-up. The function of midventricular and
apical segments was not compared, as the LV geometry changes
after SVR and segments at the follow-up might not represent
the same segments as at baseline. At the follow-up, STE with
quantification of LV longitudinal parameters was performed in
27 patients.

Statistical Analysis
All the variables are presented as mean (±SD) or median
(with IQR), where applicable. Categorical variables are
presented as numbers with percentages. Differences between
continuous variables were assessed with the paired t-test
or the Wilcoxon sign-rank test as appropriate, differences
between qualitative variables with the chi-squared test, or the
McNemar test as appropriate. The univariate and multivariate
Cox proportional hazards regression analyses were applied
to assess risk factors for the combined outcome in the total
population. Due to the low number of events and the strong
correlation between the echocardiographic parameters, it was
not possible to run a comprehensive Cox regression model
including several echocardiographic parameters. We evaluated
individual echocardiographic parameters separately, adjusted
for important clinical variables, by adding the respective
echocardiographic variable to the baseline clinical model.
Variables included in the model were selected on the basis
of their clinical importance and their possibility to confound
parameters of interest. The receiver operating characteristic
(ROC) analysis with Youden’s index was applied to determine
the optimal cutoff values for predicting 5-year outcomes
in the population that completed the 5-year follow-up.
Furthermore, the Kaplan–Meier analysis was performed for
the whole population to estimate the differences in event-free
survival between the groups based on the obtained cutoff
values, with a maximum observation period of 10 years.
Interobserver variability of STE parameters was assessed for
20 randomly selected studies evaluated by two independent
investigators (ON and YH) and expressed as interclass
correlation coefficient (ICC) and coefficient of variation
(CV). Statistical significance was defined as p < 0.05. The data
were analyzed using SPSS, version 25 (SPSS Incorporation,
Chicago, Illinois, USA), and the Kaplan–Meier curves were
created using Rstudio version 1.1.463 (Rstudio, PBC, Boston,
Massachusetts, USA).

RESULTS

Patient Characteristics and Preoperative
Echocardiographic Data
The baseline patient characteristics and the univariate analysis
of their association with the combined outcome are shown in
Table 1. Around two-thirds of the patients had an LV shape that
did not correspond to the classical aneurysmal shape, with 54.4%
having an intermediate LV shape and 13.3% having a globally
akinetic LV shape. The following general STE patterns were
identified: (1) mean basal strains were greater (more negative)

than mean global strains (p < 0.0001 for all the types of strains);
(2) mean peak strains throughout the cardiac cycle were greater
(more negative) than mean systolic and end-systolic strains, with
the difference being more pronounced for global strains than
for basal strains (p < 0.0001 for all the types of strains); (3)
around 40% of all the LV segments and around 20% of the basal
LV segments (p < 0.0001) had a PSS pattern with peak strain
registered after aortic valve closure; (4) themechanical dispersion
of the basal LV segments was slightly lower than the mechanical
dispersion of the entire left ventricle (p < 0.0001). These patterns
were more prominent in patients with an aneurysmal LV shape
and less prominent in patients with a globally akinetic LV shape
(Supplementary Table 1).

Change in Volumetric Echocardiographic
Parameters Immediately After Svr
Predischarge postoperative echocardiography was performed in
71 patients at a median of 7 days (IQR: 4–14 days) after SVR
and demonstrated a reduction in LV end-diastolic and end-
systolic volume indexes by 31.8 ± 18.7% and 38.7 ± 19%,
respectively, compared to the preoperative values (p < 0.0001).
EF increased from a mean of 31.9 ± 10% to 39.3 ± 9.5% (p <

0.0001) (Supplementary Table 2).

Clinical and Echocardiographic Data at the
Short-Term Follow-Up
The clinical characteristics of patients who had the short-term
follow-up (n= 43) are shown in Supplementary Table 3.

The proportion of patients with the NYHA classes III and
IV decreased significantly at this time (from 83.7 to 25.5%
of patients, p = 0.002). The global two-dimensional and
STE parameters improved: LV volumes reduced and EF and
global WMSI improved, systolic and end-systolic GLS improved
(became more negative), and the proportion of LV segments
with a PSS pattern decreased (Table 2). However, no significant
improvement in basal LV function, as assessed by conventional
and STE, was demonstrated. Despite a significant decrease in
tricuspid annular plane systolic excursion (TAPSE), there was no
change in right ventricular size and fractional area shortening
at follow-up.

Among the basal segments with preoperative hypokinesia
(n = 75) or akinesia (n = 7), an improvement in the wall
motion score of ≥1 at follow-up (hypokinesia to normokinesia
or akinesia to hypo- or normokinesia) was observed in 29
initially hypokinetic segments (38.7%) and in 3 initially akinetic
segments (42.8%). The ROC analysis to predict the improvement
in segmental wall motion at the short-term follow-up was
performed for various longitudinal strain parameters including
the presence of a PSS pattern (Supplementary Figure 1). End-
systolic strain demonstrated the highest predictive value in the
ROC analysis, with an optimal cutoff of −7.8% for predicting
an improvement in segmental motion with a specificity of 83.7%
and a sensitivity of 59.4% (area under the curve (AUC) 0.77, p
< 0.0001) (Figure 2). Segments whose motion had improved at
the follow-up had a less impaired (more negative) longitudinal
end-systolic strain than segments that did not improve (−9.2 ±
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TABLE 2 | Echocardiographic parameters at the short-term follow-up after SVR.

Parameter N

pairwise

Baseline

N = 43

At follow-up

N = 43

P-value

Heart rate, bpm 43 72 ± 12 70 ± 10 0.35

LV EDDI, mm/m2 43 3.0

[2.6; 3.3]

2.9

[2.6; 3.3]

0.08

LV ESDI, mm/m2 43 2.5

[2.0; 2.7]

2.2

[1.8; 2.7]

0.03

LV EDVI, mL/m2 43 103

[88; 128]

75

[67; 101]

<0.0001

LV ESVI, mL/m2 43 67

[56; 90]

45

[35; 63]

<0.0001

LV EF, % 43 33.1 ± 10 41.4 ± 11 <0.0001

LV FS, % 43 21.6 ± 7.6 22 ± 8.8 0.72

WMSI 43 2.0

[1.7; 2.2]

1.56

[1.4; 1.8]

<0.0001

Basal WMSI 43 1.33

[1.2; 1.5]

1.23

[1.0; 1.5]

0.44

CI (Doppler),

L/min/m2

25 1.66

[1.4; 2.1]

2

[1.6; 2.4]

0.19

LAVI, mL/m2 38 43

[36; 57]

42

[35; 52]

0.03

SI 42 0.6 ± 0.1 0.69 ± 0.1 <0.0001

RVOTI, mm/m2 40 14.8

(13, 16)

14.7

[12; 16]

0.33

TAPSE, mm 25 18 ± 4.6 13.7 ± 3.1 0.001

RV FAS, % 34 38.1 ± 12 38.1 ± 10 0.99

Diastolic dysfunction grade

1

2

3

30
17 (39.5%)

4 (9.3%)

9 (20.9%)

15 (34.9%)

5 (11.6%)

10 (23.3%)

0.49

MR 2+ 40 14 (35 %) 10 (25 %) 0.34

Speckle-tracking echocardiography

GLSes, % 27 −5.7 ± 2.9 −7.3 ± 3.8 0.012

GLSR, s−1 27 −0.56 ± 0.2 −0.62 ± 0.2 0.06

BLSes, % 27 −9.6 ± 3 −9.7 ± 4 0.67

BLSR, s−1 27 −0.75 ± 0.2 −0.79 ± 0.2 0.47

Proportion of LV

segments with

PSS, %

25 41

[18; 53]

24

[8; 41]

0.045

Proportion of basal

segments with

PSS, %

25 33

[17; 38]

24

[8; 41]

0.36

MD, ms 27 81

[63; 114]

75

[58; 91]

0.39

Basal MD 27 69

[56; 84]

62

[53; 86]

0.09

BLSp, peak basal longitudinal strain; BLSs, systolic basal longitudinal strain; BLSes, end-

systolic basal longitudinal strain; BLSR, basal systolic longitudinal strain rate; CI, cardiac

index; GLSp, peak global longitudinal strain; GLSs, systolic global longitudinal strain;

GLSes, end-systolic global longitudinal strain; GLSR, global systolic longitudinal strain

rate; E/A, early to late diastolic transmitral flow velocity; EDDI, end-diastolic diameter

index; EDVI, end-diastolic volume index; EF, ejection fraction; ESDI, end-systolic diameter

index; ESVI, end-systolic volume index; FS, fractional shortening; LAVI, left atrial volume

index; LV, left ventricular; LVAD, left ventricular assist device; MD, mechanical dispersion;

MR, mitral regurgitation; PSS, post-systolic shortening; RV FAS, right ventricular fractional

area shortening; RVOTI, right ventricular outflow tract index; SI, sphericity index; SVI,

stroke volume index; TAPSE, tricuspid annular plane systolic excursion; WMSI, wall motion

score index.

Data are presented as mean ± SD, median (IQR) or n (%).

4.8% vs. −4.8 ± 4.3%, p < 0.0001). No significant difference in
the PSS pattern was found in segments that had improved at the
follow-up compared to those that did not improve. An example
of improved LV mechanics at the 12 months follow-up is shown
in Figure 3.

Outcome Data
Eight patients died in the hospital within 30 days after
the surgery. During a median follow-up period of 5.1 years
(IQR: 1.6–8.7 years), 67 patients died (42.4%), 9 patients
(5.7%) received an LVAD, and 2 patients underwent heart
transplantation. The combined outcome (LVAD implantation,
heart transplantation, or death) occurred in 68 patients (48%).
Overall, the event-free survival rate at 1 year was 84.1% (95%
CI: 77.5–89%), at 5 years 69.4% (95% CI: 61–76.4%), and at
10 years 48.3% (95% CI: 38–57.8%). The median event-free
survival time was 9.5 years (95% CI: 7.6–11.4%). Overall, the
5-year survival rate was 72.1% (95% CI: 63.8–78.8%) and the
10-year survival rate was 49.3% (95% CI: 40–58.8%). There
was no difference in event-free survival between men and
women, as demonstrated by the Kaplan–Meier analysis (log-
rank p = 0.5) and the Cox regression analysis (age-adjusted
HR for female sex 1.02; 95% CI: 0.6–1.7; p = 0.93). The
era effect based on the release date of guidelines for the
treatment of HF (25) also was not found to have a significant
association with an outcome (age- and sex-adjusted HR 1.11; 95%
CI: 0.83–1.48, p= 0.49).

Echocardiographic Predictors of the
Combined Outcome
The univariate analysis suggests that several conventional
and STE parameters were associated with the combined
outcome (Table 1). The multivariate model of clinical variables
(Supplementary Table 4) shows that time since myocardial
infarction, diabetes mellitus, and atrial fibrillation were strongly
associated with an outcome, whereas age, sex, and NYHA class
did not demonstrate a significant association. After adjusting
for clinical variables, LV volumes and dimensions as well as EF,
fractional shortening (FS), sphericity index, akinetic LV shape,
and grade 2 LV diastolic dysfunction were found to be associated
with an outcome (Table 3). LV function assessed at the basal
level, LV end-systolic diameter index, and FS demonstrated
a greater improvement of the baseline model and showed a
stronger association with an outcome. Global and BLS adjusted
to clinical variables were associated with an outcome comparable
to conventional echocardiographic parameters. End-systolic BLS
demonstrated a stronger association with an outcome compared
to BLS measured at other time points and also compared to GLS.
Notably, global and basal WMSI were not associated with an
outcome in the multivariate model.

Basal Longitudinal Strain and Event-Free
Survival
There was a difference between the Kaplan–Meier event-free
survival curves based on the optimal end-systolic BLS cutoff
of −10.1% for predicting the 5-year outcome (sensitivity 77%,
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FIGURE 2 | Preoperative segmental longitudinal end-systolic strain of left ventricular (LV) basal segments with initial hypo- or akinesia according to the improvement in

segmental wall motion at follow-up (A) and the receiver operating characteristic (ROC) curve for predicting an improvement in regional wall motion by preoperative

strain (B).

FIGURE 3 | Echocardiography before surgical ventricular restoration (SVR) (left panel) and at the short-term follow-up (right panel) in a patient (65 years old, male) with

end-systolic basal longitudinal strain (BLS) (-6.8%) and intermediate LV shape before SVR [without patch, no concomitant coronary artery bypass graft (CABG), or

valve surgery]. At 12 months after SVR, there is a valuable improvement in EF (from 30 to 47%) and end-systolic global longitudinal strain (GLS) (from −6.8 to

−13.1%), a decrease in LV end-diastolic volume (LVEDV) (from 226 to 124ml) and LV end-systolic volume (LVESV) (from 159 to 66ml) as well as decrease in

mechanical dispersion (150 to 57ms).

specificity 49%; AUC = 0.64, 95% CI: 0.54–0.74, p = 0.01),
with a higher 5-year event-free survival rate in patients with
BLS ≤−10.1% (83.4%; 95% CI: 71.1–90.8%) than in those with
BLS >−10.1% (59.4%; 95% CI: 55.1–47.8%) (Figure 4). The
Kaplan–Meier analysis demonstrated a significant difference
in the combined outcome according to the LV shape, with
the longest survival in patients with an aneurysmal shape
and the shortest in those with a globally akinetic shape
(Supplementary Figure 2). Patients with an intermediate LV
shape and end-systolic BLS ≤−10.1% showed a higher 5-
year event-free survival rate (92.4%; 95% CI: 72.8–98.1%)

than those with BLS >−10.1% (56.1%; 95% CI: 40.5–69.1%)
(Figure 4). No significant difference in event-free survival
according to BLS was found when stratifying patients with other
LV shapes.

Interobserver Variability
Excellent interobserver agreement was demonstrated for GLS
(ICC 0.96; 95% CI: 0.89–0.98; p < 0.0001; CV 6.6%) and BLS
(ICC 0.94; 95% CI: 0.84–0.98; p < 0.0001; CV 6.3%). A higher
interobserver variability was found for segmental LV longitudinal
strain (ICC 0.93; 95% CI: 0.91–0.94; p < 0.0001; CV 19.6%).
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TABLE 3 | The multivariate analysis of preoperative echocardiographic parameters for predicting the combined outcome.

Parameter Baseline clinical multivariate model (χ2
= 36.2)

Age, sex, NYHA ≥3, time since MI, diabetes mellitus, creatinine, atrial fibrillation

HR 95 % CI P-Value for HR Change from the baseline

model (χ2)

P-value for change

from the baseline

model

LV EDDI, 10 mm/m2 increase 1.8 1.1–3.1 0.025 4.8 0.03

LV ESDI, 10 mm/m2 increase 2.2 1.3–3.7 0.003 8.8 0.003

LV EDVI, 10 mL/m2 increase 1.08 1.01–1.15 0.023 4.7 0.03

LV ESVI, 10 mL/m2 increase 1.1 1.02–1.18 0.02 5.0 0.025

EF, 5 % increase 0.81 0.7–0.96 0.014 6.1 0.013

FS, 5 % increase 0.77 0.6–0.9 0.005 8.5 0.004

WMSI 1.88 0.7–4.8 0.17 1.7 0.19

Basal WMSI 2.2 0.83–5.8 0.11 2.4 0.12

LV shape

Type 1

Type 2

Type 3

–

2.1

4.0

–

0.95–4.5

1.6–10.3

–

0.068

0.003

8.8 0.013

SI, 0.1 increase 1.4 1.1–1.8 0.014 5.7 0.02

TAPSE 0.99 0.93–1.1 0.84 0.04 0.84

Diastolic dysfunction grade

1

2

3

–

2.6

1.9

–

1.1–6.2

0.9–3.7

–

0.035

0.1

5 0.08

LAVI, 10 mL/m2 1.11 0.9–1.35 0.31 1 0.32

MR 2+ 1.3 0.7–2.5 0.34 0.9 0.35

GLSs, % 1.11 0.99–1.2 0.08 3.2 0.07

GLSes, % 1.12 1.01–1.28 0.046 4.1 0.04

GLSp, % 1.13 1.01–1.3 0.04 4.5 0.03

GLSR, s−1 6.1 0.95–38.9 0.056 3.9 0.049

BLSs, % 1.11 1.02–1.22 0.017 5.7 0.017

BLSes, % 1.13 1.03–1.24 0.008 7.0 0.008

BLSp, % 1.14 1.03–1.25 0.01 6.7 0.01

BLSR, s−1 7.2 1.35–38.7 0.021 5.8 0.016

Proportion of segments with PSS 1.0 1.0–1.02 0.83 0.05 0.83

Proportion of basal segments with

PSS

1.0 1.0–1.01 0.92 0.01 0.92

MD, 10ms increase 0.99 0.92–1.1 0.7 0.14 0.7

Basal MD, 10ms increase 1.01 0.95–1.07 0.7 0.15 0.7

BLSp, peak basal longitudinal strain; BLSs, systolic basal longitudinal strain; BLSes, end-systolic basal longitudinal strain; BLSR, basal systolic longitudinal strain rate; CI, cardiac index;

GLSp, peak global longitudinal strain; GLSs, systolic global longitudinal strain; GLSes, end-systolic global longitudinal strain; GLSR, global systolic longitudinal strain rate; E/A, early to

late diastolic transmitral flow velocity; EDDI, end-diastolic diameter index; EDVI, end-diastolic volume index; EF, ejection fraction; ESDI, end-systolic diameter index; ESVI, end-systolic

volume index; FS, fractional shortening; LAVI, left atrial volume index; LV, left ventricular; LVAD, left ventricular assist device; MD, mechanical dispersion; MR, mitral regurgitation; PSS,

post-systolic shortening; SI, sphericity index; SVI, stroke volume index; TAPSE, tricuspid annular plane systolic excursion; WMSI, wall motion score index.

DISCUSSION

In this study, we aimed to evaluate the association of preoperative

longitudinal STE parameters with long-term outcomes in

patients who underwent SVR due to an antero-apical LV

aneurysm. We investigated the assumption that the regional

function at the basal level of the left ventricle assessed by STE
plays a role in the reverse remodeling of the left ventricle
after SVR and therefore may be prognostic importance for
these patients. We demonstrated that: (1) preserved preoperative

segmental longitudinal strain was associated with a greater
improvement in regional wall motion after SVR in segments
remote from aneurysm; (2) patients with a less impaired
preoperative longitudinal strain at the basal level of the
left ventricle exhibited a better survival free from heart
transplantation or LVAD implantation; (3) a less impaired BLS
in patients with severe LV remodeling was associated with better
event-free survival.

In the post-STICH era, the indication for SVR has been
challenged. A preoperative evaluation of LV remodeling is
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FIGURE 4 | Survival free from left ventricular assist device (LVAD) and heart transplantation according to BLS in the population as a whole (left panel) and in patients

with an intermediate LV shape (right panel). The Kaplan-Meier survival curves are shown as a solid line with ticks indicating censor points; shadings represent 95% CI.

performed as a part of the workup, but prognostic markers to
determine a favorable outcome are lacking. In this study, we
assessed the value of using two-dimensional speckle-tracking
parameters to assess the LV function and found an association
with outcomes in patients who underwent SVR. Although
previous studies have evaluated postoperative LV remodeling
using STE (26, 27), to the best of our knowledge this is the
first study that assesses the predictive role of preoperative STE
parameters in patients who underwent SVR. Our findings suggest
that an assessment of themyocardium remote from the aneurysm
with STE may provide additional prognostic information and
can be useful in the preoperative evaluation of patients with
antero-apical LV aneurysms. The benefit of using STE is that
it does not require high expertise and has a low interobserver
variability, as demonstrated by our data and previous studies
(28). Since automated and semi-automated echocardiographic
analyses are already being used within the scope of point-of-care
ultrasonography, new diagnostic and prognostic markers derived
from STEmay be of additional value in various clinical scenarios.
In previous studies, the assessment of LV function with STE was
proven to have a higher prognostic significance compared to
EF or WMSI for patients with HF (29, 30). This might also be
explained by the fact that STE is not dependent on the LV shape
and is not affected by geometrical assumptions.

The patients in this study had a higher mean EF (34 ± 9%)
than the population that underwent SVR in the STICH study
(3) (median EF 28%) and the econstructive Endoventricular
Surgery returning Torsion Original Radius Elliptical (RESTORE)
study (9) (mean EF 29.6%). At the same time, the median
LV end-systolic volume index in our patients (68 ml/m2) was
similar to that in patients in the RESTORE (Reconstructive
Endoventricular Surgery returning Torsion Original Radius
Elliptical shape to the left ventricle) study (80.4 ml/m2) and
comparable to that in patients in the STICH trial (82 ml/m2).
Moreover, in this study fewer patients underwent CABG (71.5%)

than in the RESTORE study (95%) and the STICH trial (100%).
Overall, the 5-year survival in this study (72.1%) was comparable
to that of the RESTORE study (68.6%), the STICH trial, and other
studies (5, 23, 31).

In line with the other reports (9, 10), this study showed an
improvement in EF and a decrease in LV volumes at the short-
term follow-up after SVR. A decrease in TAPSE, albeit without
a change in size and function of the right ventricle, might be
related to the change in the cardiac geometry and in overall
heart motion due to the possible pericardial adhesion after SVR.
We also observed an improvement in the NYHA functional
class at the short-term follow-up. However, the preoperative
NYHA functional class was not associated with an outcome
in the univariate and multivariate analysis, which might be
explained by the small and heterogeneous population as well as
the retrospective nature of our data.

Our data allowed us to demonstrate the potential of end-
systolic longitudinal strain to predict a functional improvement
with a cutoff value of −7.8%. These results are consistent with
the previously obtained data on the predictive role of STE in
detecting viability (15). All the patients who underwent SVR in
this study were fully revascularized before or during SVR. Thus,
we assume that wall motion improved first due to the presence
of viable myocardium in the corresponding LV segments and
second due to the decrease in wall stress through LV volume
reduction and LV geometry optimization. In addition, this
study is the first to demonstrate that preoperative segmental
longitudinal strain can be used to predict an improvement
in regional LV function after SVR. In early reports of Dor
et al. (32) and Di Donato et al. (33), an improvement in
the regional function of LV basal inferior segments after SVR
irrespective of revascularization was also observed in patients
with a more prominent negative LV curvature, corresponding
to a less impaired function of the myocardium remote from
the aneurysm.
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In their recent analysis, Castelvecchio et al. (27) evaluated LV
remodeling after SVR with three-dimensional speckle-tracking
in a group of 20 patients and demonstrated that GLS, BLS,
and mechanical dispersion improved at the 6 months follow-
up. In this study, a modest improvement in mean global peak
systolic and end-systolic longitudinal strain was observed at
the short-term follow-up, with some reduction in PSS but no
meaningful improvement in basal LV function. This lack of
improvement might be explained by the small and heterogeneous
group of patients in this study: pre- and post-operative STE
data were available for just 27 patients, of which only 5 patients
had an aneurysmal LV shape (the most eligible patients for
SVR), 19 patients had an intermediate LV shape, and 3 patients
had a globally akinetic LV shape. In contrast, in the study
by Castelvecchio et al. (27), all the patients were considered
eligible for SVR. Although three-dimensional STE has advantages
over two-dimensional STE, such as multidirectional (area) strain
detection and simultaneous image acquisition for all the LV
segments, two-dimensional STE has a better feasibility, higher
temporal resolution, less dependent on image quality, and also
less dependent on the vendor (34). In this study, we were able to
use only two-dimensional data due to the retrospective nature of
the analysis.

In this study, we found that parameters indicating the function
of the basal LV segments, such as LV end-systolic diameter,
FS, and BLS, had a stronger association with the outcome than
parameters of global LV systolic function, as was demonstrated in
the multivariate analysis adjusted to clinical variables. A possible
explanation is that scarred segments affected by the aneurysm
do not contribute much to the global LV function. On the other
hand, visualization of aneurysmal apical segments in the context
of LV dilatation is often complicated. Thus, speckle tracking of
the apex was incomplete in around 16% of the examinations in
this study. Interestingly, basal WMSI was not found to be of
predictive value in the multivariate analysis, probably because
STE is a more precise method for assessing myocardial function
and provides a range of quantitative values compared to only four
possible categories of wall motion score (normal, hypokinetic,
akinetic, and dyskinetic). Although according to multivariate
model BLS did not demonstrate a stronger association with an
outcome compared to FS and LV end-systolic diameter, this
parameter is of prognostic value and might be useful in complex
preoperative assessment of patients scheduled for SVR.

As was shown in a subanalysis of the STICH trial, LV EF was
not found to have predictive value for patients who underwent
SVR. We believe that the function of LV regions remote from
the aneurysm is a crucial factor for postoperative recovery. In
this regard, involvement of basal LV segments in the scar is
considered less favorable for SVR and such patients are often
classified as not eligible for the procedure (5, 32, 35, 36). However,
this assumption has not been confirmed in the outcome studies,
along with the selection of patients based on the LV shape, which
is indirectly related to the function of the basal LV myocardium.
Patients with an aneurysmal LV shape corresponding to type 1
according to Di Donato (10) did not demonstrate better survival
than those with other LV shapes (10, 31). The STICH trial
also failed to demonstrate better outcomes in patients with only

discrete anteroapical akinesia or dyskinesia (5). In contrast, this
study shows a longer event-free survival in patients with an
aneurysmal LV shape and a shorter survival in patients with
a globally akinetic LV shape. Patients with an intermediate
LV shape might be considered a grey area where additional
parameters may be helpful in surgical decision-making. Our
analysis showed that patients with an intermediate LV shape
and less impaired BLS had a better event-free survival rate than
those with more severely impaired BLS. In the STICH trial,
the differentiation of left ventricles into the categories most,
intermediately, and least eligible for SVR was performed on the
basis of the distribution of aneurysmal segments, and not on the
function of the residual myocardium. Furthermore, there was
a prevalence of a kinetic segments at the basal level of the left
ventricle in the group most eligible for SVR, and it is not clear
how the regional function of the left ventricle basal segments
differs between the groups (5).

This study shows the use of STE as a quantitative parameter
of LV basal function that allows for objectively evaluating
the residual LV myocardium. The assessment of LV basal
myocardium is suggested by other research groups as a possible
marker of LV functional improvement after SVR (27), although
no prospective data have been previously reported. In a recent
study (37), the authors demonstrated that the diastolic function
after SVR improved in patients with a higher preoperative
relative wall thickness of the basal posterior LV wall.

The use of STE parameters does not replace the conventional
echocardiographic assessment of cardiac function and is not
being proposed solely for the evaluation of patients scheduled
for SVR. They should instead be considered in the complex
assessment of patients’ eligibility for the procedure and in the
future might be implemented in an automated analysis of LV
mechanics in a preoperative continuum.

LIMITATIONS

This study had a nonrandomized, single-center observational
design, which is a known limitation of most outcome studies on
SVR representing real-world data. At the time of data collection,
STE was already the standard technique in our institution, and
maximum effort was made to obtain high-quality studies that
were suitable for the STE analysis.

Surgical ventricular restoration was performed more than 10
years ago, which may have influenced the patient selection and
the modification of treatment strategies, since HF medication
and device therapy have changed significantly over the course
of this study. However, the era effect did not show a significant
association with an outcome. We also were not able to obtain
data on medical treatments and device therapies in our patients
at the time of follow-up. The short-term follow-up with an
echocardiographic evaluation of LV remodeling was available
only for a small number of patients, which is another potential
source of bias.

All the studies and STE analyses were performed using
an echocardiography system from a single vendor; therefore
the cutoff values for other vendors may differ. However, a
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recent comparison of various vendors did not reveal significant
differences in LV longitudinal strain in patients with HF
(24). The cutoff for segmental strain associated with an
improvement in wall motion at the short-term follow-up, as
well as the cutoff for BLS associated with long-term event-
free survival identified during our analysis was not validated in
external populations. Further prospective investigationsmight be
necessary to generalize these results.

CONCLUSION

This study demonstrated that STE parameters were associated
with outcomes in patients undergoing SVR. We showed that
patients with less impaired BLS, which reflects the regional
function of the myocardium remote from the aneurysm, had
a better survival free from LVAD implantation and heart
transplantation, also in the presence of severe LV remodeling.
Less impaired preoperative segmental longitudinal strain at the
basal level of the left ventricle was associated with a greater
improvement in wall motion at the short-term follow-up. The
implementation of quantitative analysis of LV mechanics using
two-dimensional speckle-tracking may become an important
part of the integrative approach in decision-making for SVR.
Furthermore, the results of this study might be used for the
continuous development of automated computational analyses of
LV function. Future studies should prospectively investigate the
impact of STE.
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Importance of Echocardiography and
Clinical “Red Flags” in Guiding
Genetic Screening for Fabry Disease

Rodolfo Citro 1,2*†, Costantina Prota 1†, Donatella Ferraioli 1, Giuseppe Iuliano 1,

Michele Bellino 1, Ilaria Radano 1, Angelo Silverio 1, Serena Migliarino 1,

Maria Vincenza Polito 1, Artemisia Ruggiero 1, Rosa Napoletano 1, Vincenzo Bellizzi 1,

Michele Ciccarelli 1, Gennaro Galasso 1 and Carmine Vecchione 1,2

1Heart Department, University Hospital San Giovanni di Dio e Ruggi d’Aragona, Salerno, Italy, 2 Vascular Physiopathology

Unit, Department of Angio-Cardio-Neurology, IRCCS Neuromed, Pozzilli, Italy

Introduction: Aim of this study was to evaluate, in a metropolitan area not already

explored, the prevalence of Anderson–Fabry disease, by genetic screening, in patients

with echocardiographic evidence of left ventricular hypertrophy (LVH) of unknown origin

and “clinical red flags”.

Methods: From August 2016 to October 2017, all consecutive patients referring to

our echo-lab for daily hospital practices with echocardiographic evidence of LVH of

unknown origin in association with history of at least one of the classical signs and

symptoms related to Fabry disease (FD) (neuropathic pain, anhidrosis/hypohidrosis,

angiokeratomas, gastrointestinal problems, chronic kidney disease, or cerebrovascular

complications) were considered eligible for the FD genetic screening program. Through

dried blood spot testing, α-Galactosidase A (α-Gal A) activity and analysis of the GLA

gene were performed.

Results: Among 3,360 patients who underwent transthoracic echocardiography in our

echo-lab during the study period, 30 patients (0.89%; 19 men, mean age 58 ± 18.2

years) were selected. FD was diagnosed in 3 (10%) unrelated patients. Three different

GLA gene mutations were detected, one of them [mutation c.388A > G (p.Lys130Glu) in

exon 3] never described before. Moreover, probands’ familiar genetic screening allowed

the identification of 5 other subjects affected by FD.

Conclusion: In a metropolitan area not previously investigated, among patients with

LVH of unknown origin associated with other “red flags,” undergoing genetic screening,

the prevalence of FD was very high (10%). Our results highlight the importance of

an echocardiographic- and clinical-oriented genetic screening for FD in patients with

uncommon cause of LVH.

Keywords: Fabry disease, myocardial hypertrophy, echocardiography, screening, genetic
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INTRODUCTION

Left ventricular hypertrophy (LVH) is a common finding
associated to a large variety of conditions, such as essential
hypertension, aortic stenosis, hypertrophic cardiomyopathy,
and more rarely inherited metabolic disorders including Fabry
disease (FD) (1).

Fabry disease is a X-linked lysosomal storage disorder caused
by enzyme α-Galactosidase A (α-Gal A) deficit due to GLA
gene mutations, leading to progressive tissue accumulation of
glycosphingolipids, especially globotriaosylceramide (Gb3) and
globotriaosylsphingosine (lyso-Gb3). Despite being considered
rare with an original incidence ranging from 1:40,000 to
1:117,000 live births, screening studies in newborns and in high-
risk populations have found higher frequencies ranging from
1:1,600 to 1:8,000 (2–5).

Clinical manifestations are usually slowly progressive,
with a variable time of onset, severity, and course, making
challenging the correct identification of FD and the differential
diagnosis with other pathologies. The most frequent signs
or symptoms are angiokeratomas, lenticular and corneal
opacity, microalbuminuria, or proteinuria until chronic kidney
disease and peripheral and central nervous system disorders
(acroparesthesia, anhidrosis/hypohidrosis, and stroke). With
regard to cardiac involvement, Gb3 accumulation in myocytes
leads to LVH resulting usually in concentric remodeling.
Furthermore, the involvement of conduction tissue and valve
leaflets often induce arrhythmias and valvular heart diseases (6).

Several studies have already investigated the prevalence of FD
in adult subjects with unexplained LVH. However, frequency of
patients with FD in such a highly selected populations has been
variable, from 0 to 12%, reflecting referral and gender bias and
differences in diagnostic methodology (Table 1) (7–25).

The aim of this study was to evaluate, in a metropolitan area
not already explored, the prevalence of Anderson–Fabry disease,
by genetic screening, in patients with echocardiographic evidence
of LVH of unknown origin and “clinical red flags.”

METHODS

Study Population and Data Collection
We prospectively enrolled for FD genetic screening men and
women of 18 years or older with echocardiographic evidence of
LVH of unknown origin and at least one “red flag.”

Patients with maximal wall thickness in end-diastole≥13mm,
independently of LVH pattern (concentric and asymmetric)
among all consecutive patients referring to our echo-lab for daily
hospital practices and cardiologic examination fromAugust 2016
to October 2017, were selected (26).

In this subgroup, the search for “red flags” considered
classical signs and symptoms related to FD [neuropathic pain,
anhidrosis/hypohidrosis, angiokeratomas, gastrointestinal
problems (nausea, vomiting, abdominal pain, diarrhea, or
constipation), chronic kidney disease, or cerebrovascular
complications (transient ischemic attack or stroke)] was
performed (27).

The only exclusion criterion was represented by LVH
of already known etiology, such as genetic hypertrophic
cardiomyopathy or other inherited metabolic disorders. Patients
with arterial hypertension, defined as≥140 mmHg systolic blood
pressure or being on antihypertensive medication (28), and
severe aortic stenosis, assessed through an echocardiographic
step-wise integrated approach (29), were included.

All variables of patients selected for genetic screening were
recorded on a standardized form that including information
on patient demographics (sex, age, heart rate, systolic, and
diastolic blood pressure), medical history, signs and symptoms at
presentation, family history for cardiovascular, cerebrovascular,
or renal diseases, electrocardiographic features, laboratory
exams, and echocardiographic parameters.

All patients enrolled gave written informed consent, and the
study was approved by the local ethics committee.

Echocardiographic Measurements
A commercially available cardiac ultrasonography system
(GE Vivid E80, General Electric, Milwaukee, Wisconsin)
with a 2.5–4.5-MHz phased-array transducer with second
harmonic capability was used for complete 2-dimensional
Doppler echocardiography. All examinations were performed
by cardiologists and those of the patients selected for genetic
screening reviewed by one expert reader (RC). Measurements
were performed according to the European Guidelines of
Chamber Quantification. Particularly, septal or posterior wall
thickness was measured by 2D-guided M-mode at papillary
muscle level in parasternal long axis or parasternal short
axis view at end-diastole (at onset of R-wave); LV ejection
fraction (EF) was calculated using biplane Simpson’s rule from
the apical four- and two-chamber views (26). LV diastolic
function was evaluated according to the American Society
of Echocardiography recommendations, including mitral flow

velocities, mitral annular e
′

velocity, and E/e
′

ratio (30). Mitral
regurgitation (MR) was also quantified from color Doppler
imaging and semiquantitatively graded as absent, mild, moderate,
or severe, using standardized criteria (29). Degree of severity
of aortic stenosis was assessed through an echocardiographic
step-wise integrated approach as recommended by current
guidelines (29). In addition, global longitudinal strain (GLS) was
assessed by using automated speckle-tracking echocardiography
(STE) in four- and two-chamber and apical long axis views,
respectively (30).

Dried Blood Spot Testing and Genetic
Analysis
Peripheral blood of patients included in the genetic
screening program was collected by medical residents, using
ethylenediaminetetraacetic acid (EDTA) as an anticoagulant.
Patient’s blood was embedded on dedicated filter paper obtaining
dried blood spots (DBSs), which were sent to Centogene
Laboratories (Rostock, Germany). Both enzyme activity
determination and genetic screening were performed by staff
blinded to clinical data. In male patients, α-Gal A activity was
measured as first; in case of absent or low α-Gal A (n.v. ≥ 15.3
µmol/l/h), diagnosis was confirmed by mutation analysis of the
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TABLE 1 | Previous screening studies of FD in patients with LVH.

Screening study

(7–25)

Population Screening

selection

criteria

Screening

methods

Prevalence

of FD

Limitations

Nakao et al. (7) 230 males LVH≥13mm α-Gal A activity 3% Only males

Tertiary referral center

In 5/7 cases, no mutation was found

in GLA gene

Sachdev (8) 153 males HCM≥13mm α-Gal A activity +

genetic

3.9% Only males

Tertiary referral center

Exclusion hypertension and

valvular disease

Ommen et al. (9) 100 (44 males) Obstructive

HCM

Myomectomy:

electron microscopy

0 Asymmetric hypertrophy is rare in FD

Tertiary referral center

Exclusion hypertension and

valvular disease

Chimenti (10) 34 females HCM Endomyocardial

biopsy: electron

microscopy + α-Gal

A activity + genetic

12% Biopsy study

Tertiary referral center

Arad et al. (11) 75 (45 males) HCM≥13mm Genetic 0 Tertiary referral center

Exclusion hypertension and

valvular disease

Morita et al. (12) 1,862, 50 LVH (41

males)

LVH≥13mm Genetic 2% Exclusion hypertension and

valvular disease

Monserrat et al. (13) 508 (328 males) HCM α-Gal A activity (only

if low, genetic)

1%
Use of α-Gal A activity in females

Exclusion hypertension and

valvular disease

Havndrup et al. (14) 90 (56 males) HCM Genetic 3% Tertiary referral center

Hagège et al. (15) 392 (278 males) HCM≥15 α-Gal A activity 1.5% Use of α-Gal A activity in females

Exclusion hypertension and valvular

disease

High cut-off for LVH

Elliot et al. (16) 1,386 (885males) HCM≥15 Genetic 0.5% Exclusion hypertension and valvular

disease

High cut-off for LVH

Terryn et al. (17) 540 (362 males) LVH≥13mm α-Gal A activity +

genetic

0.9% /

Mawatari et al. (18) 738 males LVH≥13mm α-Gal A activity (only

if low, genetic)

0 Only males

Palecek et al. (19) 100 males LVH≥13mm α-Gal A activity (only

if low, genetic)

4% Only males

Gaggl et al. (20) 2,593 (1,686 males) LVH≥12mm Urinary Gb3

concentration (only if

high, α-Gal A activity

+ genetic)

0 Low sensitivity of screening method

(many false negatives)

Kubo et al. (21) 177 males HCM≥15 α-Gal A activity +

genetic + lyso-Gb3

1.1% Only males

High cut-off for LVH

Cecchi et al. (22) 235 HCM Myomectomy: electron

Microscopy

+ genetic

1.3% Low sensitivity of screening methods

(only 3 pts were analyzed for the

visual suspect of storage disease

by surgeon)

Maron et al. (23) 585, 413 males HCM α-Gal A activity +

genetic

0.34% Tertiary referral center

Barman et al. (24) 80 Non-

obstructive

HCM

α-Gal A activity +

genetic

2.5% Only males

Exclusion hypertension and

valvular disease

Kim et al. (25) 988 males LVH≥13mm α-Gal A activity (only

if low, genetic)

0.3% Only males

Exclusion valvular disease

LVH, left ventricular hypertrophy; FD, Fabry disease; α GAL-A, α-Galactosidase A enzyme; HCM, hypertrophic cardiomyopathy.
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GLA gene. In female patients, genetic mutation analysis was
the primary screening tool. Plasma concentration of lyso-Gb3,
a degradation product of the accumulating Gb3, was also
evaluated (n.v. ≤ 1.8 ng/ml) (31). All genetic variants were
classified according to American College of Medical Genetics
(ACMG) recommendations.

Patients with a first positive test for FD underwent a second
peripheral blood collection in order to confirm the diagnosis.

RESULTS

Clinical Features of the Study Population
Over a study period of 14 months, a total of 3,360 patients
underwent transthoracic echocardiography in our echo-lab; 30
patients (0.89%; 19 men, 63.3%) with a mean age of 58 ±

18.2 years, due to the finding of suspected hypertrophy and
at least one “red flag,” were considered eligible for the genetic
screening program.

In overall genetically screened population, 17 (56.6%) patients
had a systolic blood pressure of ≥140 mmHg or were on
hypertensive medication; 9 (30%) patients had chronic kidney
disease or were in dialysis; only 2 (6.7%) patients had an history
of cerebrovascular disease with previous stroke; about half of
the studied population (16, 53.3%) reported personal or familiar
history of cardiovascular disorders (acute myocardial infarction,
arrhythmias, and sudden cardiac death). Among other typical but
not pathognomonic FD manifestations, about one-third patients
(10, 33.3%) were concerned about unspecific gastrointestinal
problems since childhood, whereas only two (6.7%) manifested
both acroparesthesia and hypohidrosis. Nobody exhibited
typical angiokeratomas.

In the 30 patients who underwent genetic screening, sinus
rhythm on ECG was documented in most patients (24, 80%),
whereas atrial fibrillation and pacemaker rhythm were detected
in 5 (16.7%) and 1 (3.3%) patients, respectively. The mean
heart rate was 71 ± 15 beats per minute (bpm) (range 45–
110), with a PR interval of 169 ± 34ms (range 108–250) and
a prevalence of atrioventricular and intraventricular conduction
disorders (both right and left bundle branch blocks) of 8.5 and
23.4%, respectively.

Left ventricular hypertrophy was detected in all patients
who underwent genetic screening, with a mean value of
the interventricular septum thickness in tele-diastole of 15.4
± 3.6mm (range 13–22) and posterior ventricular wall of
16.2 ± 2.1mm (range 13–23). About a quarter of patients
(24.8%) showed signs of type I diastolic dysfunction (E/A
= 0.75 ± 0.11; E/è = 13 ± 4.9). Moderate-to-severe MR
was detected in 4 patients (13.3%), whereas only one had
a severe aortic stenosis, with a mean transvalvular gradient
of 45 mmHg. Echocardiographic parameters of patients who
undergone genetic screening are shown in Table 2.

Genetic Screening
Three different GLA gene mutations (10% of screened
population) in three unrelated patients were detected. One
of them [mutation c.388A > G (p.Lys130Glu) in exon 3] was
a novel variant just described from our group (32), whereas

the other two [mutation c.901C > G (p.Arg301Gly) in exon
6; mutation c.337T > C (p.Phe113Leu) in exon 2] have been
previously reported (33, 34). Probands’ familial screening
allowed the identification of five other FD patients.

Fabry Disease Patients
Baseline characteristics of FD patients detected by our genetic
screening program and their relatives were showed in Table 3.

Patient #1 is a 57-year-old woman with a history of
acroparesthesias, recurrent headache, and abdominal pain, who
was admitted to our echo-lab because of a cardiovascular
screening program dedicated to hospital employees, in the
absence of known cardiac problems and/or family history.
ECG showed a sinus rhythm with a cardiac frequency of 60
bpm without abnormalities of repolarization. Echocardiography
showed concentric LVH with a septum of 14mm and a normal
systolic left ventricular ejection fraction (LVEF = 56%, but
a type I diastolic dysfunction. GLS was within lower range
(−18.7%; n.v. from−15.9 to−22.1%). Neurological examination
revealed no apparent deficit, as ophthalmologic examination
(performed after the FD diagnosis) did not show signs of
tortuous vessels or cornea verticillata. Her laboratory exams
also resulted in the normal range, particularly no signs of
chronic kidney disease were detected. α-Gal A activity was
normal (≥15.3 µmol/l/h), but genetic examination showed a
heterozygous mutation in exon 3 of the GLA gene, c.388A
> G (p.Lys130Glu), a novel variant just described from our
group. Plasma concentration of lyso-Gb3 (4.0 ng/ml, n.v. ≤

1.8 ng/ml) was pathologically elevated. On these grounds, this
novel mutation was considered as pathogenic. Furthermore,
among the patient’s relatives, the same gene mutation was
observed in her son, who also showed decreased α-Gal A
enzymatic activity (<0.8 µmol/l/h; n.v. ≥ 15.3 µmol/l/h) and
elevated lyso-Gb3 levels (18.1 ng/ml; n.v. ≤ 1.8 ng/ml), leading
to the diagnosis of overt FD.

Patient #2 is a 66-year-old man with mild chronic kidney
disease who was admitted to our hospital for cardiac arrest.
His past medical history and family history were both
negative for cardiovascular risk factors and diseases. ECG
showed signs of inferior myocardial infarction so urgent
coronary angiography and subsequent percutaneous coronary
intervention with drug-eluting stent on right coronary artery
was performed. Echocardiographic examination demonstrated
a severe LVH with a septum of 17mm and a mild systolic
left ventricular dysfunction with an LVEF of 45%. In addition,
also GLS was reduced (−11.6%). Biochemical and genetic tests
confirmed both low α-Gal A activity (<0.8 µmol/l/h; n.v. ≥
15.3 µmol/l/h) and the GLA gene mutation in exon 6 c.901C >

G (p.Arg301Gly). Elevated lyso-Gb3 levels were also collected
(5.3 ng/ml; n.v.≤ 1.8 ng/ml). Family screening revealed the same
GLA gene mutation in his 41-year-old daughter, without clinical
manifestations of the disease, and in her 11-year-old son, who
presented with developmental disability.

Patient #3 is a 69-year-old man referring to our laboratory
for a cardiologic follow-up due to a recent diagnosis of
arterial hypertension. Past medical history revealed a previous
episode of paroxysmal atrial fibrillation and a history of
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TABLE 2 | Main echocardiographic findings of FD patients.

Index case Max left

ventricular

thickness

(mm)

Left

ventricular

end-

diastolic

volume

(ml/mq)

Left

ventricular

end-systolic

volume

(ml/mq)

Ejection

fraction (%)

Left atrial

volume

(ml/mq)

Diastolic

dysfunction

grade

Valvular disease TAPSE (mm) Left

ventricular

global

longitudinal

strain (%)

1 14 54 24 56 28 I (impaired

relaxation phase)

None 25 −18.7

2 17 75 39 48 44 I (impaired

relaxation phase)

Mild mitral regurgitation 21 −11.6

3 17 74 33 55 47 I (impaired

relaxation phase)

Mild-moderate mitral

regurgitation

22 −8.9

4 (Patient #1

son)

12 72 22 69 40 I (impaired

relaxation phase)

Mild mitral regurgitation 27 −18.8

5 (Patient #2

daughter)

0,9 48 19 60 24 Normal diastolic

function

None 25 −20.6

6 (Patient #2

grandchild)

0,6 44 13 70 21 Normal diastolic

function

None 27 −22

7 (Patient #3

brother)

17 91 58 36 49 II (pseudonormal

phase)

Moderate mitral

regurgitation; moderate

tricuspidal regurgitation

17 −6.3

8 (Patient #3

brother)

16 74 31 58 42 II (pseudonormal

phase)

Mild mitral regurgitation 21 −15
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TABLE 3 | Clinical and molecular data of the three FD cases and their relatives.

Index case Gender/age Signs and symptoms α GAL-A

Activity

(µmol/l/h)

GLA Mutation LYSO-GB3

Levels

(ng/ml)

1 F/57 Acroparesthesias, headache, abdominal pain Normal c.388A>G

(p.Lys130Glu), exon 3

4

2 M/66 Mild chronic kidney disease <0.8 c.901C>G

(p.Arg301Gly), exon 6

5.3

3 M/69 Paroxysmal atrial fibrillation, gastrointestinal

problems, arterial hypertension

<2.8 c.337T>C

(p.Phe113Leu), exon 2

15.3

4 (Patient #1 son) M/25 Acroparesthesias, abdominal pain <0.8 c.388A>G

(p.Lys130Glu), exon 3

18.1

5 (Patient #2 daughter) F/41 None Normal c.901C>G

(p.Arg301Gly), exon 6

Normal

6 (Patient #2 grandchild) M/11 Developmental disability, history of epilepsy,

gastrointestinal problems

<0.8 c.901C>G

(p.Arg301Gly), exon 6

3.9

7 (Patient #3 brother) M/76 CAD,PMK implantation for AV block, mild

chronic kidney disease

<0.8 c.337T>C

(p.Phe113Leu), exon 2

12.5

8 (Patient #3 brother) M/74 Arterial hypertension <0.8 c.337T>C

(p.Phe113Leu), exon 2

9.5

CAD, coronary artery disease; PMK, pacemaker; AV block, atrio-ventricular block.

FIGURE 1 | Family pedigree of Fabry disease (FD) patients. (A) Patient #1; (B) patient #2; and (C) patient #3. Circles are women and squares are men. Filled symbols

are affected patients. Dashed symbols are deceased patients. The arrow indicates the index patient. Dotted means carriers without symptoms.

gastrointestinal problems during young age. Moreover, his
mother had unspecified cardiac problems. ECG showed a sinus
rhythm with a cardiac frequency of 77 bpm and criteria for
LVH, whereas clinical examination resulted unremarkable; in
addition, there was no evidence of chronic kidney disease
at laboratory exams. Echocardiography demonstrated a severe
concentric LVH with a septum of 17mm and a preserved
systolic LVEF = 55%, but a highly reduced GLS value of
−8.9%. Biochemical and genetic tests confirmed both low α-
Gal A activity (<2.8 µmol/l/h; n.v. ≥ 15.3 µmol/l/h) and the
GLA gene mutation c.337T > C (p.Phe113Leu) in exon 2.
Plasma concentration of lyso-Gb3 (15.3 ng/ml, n.v. ≤ 1.8 ng/ml)
was highly elevated. Furthermore, among the patient’s relatives,
the same gene mutation was detected in his two brothers:
one had a past medical history of coronary artery disease

and bypass graft, pacemaker implantation for a third-degree
atrioventricular block at 67 years old, and mild chronic kidney
disease; the second one was a patient with hypertension with
no other remarkable medical history; both patients showed
a severe concentric LVH at echocardiographic examination
(Figure 1).

DISCUSSION

Our study highlights, in daily clinical practice, the importance
of FD genetic screening in the evaluation of patients with
echocardiographic evidence of myocardial hypertrophy of
unknown origin and at least one “red flag.” The main findings
can be summarized as follows:
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FIGURE 2 | Echocardiographic images of Fabry disease (FD) patients. (A–C) apical 4 chambers, 2 chambers, and parasternal short axis views showing left ventricular

concentric hypertrophy typical of FD, respectively. (D) altered global longitudinal strain in patient with FD, note inferolateral segment alterations.

• High FD prevalence of 10% among patients with LVH
associated with other “red flags” in a metropolitan area not
previously investigated was found;

• Hypertension and aortic stenosis should not be considered
exclusion criteria for FD screening in suspicious patients
with LVH;

• A new mutation [c.388A > G (p.Lys130Glu) in exon 3 of
the GLA gene] causing a classical phenothype of FD has been
reported (32).

Cardiovascular involvement in FD substantially occurs due to
disease-related morbidity and mortality of these patients (7);
correct diagnosis in a very early stage and specific treatment are
fundamental to modify the natural course of the disease (35).

Usually, accumulation of glycosphingolipids in myocardial
cells leads to ventricular remodeling and subsequent concentric
hypertrophy, even if asymmetric hypertrophy has also been rarely
described (9, 21). Echocardiography represents the primary
diagnostic tool in detection of LVH (1) (Figure 2). However, the
proportion of patients with FD who are not correctly recognized
at the time of echocardiography or first medical contact is up
to date still high. Despite the availability of fast and easy to

perform genetic screening techniques to determine the enzymatic
activity of α-Gal A or genetic mutations in the GLA gene, the real
incidence of FD is probably still underestimated (6).

Interestingly, our results reveal a higher prevalence (10%)
of FD among patients with LVH of unknown origin associated
with at least one sign or symptom suspect for FD compared
to previous screening studies (7–25). They are consistent with
Chimenti (2004), which reported a similar prevalence of 12% in
female patients with hypertrophic cardiomyopathy (10).

A possible explanation of this finding is attributable to
an important selection bias among different studies since the
screened population has been selected with different inclusion
criteria. In general, hypertension on its own is responsible
for LVH (28). Hence, patients with hypertension are almost
systematically excluded from screening for metabolic heart
diseases. We decided to include patients with hypertension with
suspect of FD because the two disorders can coexist: hypertension
could be both an unrelated comorbidity and conversely a
consequence of FD, since LysoGb3 accumulation causes intima
media thickening and vascular pathology (36). The exclusion of
patients with hypertension from our screening program would
have let to miss a potential diagnosis of FD.
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Similarly, severe aortic stenosis is usually an exclusion
criterion in similar screening investigations since pressure
overload could explain myocardial hypertrophy. Considering
aortic stenosis, the most common primary valve disease in
Europe, with a growing prevalence due to the aging population
(29), we decide to also include patients with known history
of severe aortic stenosis if clinical suspicion of FD raised.
The only subject with severe aortic stenosis included in our
screening has been resulted, but not affected by FD. Anyway,
the key message is that besides the presence of a possible
explanation for myocardial hypertrophy, suspicious signs and
symptoms for FD should alert cardiologists to investigate deeply
even mild and non-specific manifestations, to avoid missing the
FD diagnosis.

Nowadays, more than 940 mutations (Human Gene Mutation
Database, http://www.hgmd.org, last accessed February 2022) in
the coding GLA regions, on the long arm of chromosome X
(Xq22), are known (37).

The identification of novel mutations through a well-
performed screening represents an important goal nowadays,
not only for increasing molecular knowledge of GLA gene but
especially for the important clinical implications derived from
the detection of asymptomatic or not very symptomatic patients
with FD in a very early phase. Recognizing this mutation, in fact,
allows for the prompt initiation of therapies and cascade family
screening of immediate and extended family.

Utilizing DBS testing is very easy and fast to screen for FD
in patients with otherwise undiagnosed LVH. Detection at an
early phase is crucial, due to the availability of effective therapies
most beneficial when started in the first stages of the disease’s
course. Indeed, a prompt instauration of enzyme replacement
therapy (ERT) or other new specific treatment, before the organ
involvement becomes irreversible, has the great potential to
positively influence the natural history of the disease reducing
morbidity and mortality (38). In our study, DBS testing and
clinical assessment was able to successfully identify not only three
patients with FD but also five relatives with FD in a preclinical
phase, underlying the importance for physicians to be aware of
this opportunity in evaluating patients with LVH.

Moreover, in our study, some patients with FD, despite normal
global systolic function expressed by EF, revealed reduced or
slightly reduced GLS values, confirming previous reported results
(39, 40) where GLS appears to be more sensitive than LVEF to
detect subclinical myocardial dysfunction in this peculiar setting.

LIMITATIONS

A recent study showed that using plasma to measure enzymatic
activity of Gal A might fail to detect some male patients with

FD, affirming that the gold standard should be determination
of α-Gal A activity in leukocytes (41). On the contrary, other
reports demonstrated that biochemical screening through DBS
is generally accepted to be very sensitive in screening in men,
and DBS is probably as accurate as the gold standard (31). The
study includes a small number of patients to draw definitive
conclusions about the prevalence in our area.

In addition, regarding the new GLA gene mutation, there
is a general agreement that a histologic demonstration of Gb3
storage in one of the target tissues is desirable before classifying
a genetic variant of uncertain significance as pathogenic;
unfortunately, we are not able to provide diagnostic confirmation
in this circumstance. However, pathologically elevated plasma
concentration of lyso-Gb3 in the index case, in addition to the
finding of the same mutation in her son, who showed also
decreased α-Gal A enzymatic activity, can be considered as strong
markers of overt FD (42).

CONCLUSION

Compared with previous studies performed in highly selected
populations in tertiary treatment centers, our study population
is more “generic” and involves patients of a metropolitan area
not already explored for FD, but better representing a mirror of
real world. Among patients with LVH associated with other “red
flags,” undergoing genetic screening program, the prevalence of
FD was very high (10%). Our results highlight the importance of
an echocardiographic and clinical-oriented FD genetic screening
and encourage its extensive use in patients with uncommon
cause of LVH for prompt recognition of patients affected by this
peculiar genetic disorder.
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Background: Heart failure with preserved ejection fraction (HFpEF) and atrial fibrillation

(AF) commonly coexist with overlapping pathophysiology like left atrial (LA) remodeling,

which might differ given different underlying mechanisms.

Objectives: We sought to investigate the different patterns of LA wall remodeling in AF

vs. HFpEF.

Methods: We compared LA wall characteristics including wall volume (LAWV), wall

thickness (LAWT), and wall thickness heterogeneity (LAWT[SD]) and LA structure,

function among the controls (without AF or HFpEF, n = 115), HFpEF alone (n = 59),

AF alone (n = 37), and HFpEF+AF (n = 38) groups using multi-detector computed

tomography and echocardiography.

Results: LA wall remodeling was most predominant and peak atrial longitudinal strain

(PALS) was worst in HFpEF+AF patients as compared to the rest. Despite lower E/e’

(9.8 ± 3.8 vs. 13.4 ± 6.4) yet comparable LA volume, LAWT and PALS in AF alone vs.

HFpEF alone, LAWV [12.6 (11.6–15.3) vs. 12.0 (10.2–13.7); p = 0.01] and LAWT(SD)

[0.68 (0.61–0.71) vs. 0.60 (0.56–0.65); p < 0.001] were significantly greater in AF alone

vs. HFpEF alone even after multi-variate adjustment and propensity matching. After

excluding the HFpEF+AF group, both LAWV and LAWT [SD] provided incremental

values when added to PALS or LAVi (all p for net reclassification improvement <0.05)

in discriminating AF alone, with LAWT[SD] yielding the largest C-statistic (0.78, 95% CI:

0.70–0.86) among all LA wall indices.
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Conclusions: Despite a similar extent of LA enlargement and dysfunction in HFpEF vs.

AF alone, larger LAWV and LAWT [SD] can distinguish AF from HFpEF alone, suggesting

the distinct underlying pathophysiological mechanism of LA remodeling in AF vs. HFpEF.

Keywords: atrial fibrillation, heart failure with preserved ejection fraction, strain, multi-detector computed

tomography, left atrial remodeling, left atrial wall

INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) and
atrial fibrillation (AF) are frequently coexisting conditions that
are growing in prevalence and share common predisposing
factors such as older age, hypertension, and obesity (1–3). It
remains a diagnostic dilemma to discriminate HFpEF from AF
due to convergent clinical features (e.g., breathlessness, effort
intolerance). Yet, to accurately distinguish one condition from
the other is important since their treatments may differ, partly
due to their potentially distinct underlying pathophysiology.

Beyond sharing predisposing factors, left atrial (LA)
remodeling is also a key characteristic that is common to both
HFpEF and AF. In HFpEF, LA remodeling is thought to be
secondary to an increase in LA pressure and potential intrinsic
LA myopathy; however, in AF, LA remodeling is thought to be
triggered by ischemia, inflammation, or dilation and perpetuated
by tachycardia-induced remodeling (4, 5). The common result in
both conditions is an enlarged, dysfunctional left atrium, which
is difficult to differentiate by conventional imaging modalities.
Compared to these traditional methods, more advanced imaging
techniques such as multi-detector computed tomography
(MDCT) with higher spatial resolution or echocardiographic
strain imaging are known to provide additional information
about LA structure and function beyond conventional imaging
modalities, whichmay provide novel insights into LA remodeling
and distinct patterns of LA remodeling in AF vs. HFpEF (6).

Therefore, we aimed to compare the LA structure, function,
and wall characteristics among four groups of patients,
namely the controls without HFpEF or AF, patients with
HFpEF alone, patients with AF alone, and patients with both
HFpEF and AF, by using a combination of MDCT and
comprehensive echocardiography.

METHODS

Study Population
Patients who were referred to the MacKay Memorial Hospital
(Taipei, Taiwan) from a cardiovascular imaging core laboratory
for clinical evaluation of ischemic heart disease or AF ablation
between January 2009 and December 2014 were retrospectively
identified through a medical record review. HFpEF was defined
as prior HF hospitalization and a left ventricular ejection
fraction (LVEF) of>50%. Adjudication of HF hospitalization was
defined by two cardiologists with typical symptoms (dyspnea,
breathlessness or ankle swelling) and signs of pulmonary
congestion or edema by Chest X-ray. These were followed
by natriuretic peptide cutoffs (BNP: 100 pg/ml, NT-proBNP:
300 pg/ml) proposed by 2021 ESC HF guideline to exclude

those without acute HF. AF was ascertained by a history of
paroxysmal or persistent AF or those referred for evaluation
of catheter ablation for AF. Diagnosis of AF was made by
standard 12-lead electrocardiogram (ECG), or ECG tracing of
≥30 s showing AF rhythm from 24-h Holter monitoring. Days
of diagnosed paroxysmal AF in our AF patients was 181.1± 71.2
days. Each patient underwent comprehensive clinical evaluation,
laboratory tests, Holter monitoring, dual-source cardiac MDCT
scans, and comprehensive echocardiography. Imaging (including
echocardiography and MDCT) protocol was conducted during
sinus rhythm prior to AF ablation (if ablation therapy was
delivered). Patients with significant valvular heart disease, severe
pulmonary hypertension, known cardiomyopathy, permanent
AF, and those with pacemaker implantation were excluded. Thus,
a total of 249 patients were included and divided into four
groups, namely the HFpEF alone (n = 59), AF alone (n = 37),
HFpEF+AF (n = 38, both HFpEF and AF), and controls (n
= 115 with neither HFpEF nor AF) groups (Figure 1B). The
study protocol was approved by the Institutional Review Board
of MacKay Memorial Hospital (19MMHIS213e).

Computed Tomography Image Acquisition
Protocol and LA Wall Characteristics
Analysis
Each patient underwent cardiac MDCT using a dual-source,
high-resolution CT system (Siemens Medical Systems,
Forchheim, Germany). The step-by-step protocols for
scanning, image acquisition, reconstruction, and subsequent
LA wall characteristics analysis using our validated LA
wall-mapping software have been previously published
(Supplementary Materials) (6). In brief, the LA wall-mapping
application enables the automatic isocenter setting of the LA
chamber, LA inner-surface, and outer-boundary segmentation,
and facilitates delineation after manual delineation of the
pulmonary veins. The LA wall volume (LAWV) was derived
by integrating the total number of voxels of the LA tissue,
which yielded the total LA volume contained within the outer
boundaries, minus the chamber volume within the inner surface
of LA. Wall thickness was defined as the shortest distance
between the outer boundaries and the inner surfaces, with the
representative LA wall thickness (LAWT) of any individual
calculated as the average distance within the entire LA region.
LAWT heterogeneity was assessed as the variations [expressed as
standard deviation (SD); thus, LAWT(SD)] in the LAWT within
the entire LA region measured by the LA wall-mapping program
(Figure 1A). Finally, the LA volume (LAV) was calculated by
integrating the number of voxels contained within the inner
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FIGURE 1 | Five major steps in the LA mapping workflow for LA wall indices in the current study: (1) LA delineation, (2) inner boundary segmentation, (3) outer

boundary segmentation, (4) wall mass calculation, (5) three-dimensional (3D) projection map, and display of the LAWT (SD). The LAWT in each dataset was expressed

by different colors as a visual projection map together with four PVs orifices. Nos. 1, 2, 3, and 4 represent the right superior, right inferior, left superior, and left inferior

PVs, respectively (A). Cardiac CT images from 3 representative individuals from the Control, HFpEF, and AF groups (B). LA, left atrial; LAWT, left atrial wall thickness;

LAWT (SD), left atrial wall thickness heterogeneity; PV, pulmonary vein; MDCT, multi-detector computed tomography; HFpEF, heart failure with preserved ejection

fraction; AF, atrial fibrillation.

surfaces, with the LAV further indexed (LAVi) to the individual’s
body surface area.

Echocardiography
Each patient underwent a complete transthoracic
echocardiography exam within 30 days of MCDT, using a
Vivid 7 system (GE Healthcare, Chicago, IL, USA), equipped
with a 2- to 4-MHz transducer (M4S). All echocardiographic
image acquisition and measurements were performed on the
basis of recent guidelines recommended by the American Society
of Echocardiography (7). All echocardiographic measurements,
including two-dimensional speckle-tracking echocardiographic
analysis, were performed off-line using EchoPAC version
6.1.2 (GE Vingmed, Horten, Norway). The protocol for the
same was previously described in detail (8). LV end-diastolic
volume (EDV) and LVEF were measured using the biplane
Simpson method. Pulse wave Doppler was applied to record
the trans-mitral inflow early (E) and late diastolic (A) filling
velocities, deceleration time (DT), and isovolumic relaxation
time. Peak tricuspid regurgitation (TRV) velocity was obtained
using continuous wave Doppler. Peak mitral annular systolic

(TDI-s
′

) and early diastolic (TDI-e
′

) velocities were obtained
using Tissue Doppler imaging and were averaged from the
septal and lateral mitral annular sides, respectively. The ratio

of mitral inflow E over A (E/A) and the average E/e’ ratio
(E/e’) were calculated accordingly, with E/e’ used for estimating
the LV filling condition. The LV global longitudinal strain
(LVGLS) was averaged from the peak longitudinal strain
across 18 LV segments obtained from the LV apical 4-, 2-,
and 3-chamber views. Global peak atrial longitudinal strain
(PALS) and global longitudinal LA strain rate during the
reservoir (SRs), conduit (SRe), and booster (SRa) phases were
averaged from all LA segments of the apical 4- and 2-chamber
views, respectively.

Statistical Analyses
A priori sample size calculation, based on the LAWT differences,
was performed using the Power and Sample Size software version
08 (NCSS, LLC, Kaysville, UT, USA). All data were expressed
as means ± standard deviation (SD) or medians ±inter-
quartile range (IQR) for continuous variables and percentage
or frequency for categorical variables. Comparative analysis for
parametric continuous variables was performed using a one-
way analysis of variance or an independent t-test and for non-
parametric continuous variables using the Kruskal–Wallis test or
a Mann-Whitney U test. Categorical variables were compared
using either the Fisher’s exact test or the χ

2 test with a Yates
correction, as appropriate. Furthermore, we compared LA wall
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TABLE 1 | Baseline characteristics and conventional echocardiographic parameters of the study subjects.

Controls HFpEF AF HFpEF +AF Overall p-value

(n = 115) (n = 59) (n = 37) (n = 38)

Baseline Characteristics

Age (years) 61.4 ± 10.8 69.1 ± 8.1* 59.7 ± 10.3† 68.1 ± 11.9*# <0.001

Female sex, (%) 34 61.0* 40.5† 47.4 0.007

Systolic blood pressure, mmHg 128.4 ± 15.7 131.6 ± 15.5 125.5 ± 17.8 130.7 ± 20.3 0.31

Diastolic blood pressure, mmHg 76.3 ± 9.7 73.9 ± 9.0 74.5 ± 10.1 73.1 ± 11.3 0.25

Heart rate, beats/min 76.1 ± 11.6 82.2 ± 16.5* 82.1 ± 16.3 78.4 ± 12.4 0.02

BMI, kg/m2 24.7 ± 3.4 26.3 ± 3.8* 25.8 ± 4.2 26.4 ± 4.4 0.018

Smoking, (%) 18.3 17 16.2 31.6 0.25

Hypertension, (%) 28.7 69.5* 73.0* 84.2* <0.001

Diabetes, (%) 20 49.2* 35.1 52.6* <0.001

Hyperlipidemia, (%) 38.3 49.2 40.5 55.3 0.23

Coronary artery disease, (%) 11.3 15.3 13.5 36.8*†# 0.003

Laboratory Data

HbA1c, % (n = 196) 5.96 ± 0.66 6.48 ± 1.42 6.54 ± 1.22*† 6.51 ± 1.67 0.016

Fasting glucose, mg/dl 108.8 ± 19.9 126.7 ± 55.2 122.6 ± 41.1* 140.5 ± 66.1* <0.001

Cholesterol, mg/dl 185.0 ± 39.8 189.9 ± 43.5 194.7 ± 42.0 166.8 ± 39.4 0.82

Triglyceride, mg/dl 119.0 ± 67.0 139.9 ± 70.3 157.8 ± 133.1 151.6 ± 80.0 0.037

LDL-c, mg/dl 111.6 ± 38.2 116.3 ± 38.7 111.2 ± 41.1 111.6 ± 33.0 0.88

HDL-c, mg/dl 50.2 ± 13.4 46.7 ± 14.6 46.5 ± 10.8 44.4 ± 13.6 0.096

eGFR, ml/min/1.73 m2 84.4 ± 21.7 77.1 ± 29.0* 83.2 ± 24.0 59.7 ± 25.9*†# <0.001

BNP [median, IQR], pg/ml (n = 172) 19.9 [10.3–36] 120 [46–352]* 61 [35.5–145]*† 482 [176–915]*†# <0.001

hs-CRP [median, IQR], mg/dl (n = 197) 0.11 [0.045–0.35] 0.35 [0.11–1.71]* 0.63 [0.21–2.09]* 1.42 [0.34–2.25]*† <0.001

Cardiac Structure by echocardiography

Septal wall thickness, cm 0.90 ± 0.15 1.02 ± 0.18* 0.93 ± 0.13 1.02 ± 0.21* <0.001

Posterior wall thickness, cm 0.91 ± 0.13 1.03 ± 0.18* 0.95 ± 0.14 1.04 ± 0.16* <0.001

LV internal diameter, cm 4.62 ± 0.41 4.68 ± 0.55 4.71 ± 0.43 4.73 ± 0.60 0.55

LV mass index, gm/m2 75.5 ± 15.9 92.9 ± 25.9* 79.7 ± 18.5† 93.3 ± 25.0*# <0.001

LV Function

LVEF, % 63.5 ± 7.8 60.6 ± 8.4 61.7 ± 7.7 62.8 ± 10.5 0.16

E/A 0.97 ± 0.33 1.03 ± 0.48 1.68 ± 0.90*† 1.75 ± 1.05*† <0.001

DT, msec 224.6 ± 48.4 244.1 ± 78.6 217.8 ± 63.9 212.2 ± 60.5 0.05

E/e’ 8.7 ± 2.9 13.4 ± 6.4* 9.8 ± 3.8† 16.4 ± 11.2*# <0.001

TDI-e’, cm/s 7.6 ± 1.9 6.3 ± 1.5* 7.8 ± 2.1*† 6.3 ± 2.0*# <0.001

TDI-s’, cm/s 7.6 ± 1.5 6.8 ± 1.6* 7.3 ± 1.5* 5.9 ± 1.4*†# <0.001

TRV, m/s 2.2 ± 0.3 2.9 ± 0.4* 2.7 ± 0.4*† 3.2 ± 0.4*†# <0.001

LVGLS, % −19.1 ± 3.2 −17.0 ± 4.5* −18.6 ± 2.6 −14.2 ± 3.6*†# <0.001

LA Function

PALS, % 35.0 ± 7.3 27.4 ± 7.7* 28.7 ± 9.5* 23.8 ± 7.3*# <0.001

SRs (Reservoir), % 1.52 ± 0.35 1.20 ± 0.29* 1.24 ± 0.34* 1.04 ± 0.25* <0.001

SRe (Conduit), % −1.48 ± 0.44 −1.07 ± 0.40* −1.13 ± 0.35* −0.89 ± 0.28* <0.001

SRa (Booster pump), % −1.93 ± 0.48 −1.13 ± 0.40* −1.04 ± 0.48* −0.93 ± 0.41* <0.001

Data were expressed as the mean ± SD, (%), or median [IQR]. *p < 0.05 vs. Controls; †p < 0.05 vs. HFpEF; #p < 0.05 vs. AF. AF, atrial fibrillation; BMI, body mass index; BNP, brain

natriuretic peptide; eGFR, estimated glomerular filtration rate; DT, deceleration time; E/e’, ratio of the early transmitral hemodynamic Doppler E velocity divided by the TDI-e’; Hb1Ac,

hemoglobin A1c; HDL-c, high-density lipoprotein-cholesterol; HFpEF, heart failure with a preserved ejection fraction; hs-CRP, high sensitivity C-reactive protein; IQR, interquartile range;

LA, left atrial; LDL-c, low-density lipoprotein-cholesterol; LV, left ventricular; LV EF, LV ejection fraction; LVGLS, LV global longitudinal strain; PALS, global longitudinal LA strain; SR, strain

rate; TDI-e’, average of mitral annular early relaxation velocity from septal and lateral sites by tissue Doppler imaging; TDI-s’, average of mitral annular contraction velocity from septal

and lateral sites by tissue Doppler imaging; TRV, peak tricuspid regurgitant velocity.

characteristics in control vs. HFpEF alone and control vs.
AF alone after stratified based on median value of MDCT-
based LAVi (<40 vs. ≥40 ml/m2), respectively. Associations of

various LA wall indices with clinical co-variates were determined
by forward stepwise selection including age, sex, body mass
index (BMI), lipid profile, medical history, estimated glomerular
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TABLE 2 | Baseline atrial structure and LA wall indices of the study subjects by MDCT.

Controls (n = 115) HFpEF (n = 59) AF (n = 37) HFpEF + AF (n = 38) P-value‡

Median [IQR] SE Median [IQR] SE Median [IQR] SE Median [IQR] SE

Non-adjusted median [IQR]

LAVi, ml/m2 33.6 [27.3–39.5] 0.77 44.4 [37.2–52.1]* 1.83 45.8 [34.4–52.1]* 2.12 62.3 [48.3–81.3]*†# 4.6 <0.001

LAWV, ml 10.7 [9.50–12.1] 0.19 12.0 [10.2–13.7]* 0.32 12.6 [11.6–15.6]*† 0.49 15.4 [13.3–18.5]*†# 0.77 <0.001

LAWT, mm 1.91 [1.81–2.02] 0.02 2.02 [1.91–2.12]* 0.03 2.06 [1.93–2.25]* 0.04 2.10 [2.00–2.28]*† 0.03 <0.001

LAWT (SD) 0.58 [0.55–0.61] 0.004 0.60 [0.56–0.65] 0.015 0.68 [0.61–0.71]*† 0.013 0.64 [0.57–0.72]* 0.022 <0.001

Multi-variate adjusted median [IQR]

LAVi, ml/m2 34.5 [27.4–41.0] 0.77 44.7 [37.4–51.1]* 1.83 45.6 [34.6–58.6]* 2.12 63.9 [48.6–82.0]*†# 4.6 <0.001

LAWV, ml 11.1 [9.83–12.6] 0.18 12.3 [10.5–13.7]* 0.31 13.3 [11.8–16.2]*† 0.49 15.4 [13.5–17.4]*†# 0.77 <0.001

LAWT, mm 1.92 [1.81–2.04] 0.02 2.05 [1.92–2.14]* 0.03 2.04 [1.86–2.24]* 0.04 2.10 [2.00–2.25]*† 0.03 <0.001

LAWT (SD) 0.58 [0.55–0.62] 0.006 0.61 [0.56–0.65] 0.014 0.69 [0.61–0.71]*† 0.011 0.63 [0.57–0.72]* 0.019 <0.001

Data were expressed as median [IQR]. ‡Statistical analyses were performed by non-parametric tests with pairwise Wilcox test (Kruskal–Wallis rank sum test).

Multi-variate models were adjusted for age, sex, BMI, hypertension, diabetes, coronary artery disease, hyperlipidemia, eGFR and E/e’.

*p < 0.05 vs. Controls; †p < 0.05 vs. HFpEF; #p < 0.05 vs. AF. LA, left atrial; LAVi, left atrial volume index; LA WT, left atrial wall thickness; LA WT (SD), left atrial wall thickness

heterogeneity; LA WV, left atrial wall volume.

TABLE 3 | Comparisons of atrial structure and LA wall indices of the study subjects by MDCT after matching.

Controls and HFpEF (n = 37) AF (n = 37) P-value‡

Median [IQR] SE Median [IQR] SE

LAVi, ml/m2 38.69 [32.41–47.90] 2.48 45.83 [34.59–51.44] 2.12 0.15

LA WV, ml 11.5 [10.69–12.98] 0.30 12.57 [11.63–15.34] 0.48 0.006

LA WT, mm 2.0 [1.86–2.08] 0.04 2.06 [1.99–2.22] 0.04 0.07

LA WT (SD) 0.58 [0.56–0.64] 0.012 0.68 [0.61–0.71] 0.013 <0.001

Data were expressed as median [IQR: 25th ∼ 75th ]. Variables used for matching included age, sex, BMI, hypertension, diabetes, coronary artery disease, hyperlipidemia, eGFR and E/e’.
‡Statistical analyses were performed by non-parametric Mann-Whitney U test.

filtration rate (eGFR) calculated by MDRD equation, high
sensitivity C-reactive protein (hs-CRP), and E/e’. To further
elaborate the LA wall features in patients with isolated AF, C-
statistic was used to examine the performance of LA wall indices
in distinguishing AF from HFpEF and controls after excluding
the HFpEF+AF group. Moreover, comparisons were made again
after 1:1 matching (controls and HFpEF vs. AF) for key clinical
co-variates. Net reclassification index was used to assess the
incremental value of LA wall indices in re-classifying AF in
addition to LAVi and PALS.

The linear correlations between the LA wall indices
and echocardiographic parameters were determined
using the Pearson correlation coefficient (r) and maximal
information criteria (MIC). The differences in absolute
values between the MIC and the squared Pearson correlation
(r2) were used to determine the non-linear correlation
(i.e., MIC-r2 ≥ 0.1). Subsequently, the cluster model
was constructed to assess the similarity between LA wall
indices and echocardiographic parameters, and the details
of constructing this cluster model can be found in the
Supplementary Material. All analyses were performed
using STATA 14.0 software (Stata Corp, College Station,
TX, USA). All p-values were two-tailed, with p< 0.05 considered
statistically significant.

RESULTS

Baseline Demographics and
Echocardiographic Characteristics
Table 1 summarizes the baseline clinical, laboratory, and
echocardiographic characteristics of all patients. Patients with
HFpEF+AF demonstrated the highest comorbidity burdens,
highest BNP levels, worst renal function based on the eGFR,
the most advanced cardiac remodeling and worst LV, LA
function as compared to the rest of patients. Despite similar
age and BMI, patients with AF alone had a higher burden of
hypertension and diabetes as compared to control participants.
Whereas, patients with HFpEF alone were more likely to be
older, female, and present with more comorbidities, including
hypertension, diabetes, and coronary artery disease, and higher
BMI as compared to control participants. Similarly, patients with
HFpEF alone were more likely to be older, female, and present
with diabetes and higher B-type natriuretic peptide (BNP) level
as compared to the patients with AF alone.

Patients with HFpEF alone and HFpEF+AF showed greater
LV mass index as compared to both control and patients with
AF alone; whereas LV mass index was similar between control
and patients with AF alone (Table 1). As expected, LV function
evaluated by LVGLS or TDI-s’ was worse in patients with
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HFpEF+AF as compared to the rest of the patients, despite
similar LVEF among the four groups. Although LVGLS or TDI-s’
was worse in patients with HFpEF alone, but similar in patients
with AF alone as compared to control patients. Notably, LV
diastolic dysfunction presented with reduced TDI-e’, increased
E/e’ ratio and higher pulmonary arterial pressure estimated by
TRV, was more advanced in the patients with HFpEF alone and
HFpEF+AF as compared to the patients with AF alone.

LA Structure, Function and LA Wall
Characteristics
Table 2 shows the LA wall characteristics among the four groups.
Reproducibility of the all LA wall indices in 30 random study
participants are presented in Supplementary Table 1. All LA wall
indices [LAWV, 15.4 (13.5∼18.2) ml; LAWT, 2.10 (2.00∼2.27)
mm; LAWT (SD), 0.64 (0.57∼0.71) and LAVi [62.3 (48.6∼81.0)
ml/m2] was largest, and PALS (23.8 ± 7.3 %) as well as phasic
LA strain rate components (Table 2) were worst in patients with
HFpEF+AF group, indicating the most advanced LA remodeling
and LA global dysfunction in this group. In contrast, all LA wall
indices [LAWV, 10.7 (9.5∼12.1) ml; LAWT, 1.91 (1.81∼2.02)
mm; LAWT (SD), 0.58 (0.55∼0.61) and LAVi [LAVi, 33.6
(27.3∼39.5) ml/m2] were smallest, PALS (35 ± 7.3%) as well as
LA phasic strain rate components were largest in control patients
(Table 2). The LAVi (LAVi: 44.4 [37.2–52.1] vs. 45.8 [34.6∼51.4]
ml/m2; p = 0.46 in HFpEF vs. AF alone), all LA global phasic
function (PALS, SRs, SRe, and SRa; Table 1) and LAWT [2.02
(1.91–2.12) vs. 2.06 (1.99–2.22) mm; p > 0.05 in HFpEF vs. AF
alone] were similar in the patients with HFpEF alone vs. AF
alone. Despite many similarities of LAVi, LAWT and global LA

function, the LAWV and LAWT (SD) were significantly larger
in patients with AF alone as compared to patients with HFpEF
alone [LAWV:12.6 (11.6–15.3) vs. 12.0 (10.2–13.7) ml, p = 0.01;
and LAWT(SD): 0.68 (0.61–0.71) vs. 0.60 (0.56–0.65), p < 0.001,
respectively]. Notably, LAWT(SD) was substantially greater in
patients with AF alone than in patients with HFpEF alone even
after adjusting for key clinical co-variates and E/e’ (Table 2) or
after 1:1 propensity matching based on key baseline co-variates
in control patients and patients with HFpEF alone vs. patients
with AF alone (Supplementary Table 2) (Table 3).

Clinical Correlates of LA Wall Indices by
MDCT
By forward stepwise selection, LAVi enlargement was
independently associated with greater BMI and higher E/e’
(all p < 0.05), and LAWV enlargement was independently
associated with greater BMI and lower eGFR (all p <

0.05). Increase of LAWT was independently associated
with older age and presence of hypertension (all p <

0.05). Furthermore, greater LAWT(SD) was independently
associated with the male sex, higher hs-CRP level,
and lower high-density lipoprotein-cholesterol level
(all p < 0.05).

Correlation Between LA Wall Indices by
MDCT and Echocardiographic Parameters
All LA wall indices were negatively associated with PALS
(Figure 2B, beta-coefficients for LAVi, LAWV, LAWT,
and LAWT(SD) were −0.43, −0.40, −0.36, and −0.21,
respectively; all p ≤ 001), indicating the association between

FIGURE 2 | ROC among all LA wall indices in discriminating isolated AF from control and HFpEF after excluding patients with both HFpEF and AF (final n = 211) (A).

Fitting curves showing inverse associations between a greater unfavorable remodeling of the various MDCT LA wall indices and PALS (B). ROC, receiver operating

characteristic curve; PALS, Peak atrial longitudinal strain; other abbreviations as Figure 1.
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the increase of LA wall indices and worsening global LA
function (Figure 2B). All correlations were non-linear, as
indicated by MIC-r2 > 0.1 (Figure 3, Supplementary Figure 1;
details in Supplementary Materials). Variable clustering and
similarity assessment (Figure 3) showed that LAWV had
significant proximity with LAVi; whereas LAWT(SD) tightly
coupled with LAWT, did not show significant proximity
with any echocardiographic parameters in the dendrogram
(Supplementary Figure 2), suggesting the potential value of
these measures as novel LA metrics depicting LA remodeling.

Incremental Value of LA Wall Indices by
MDCT in Discrimination of AF vs. HFpEF
Alone
After excluding patients with HFpEF+AF (final n = 211),
the LAWT(SD) demonstrated the highest discriminatory ability
for distinguishing isolated AF from isolated HFpEF [optimal
cutoff: 0.60, C-statistic: 0.78 (95% CI: 0.70–0.86); sensitivity:
93.8%, specificity: 68.2%] among all LA wall indices (Figure 2A).
Besides, isolated AF [adjusted Coef: 0.08 (95% CI: 0.05–0.11), p<

0.001] rather than isolated HFpEF was independently associated

with larger LAWT (SD) after correcting baseline co-variates
and E/e’. Remarkably, the trend of differences in LAWT (SD)
comparing HFpEF vs. non-HFpEF was flipped after stratified by
LAVi; whereas such trend was consistent when comparing AF vs.
non-AF after stratified by LAVi, suggesting “diffuse” vs. “patchy”
LA wall thickening in HFpEF vs. AF during LA enlargement
(Figure 3). Finally, LAWV and LAWT (SD) significantly re-
classify isolated AF from control and isolated HFpEF when
added to LAVi [continuous net reclassification improvement
(NRI): 56.9% (p = 0.002) and 71.2% (p < 0.001)] and PALS
[NRI: 42.2% (p = 0.02] and 72.7% (p < 0.001), respectively]
(Supplementary Table 3).

DISCUSSION

To the best of our knowledge, this is the first study to compare
LA wall characteristics and function using MDCT method in
addition to echocardiography among controls, patients with
HFpEF alone, AF alone, and both HFpEF and AF. Overall,
increase of each LA wall index was related to worse LA function
assessed by strain, with each LA wall index showing distinctive

FIGURE 3 | Comparisons of LA wall indices in isolated HFpEF and AF in smaller and larger indexed LA volume after excluding patients with both HFpEF and AF (total

n = 211).
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FIGURE 4 | Hypothetical distinctive pathological mechanisms of LA remodeling in AF and HFpEF.

associations with corresponding clinical risk factors. Despite
similar LAVi, LAWT, and PALS, patients with AF alone had
significantly larger LAWV and LAWT (SD) as compared to
the patients with HFpEF alone, even after LA afterload (E/e’)
taken into account. Furthermore, LAWT (SD) showed the largest
C-statistic value in discriminating isolated AF from isolated
HFpEF patients and control. Besides, LAWT (SD) did not
show significant proximity to any echocardiographic parameter
assessing LA, LV function by cluster analysis, suggesting
that LAWT (SD) is likely to reflect a novel dimension of
LA remodeling.

Although LA remodeling has shown to be a hallmark feature
in both HFpEF and AF, no study has explored the distinct
LA remodeling patterns in comparison of HFpEF with AF
particularly in terms of the LA wall characteristics. Particularly,
no studies described LA wall characteristics in patients with
HFpEF, while a few studies reported LA wall characteristics
in patients with AF with discrepant findings. Nakamura et al.
found that the LA wall was thicker in patients with AF than in
controls, which was in line with our findings (9). In the same
study, patients with paroxysmal AF showed thicker LA wall than
those with persistent AF (9). Conversely, Imada et al. found
no differences in the LA wall thickness between patients with
paroxysmal and those with persistent AF (9, 10). Although the
durations and different types AF (i.e., paroxysmal vs. persistent)
among the different cohorts might explain the discrepancy in
LA wall thickening vs. thinning in patients with AF, but, it is
often impossible to pinpoint the exact date of onset of AF in
individual patient. On the other hand, these findings indicate that
LA wall thickening is a dynamical process with AF progression.
We postulated that distinct changes of LA wall may occur with a

transition from either AF alone or HFpEF alone to concomitant
HFpEF and AF in addition to changes in LA enlargement and
dysfunction, which require further validation in future studies.

Similar to patients with AF alone, patients with HFpEF alone
also presented with a larger LA wall volume, thicker LA wall,
and worse LA global function than the controls. Importantly,
despite a similar extent of LA enlargement/dysfunction and
a lower LA afterload (i.e., lower E/e’, lower BNP), patients
with AF alone still manifested significantly larger LAWV and
LAWT (SD) than patients with HFpEF alone after multiple
adjustments (Table 2), indicating LA afterload might not be the
single predominant pathological determinant driving greater wall
thickness heterogeneity in isolated AF. These findings support
the concept of distinct LA remodeling exist in HFpEF vs. AF.
Patients with HFpEF are likely more characterized by “diffuse”
LA wall thickening secondary to chronic LA hypertension
resulting in increased LA stiffness. Whereas, patients with AF
are more characterized by “patchy” LA wall thickening with
greater LAWT (SD) irrespective of extent of LA enlargement.
These “patchy” LA wall thickening consisting of continuous
fibrotic insulations of myo-bundles may further exaggerate
LA wall heterogeneity itself and mechanistically contribute
to microanatomic re-entry substrates whereby harboring or
maintaining AF and set up a vicious cycle of “AF begets AF” (11–
13). Nakatani et al. found that LA wall thickness heterogeneity
did not differ among patients with paroxysmal and persistent
AF, suggesting that “patchy” LA wall thickening as a consistent
LA remodeling pattern of AF irrespective of the AF type (14).
Notably, these findings are novel since no overlap was found
between parameter of LAWT(SD) in current study and other
LA indices using comprehensive echocardiography measures.
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Taken collectively, these unique yet different features of LA wall
remodeling support the concept of “diffuse” vs. “patchy” pattern
of LA wall thickening between HFpEF vs. AF alone. Besides,
when patients with AF are prone to develop concomitant HFpEF,
the LA wall will inevitably ensue “diffused” pattern superimposed
“patchy” wall thickening during LA size expansion.

We found that each LA wall index was distinctively associated
with corresponding clinical covariates such as aging, obesity,
metabolic or renal dysfunction, and LA afterload (E/e’), which
heterogeneously promote and amplify specific distinguishable
LA wall remodeling patterns (15, 16). We hypothesized that LA
wall thickening accompanied by atrial volume expansion, atrial
myocyte hypertrophy and interstitial fibrosis is a heterogeneous
process resulted from aging, obesity, fluid retention and LA
afterload, and further contribute to LA afterload increase itself.
During these processes, a distinct LA remodeling pattern with
differential LA wall characteristics may occur in parallel with
predisposition to HFpEF vs. AF driven by certain gender (male
vs. female) or metabolic (such as HDL level) effects together with
overlapping risk factors (Figure 4) (11, 13–17). Patients with both
AF and HFpEF may present with the worst LA function from
both pathological LA remodeling features as compared to the
other groups (12), with LA wall changes comprising both diffuse
and patchy thickening.

LIMITATIONS

This was a non-randomized, single-center retrospective study
with a relatively small number of patients in the HFpEF+AF
group as compared to the rest groups. We acknowledged
the potential technical limitations of MDCT in discriminating
specific, regional anatomical landmarks (for example, the crista
terminalis or cava) with averaged LAWT or LAWT (SD) which
may indicate a substrate in the pathogenesis of atrial myopathy
in AF. Finally, the current study could not establish the definitive
mechanism of LA remodeling and the pathological causal
relationship between LA wall characteristics and the clinical
risk factors in HFpEF and AF. Nonetheless, this is the very
first study using MDCT and echocardiography to provide novel
insights into LA remodeling in both HFpEF and AF. Finally,
as we sought to identify progressive and potentially distinctive
LA remodeling patterns in patients manifesting HFpEF or AF
when compared to those without (controls), rigorous matching
for baseline characters among controls and HFpEF/AF patients
were not performed. Our findings warrant further study in other
larger prospective cohorts.

CONCLUSIONS

Despite a similar extent of LA enlargement and dysfunction in AF
and HFpEF, a larger LAWV and greater LAWT (SD) distinguish

AF from HFpEF, suggesting differential mechanisms underlying
driving distinct LA remodeling patterns in AF vs. HFpEF.
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Tricuspid Annular Abnormalities in
Isolated Left Ventricular
Non-compaction—Insights From the
Three-dimensional Speckle-Tracking
Echocardiographic MAGYAR-Path
Study

Attila Nemes*, Gergely Rácz and Árpád Kormányos

Department of Medicine, Medical Faculty, Albert Szent-Györgyi Clinical Centre, University of Szeged, Szeged, Hungary

Introduction: Prominent trabecular left ventricular (LV) meshwork and deep

intertrabecular LV recesses are featuring LV non-compaction (LVNC). The aim of this

study was to evaluate tricuspid annular (TA) morphological and functional abnormalities

by three-dimensional speckle-tracking echocardiography (3DSTE) in patients with LVNC

without right ventricular (RV) involvement.

Materials and Methods: This study consisted of 21 patients with isolated LVNC,

from which 6 cases were excluded due to inferior image quality. The remaining patient

group consisted of 15 subjects with a mean age of 52.1 ± 11.4 years (9 males).

LVNC was defined according to the Jenni’s criteria. Their results were compared to 21

age- and gender-matched healthy controls (mean age: 52.4 ± 3.9 years, 14 males).

Complete routine 2-dimensional Doppler echocardiographic examination was performed

in all the patients with isolated LVNC and healthy controls. End-systolic and end-

diastolic TA dimensions were assessed on selected planes derived from full-volume 3D

echocardiographic datasets during 3DSTE.

Results: Patients with isolated LVNC showed significantly dilated end-systolic and

end-diastolic TA diameter and area, which were accompanied with preserved TA

functional properties and associated with right atrial (RA) volumes. TA plane systolic

excursion (TAPSE) showed mild correlations with TA fractional area change (TAFAC)

and TA fractional shortening (TAFS). No correlations could be demonstrated between

TAPSE and TA morphological features. Extent of LVNC did not correlate with any

echocardiographic parameters.

Conclusion: TA is dilated with preserved sphincter-like function in patients with

isolated LVNC. Longitudinal (TAPSE) and sphincter-like (TAFAC and TAFS) TAmovements

correlate with each other. TA dilation is associated with an increased RA volumes

respecting cardiac cycle.

Keywords: cardiomyopathy, echocardiography, three-dimensional, non-compaction, tricuspid annulus
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INTRODUCTION

Left ventricular (LV) non-compaction (LVNC) is a rare
cardiomyopathy due to arrest of the normal maturation process
of the myocardium (1–3). It is characterized by prominent LV
trabecularization with deep intratrabecular recesses proceeding
into progressive systolic and diastolic dysfunction, conduction
abnormalities, and thromboembolic events. In most of the cases,
LVNC is isolated, but biventricular forms are also known (4).
LVNC can be accompanied with significant valvular functional
regurgitations due to dilation of heart chambers (5–7). Although
it was recognized as a separate clinical entity more than 40 years
ago, still several clinical questions remained unsolved (1).

The tricuspid valve (TV) is a complex anatomical structure,
which incorporates the three-dimensional (3D) saddle-shaped
annulus fibrosus [tricuspid annulus (TA)] (6). 3D speckle-
tracking echocardiography (STE) is a novel non-invasive imaging
method offering not only volumetric, strain, and rotational
assessment of heart chambers, but with finding optimal valvular
planes in the 3D space measurement of TA dimensions
respecting cardiac cycle is also allowed (8–11). Although TA
is a fibrous ring, it is also strongly connected to the adjacent
muscle tissues; therefore, any changes with muscle compaction
during embryogenesis could be theorized to be associated
with valvular annular abnormalities. This study was designed
to assess TA morphological and functional abnormalities by
3DSTE in patients with LVNC without right ventricular
(RV) involvement.

MATERIALS AND METHODS

Patient Population
This study comprised patients with isolated LVNC, which was
defined according to the Jenni’s criteria (Figure 1) (5):

- An excessively thickened LV myocardial wall with a 2-layered
structure comprising a compacted layer on the epicardial side
and a non-compacted layer of prominent trabeculations and
deep intertrabecular recesses on the endocardial side.

- A non-compacted/compacted LV myocardium thickness ratio
> 2 measured at the moment of maximal thickness in end-
systole.

- Color Doppler evidence of deep intertrabecular recesses in
communication with the LV cavity.

- Absence of coexisting cardiac anomalies.

Their results were compared to age- and gender-matched healthy
controls who were considered to be healthy in the absence of
any disorder, other pathological state or risk factor, regular drug
use, and negative electrocardiographic and echocardiographic
findings. Complete routine 2-dimensional (2D) Doppler
echocardiographic examination was performed in all the
patients with isolated LVNC and healthy controls. This study
is a part of the Motion Analysis of the heart and Great vessels
bY three-dimensionAl speckle-tRacking echocardiography in
Pathological cases (MAGYAR-Path) Study, which aimed to
examine valvular annular abnormalities in different disorders
among other aims (“Magyar” means “Hungarian” in hungarian

FIGURE 1 | Typical two-dimensional echocardiographic apical four-chamber

view demonstrating prominent trabeculations (white arrows) and

intertrabecular recesses (dashed arrows) in a patient with typical features of left

ventricular non-compaction. White arrows represent trabeculae, while dotted

arrows represent sinusoids.

language). This methodology complied with the Declaration of
Helsinki, informed consent was obtained from all the patients
and healthy controls, and the institutional review board approved
it (registration number: 71/2011).

Two-Dimensional Doppler
Echocardiography
Standard 2D Doppler echocardiographic examination included
measurement of 2D echocardiography-derived LV dimensions,
volumes and ejection fraction, left atrial diameter from
parasternal view, Doppler featuring of LV diastolic function
by measurement of transmitral E and A waves, and valvular
gradients and visual color Doppler characterization of valvular
regurgitations. TA plane systolic excursion (TAPSE) (Figure 2)
and right ventricular fractional area change (RVFAC) were also
calculated (7, 12). The extent of LVNC was characterized by
the number of non-compacted segments using the 16-segment
LV model. For these aims, commercially available Toshiba
ArtidaTM echocardiographic machine (ToshibaMedical Systems,
Tokyo, Japan) attached to a PST-30SBP (1–5 MHz) phased-array
transducer was used (12).

Three-Dimensional STE
During 3DSTE, the same Toshiba ArtidaTM echocardiographic
machine (Toshiba Medical Systems, Tokyo, Japan) with a 1–4
MHz matrix phased-array PST-25SX transducer was used. Data
acquisitions were performed within a single breath-hold and
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FIGURE 2 | M-mode echocardiography-derived assessment of tricuspid annular plane systolic excursion (TAPSE) on apical four-chamber view.

during a constant RR interval. In all the cases, 6 wedge-shaped
subvolumes were acquired and then the software created a full
volumes pyramid-shaped 3D dataset, where the analysis and
chamber quantification were done later (8–10).

Three-Dimensional Speckle-Tracking
Echocardiography-Derived Tricuspid
Annular Measurements
Tricuspid annulus was examined according to the 3D
echocardiography-derived methodology presented previously in
more details by the 3D Wall Motion Tracking software version
2.7 (Toshiba Medical Systems, Tokyo, Japan) (11). Shortly,
following finding optimal non-foreshortened long-axis LV views
using the acquired 3D dataset, plane of TA was defined on apical
two-chamber (AP2CH) and apical four-chamber (AP4CH)
views and then “en-face” TA view was created on C7 short-axis
view. End-diastolic (just before tricuspid valve closure) and
end-systolic (just before tricuspid valve opening) assessments
were performed for morphological and functional TA parameters
(Figure 3).

Morphological Parameters

- Tricuspid annular diameter (TAD), defined as the
perpendicular line drawn from the peak of TA curvature
to the middle of the straight TA border.

- Tricuspid annular area (TAA), measured by planimetry.
- Tricuspid annular perimeter (TAP), measured by planimetry.

Functional Parameters

- Tricuspid annular fractional shortening (TAFS) = [(end-
diastolic TAD - end-systolic TAD)/end-diastolic TAD]× 100.

- Tricuspid annular fractional area change (TAFAC) = [(end-
diastolic TAA - end-systolic TAA)/end-diastolic TAA]× 100.

Three-Dimensional Speckle-Tracking
Echocardiography-Derived Right Atrial
(RA) Assessments
The same software was used for virtual 3D model creation and
quantification of the right atrium (RA) (13). First, AP2CH and
AP4CH views and three short-axis views on different levels of the
RA were created at end-diastole. Following detection of optimal
non-foreshortened views on long-axis views, markers were set
starting from the edge of septum-tricuspid ring in a clockwise
way around the RA to the edge of the lateral wall-tricuspid ring.
RA appendage, caval veins, and coronary sinus were excluded
from the assessments. At the end, the software automatically
reconstructed 3D surface of the RA during the cardiac cycle
creating a virtual 3D cast of the RA (Figure 4). Using this
3D RA model, end-systolic maximum, early diastolic preatrial
contraction, and late diastolic minimum RA volumes were
calculated respecting the cardiac cycle together with longitudinal,
circumferential and radial peak RA strains representing systolic
RA reservoir function.

Statistical Analysis
Calculated data were demonstrated as mean ± SD or absolute
numbers/percentages as appropriate. Homogeneity of variances
were assessed by Levene’s test. If a dataset proved to be
normally distributed, the Student’s t-test was used, while if
it was found non-normally distributed, the Mann–Whitney U
test or the Wilcoxon signed-rank test was performed. The
chi-squared test/Fisher’s exact test was used for statistical
analysis as appropriate. Correlations were established by
calculation of Pearson’s correlation coefficients. They were
used for intraobserver and interobserver correlations as well.
Intraobserver and interobserver agreements were evaluated using
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FIGURE 3 | Assessment of the tricuspid annulus is presented extracted from a three-dimensional full-volume dataset: apical four-chamber view (A); apical

two-chamber view (B); and a cross-sectional view at the level of the tricuspid annulus optimized in apical four- and two-chamber views (C7). The white arrow

represents the tricuspid annular plane. LA, left atrium; LV, left ventricle; TA, tricuspid annulus; RA, right atrium; RV, right ventricle; Area, TA area; Circ, TA perimeter;

Dist, TA diameter.

FIGURE 4 | Evaluation of the right atrium is presented extracted from a three-dimensional speckle-tracking echocardiography-derived full-volume dataset: Apical

four-chamber (A) and two-chamber (B) views and parasternal short-axis views at basal (C3), midatrial (C5),; and superior (C7) right atrial level are demonstrated. Right

atrial volumetric data (D) and virtual 3D three-dimensional right atrial model (E) are also presented. ECG, electrocardiography; EDV, end-diastolic volume; ESV,

end-systolic volume, EF, ejection fraction; RA, right atrium; RV, right ventricle.
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TABLE 1 | Baseline demographic and two-dimensional echocardiographic data of

patients with isolated left ventricular non-compaction and controls.

Controls

(n = 21)

Isolated

LVNC

patients

(n = 15)

Risk factors

Age (years) 52.4 ±3.9 52.1 ± 11.4

Male gender (%) 14 (67) 9 (60)

Hypertension (%) 0 (0) 6 (40)*

Diabetes mellitus (%) 0 (0) 0 (0)

Hypercholesterolaemia (%) 0 (0) 3 (20)

Two-dimensional echocardiography

LA diameter (mm) 38.2 ± 5.5 44.6 ± 7.8*

LV end-diastolic diameter (mm) 47.6 ± 6.1 61.2 ± 11.8*

LV end-diastolic diameter-indexed (mm/m2 ) 26.2 ± 3.0 33.5 ± 6.4

LV end-diastolic volume (mL) 107.5 ± 19.5 186.4 ± 84.8*

LV end-diastolic volume-indexed (mL/m2 ) 59.1 ± 9.6 102.5 ± 48.4

LV end-systolic diameter (mm) 31.6 ± 3.7 46.2 ± 14.4*

LV end-systolic diameter-indexed (mm/m2 ) 17.5 ± 1.8 25.4 ± 7.8

LV end-systolic volume (mL) 35.7 ± 9.0 106.4 ± 73.2*

LV end-systolic volume-indexed (mL/m2 ) 19.7 ± 4.6 58.5 ± 37.4

Interventricular septum (mm) 9.5 ± 1.4 9.9 ± 1.4

LV posterior wall (mm) 9.9 ± 1.5 9.7 ± 1.2

LV ejection fraction (%) 66.3 ± 3.2 42.4 ± 14.4*

LVNC, left ventricular non-compaction; LA, left atrial; LV, left ventricular.

*p < 0.05 vs. Controls.

the Bland–Altman method. All the tests were two-sided. p < 0.05
was defined as statistical significant. The statistical package used
was SPSS software version 25.1.

RESULTS

Clinical Characteristics
This study consisted of 21 patients with isolated LVNC, from
which 6 cases were excluded due to inferior image quality. The
remaining patient group consisted of 15 subjects with a mean age
of 52.1± 11.4 years (9 males). Although RV is more trabeculated
in normal circumstances than the LV, none of the cases showed
obvious RV hypertrabeculation and typical signs of NC. The
control group consisted of 21 age- and gender-matched healthy
subjects (mean age: 52.4± 3.9 years, 14 males). Body surface area
of healthy controls and patients with isolated LVNC proved to
be 1.82 ± 0.23 and 1.82 ± 0.34 m2, respectively. Clinical data
of patients with isolated LVNC and healthy controls are given in
Table 1.

Two-Dimensional Doppler
Echocardiographic Data
Standard 2D echocardiographic data are shown in Table 1.
Enlarged left atrial (LA) and LV dimensions with reduced LV
ejection fraction could be seen in patients with isolated LVNC as
compared to that of matched controls. Indexed RV end-diastolic

TABLE 2 | Comparison of three-dimensional speckle-tracking

echocardiography-derived tricuspid annular morphological and functional

parameters and right atrial volumes between patients with isolated left ventricular

non-compaction and controls.

Controls

(n = 21)

Isolated

LVNC

patients

(n = 15)

Morphologic tricuspid annular parameters

TAD-D (cm) 2.2 ± 0.3 2.6 ± 0.3*

TAA-D (cm2 ) 7.0 ± 1.5 8.4 ± 1.7*

TAP-D (cm) 10.5 ± 1.2 11.2 ± 1.4

TAD-S (cm) 1.8 ± 0.3 2.2 ± 0.2*

TAA-S (cm2) 5.3 ± 1.4 6.5 ± 1.7*

TAP-S (cm) 8.9 ± 1.0 9.8 ± 1.5

Functional tricuspid annular parameters

TAFAC (%) 23.7 ± 11.7 22.2 ± 12.3

TAFS (%) 18.8 ± 8.0 15.9 ± 5.6

RA volumes and global peak strains

Vmax (ml) 47.3 ± 9.8 56.6 ± 15.3*

Vmax - indexed (ml/m2 ) 25.8 ± 4.8 31.1 ± 8.4*

VpreA (ml) 37.7 ± 9.9 48.0 ± 14.4*

VpreA - indexed (ml/m2 ) 20.7 ± 4.9 26.4 ± 8.3*

Vmin (ml) 29.3 ± 10.1 39.6 ± 15.5*

Vmin - indexed (ml/m2 ) 16.1 ± 5.0 21.8 ± 8.7*

LS (%) 22.5 ± 10.5 22.7 ± 9.8

CS (%) 10.2 ± 7.5 13.0 ± 13.1

RS (%) −14.5 ± 8.6 −9.8 ± 8.2

D, end-diastolic; S, end-systolic; LVNC, left ventricular non-compaction; CS,

circumferential strain; LS, longitudinal strain; RS, radial strain; TAD, tricuspid annular

diameter; TAA, tricuspid annular area; TAP, tricuspid annular perimeter; TAFAC, tricuspid

annular fractional area change; TAFS, tricuspid annular fractional shortening; Vmax ,

end-systolic maximum RA volume; VpreA, early diastolic RA volume before atrial

contraction; Vmin, end-diastolic minimum RA volume.

*p < 0.05 vs. Controls.

short-axis diameter and area were 16.5 ± 2.4 mm/m2 and 9.8
± 2.3 cm2/m2 in patients with isolated LVNC, respectively.
The mean number of non-compacted segments proved to be
6.9 ± 2.0. Grade 1 and 2 mitral regurgitation (MR) could
be demonstratred in 5 and 5 patients with isolated LVNC,
respectively. Higher grade ofMR could not be found. Grade 1 and
2 tricuspid regurgitation (TR) could be demonstrated in 4 and
1 patients with isolated LVNC, respectively. Only one isolated
patient with LVNC showed grade 4 TR. None of patients with
isolated LVNC and healthy controls showed significant valvular
stenosis. TAPSE and RVFAC proved to be 13.9 ± 3.9mm and
34.1± 2.7%, respectively, in patients with isolated LVNC.

Three-Dimensional Speckle-Tracking
Echocardiographic Data
Patients with isolated LVNC showed significantly dilated end-
systolic and end-diastolic TA diameter and area, which were
accompanied with preserved TA functional properties. RA
volumes respecting cardiac cycle proved to be dilated in patients
with isolated LVNC (Table 2).
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TABLE 3 | Correlation coefficients of right atrial volumes and tricuspid annular

morphological and functional parameters in patients with isolated left ventricular

non-compaction.

Vmax VpreA Vmin

TAD-D 0.60* 0.48* 0.74*

TAA-D 0.66* 0.58* 0.77*

TAP-D 0.24 0.23 0.54*

TAD-S 0.59* 0.57* 0.79*

TAA-S 0.62* 0.53* 0.71*

TAP-S 0.27 0.34 0.64*

TAFAC −0.09 −0.21 −0.17

TAFS −0.16 −0.30 −0.42*

D, end-diastolic; S, end-systolic; TA, tricuspid annulus; TAD, tricuspid annular diameter;

TAA, tricuspid annular area; TAP, tricuspid annular perimeter; TAFAC, tricuspid annular

fractional area change; TAFS, tricuspid annular fractional shortening; Vmax , end-systolic

maximum RA volume; VpreA, early diastolic RA volume before atrial contraction; Vmin,

end-diastolic minimum RA volume.

*p < 0.05.

Correlations
Tricsupid annular plane systolic excursion and RVFAC showed
mild correlations with TAFAC (r = 0.39, p = 0.05; r = 0.36,
p = 0.05, respectively) and TAFS (r = 0.37, p = 0.05; r
= 0.38, p = 0.05). No correlations could be demonstrated
between TAPSE and RVFAC and TA morphological parameters.
RA strains did not correlate with any TA morphological and
functional features. Extent of LVNC did not correlate with any
echocardiographic parameters. End-diastolic and end-systolic
TAD and TAA correlated with all the RA volumes, while
end-diastolic and end-systolic TAP showed correlations with
Vmin only. Only TAFS correlated with Vmin, other correlations
between TA functional properties, and RA volumes could not be
detected (Table 3).

Reproducibility of 3DSTE-Derived TA
Measurements
The mean ± SD difference in values of 3DSTE-derived end-
diastolic and end-systolic TA diameter, area, and perimeter
measured two times by the same observer and by two
independent observers, along with the respective correlation
coefficients are given in Table 4.

Feasibility of 3DSTE-Derived TA
Measurements
Six out of 21 patients with LVNC (29%) and 9 out of 30 healthy
subjects (30%) were excluded due to insufficient image quality
(poor quality for visual qualitative analysis with or without
artifacts). The overall feasibility of measurements proved to
be 70%.

DISCUSSION

Tricuspid annulus has a complex, asymmetrical, and saddle-
shaped ellipsoid structure with a dynamic nature respecting
cardiac cycle. Several echocardiographic methods can be
used for morphological and functional assessment of the TA
including simple M-mode echocardiography-derived TAPSE,

which featuring its systolic longitudinal movement along long-
axis of the RV (7). TAPSE is a relatively load- and angle-
dependent parameter with a significant prognostic impact.
TAFAC and TAFS are based on 3DSTE-derived end-diastolic and
end-systolic TA diameter and area and characterize sphincter-
like TA movements (11). Using these TA functional parameters
together can give us an opportunity for complex spatial TA
assessment. It can be important especially in disorders with
potential functional valvular regurgitations such as LVNC (14).
Functional TR is considered to be a multifactorial disorder,
resulting from maladaptive RV remodeling leading to RA, TA,
and basal RV dilation with pathological TV coaptation (14). It has
been confirmed that TR is highly dependent on TA dilation (6).

Isolated LVNC was found to be associated with significant
abnormalities in myocardial mechanics in several studies.
Systolic LV dysfunction did not confine to the non-compacted
segments in isolated LVNC, non-compacted and compacted LV
segments have been demonstrated to have comparably increased
regional LV volumes, reduced regional LV ejection fractions, and
decreased LV strains demonstrating deteriorated LV function
(15, 16). LV radial and 3D strains showed further reduction
in non-compacted segments compared to compacted segments
(16). In most patients with LVNC, absence of LV twist could be
detected when LV base and apex rotating in the same clockwise
or counterclockwise direction. This clinical situation is called LV
“rigid body rotation” (17, 18). Significant LV abnormalities were
associated with increased all the LA volumes and reduced LA
emptying fractions (EFs) with preserved LA stroke volumes (SVs)
respecting cardiac cycle in LVNC (19). Moreover, peak LA strains
representing its systolic function proved to be impaired (19),
while LA ejection force representing its late diastolic function
proved to be enhanced (20). Most of LA abnormalities were
related to future events (19), but LA and LV abnormalities
were not related to the extent of LVNC (15, 16, 19). All these
changes in left heart chamber volumes and functional properties
were associated with dilation of mitral annular dimensions and
functional impairment, which could partially explain LVNC-
related functional MRs (21).

According to these abnormalities accompanied with LVNC,
there can be a question, what happens with the right heart
in isolated form of LVNC. In a recent study, increased RA
volumes respecting heart cycle could be demonstrated (13). In
contrast with LA abnormalities, only passive RA-SV proved
to be reduced, while remaining RA-SVs and RA-EFs were
found to be preserved. Although RV myocardium displays more
trabeculations in LVNC, end-diastolic RV size is increased with
decreased systolic RV function, which is predictor of adverse
outcome in patients with LVNC (22).

There are little information on the tricuspid valve in LVNC
and most of them are case reports focusing on associated
TV abnormalities (23, 24). In this study, TA dilation could
be demonstrated in a series of patients with isolated LVNC
without significant TR (except 1 case), which was associated
with increased RA volumes. Although TAPSE representing
longitudinal movement of the TA along its long axis was lower
than normal, TAFAC and TAFS did not differ significantly
between patients with isolated LVNC and healthy controls
suggesting preserved sphincter-like TA motion. Longitudinal-

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 May 2022 | Volume 9 | Article 694616419

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Nemes et al. TA in LVNC

TABLE 4 | Intra- and interobserver variability for three-dimensional speckle-tracking echocardiographic measurement of tricuspid annular dimensions.

Intraobserver agreement Interobserver agreement

mean ± 2SD difference in

values obtained by 2

measurements of the

same observer

correlation coefficient

between measurements

of the same observer

mean ± 2SD difference in

values obtained by 2

observers

correlation coefficient

between independent

measurements of 2

observers

End-diastolic TAD 0.02 ± 0.25 cm 0.95 (p < 0.0001) 0.04 ± 0.20 cm 0.97 (p < 0.0001)

End-diastolic TAA −0.03 ± 1.21 cm2 0.95 (p < 0.0001) 0.02 ± 0.68 cm2 0.97 (p < 0.0001)

End-diastolic TAP −0.04 ± 0.76 cm 0.96 (p < 0.0001) −0.13 ± 0.64 cm 0.96 (p < 0.0001)

End-systolic TAD −0.04 ± 0.19 cm 0.97 (p < 0.0001) 0.02 ± 0.45 cm 0.97 (p < 0.0001)

End-systolic TAA −0.04 ± 0.44 cm2 0.96 (p < 0.0001) −0.06 ± 0.71 cm2 0.95 (p < 0.0001)

End-systolic TAP 0.08 ± 0.62 cm 0.98 (p < 0.0001) 0.04 ± 0.65 cm 0.98 (p < 0.0001)

TAD, tricuspid annular diameter; TAA, tricuspid annular area; TAP, tricuspid annular perimeter; SD, standard deviation.

and sphincter-like TA movements correlated with each other.
The results could suggest that although there is a significant
myocardial disease with severe dilation of heart chambers, no
deterioration of TA sphincter-like function with consecutive
significant TR could be detected. Although LV is dysfunctional,
RA dilation is not associated with significant impairment of RA
strains in patients with isolated LVNC (13). However, RA strains
did not correlate with TA features. It could be theoretized that
by losing TA sphincter-like function, TR will develop. All the
changes detailed above could be explained by isolated LVNC-
associated interventricular and interatrial interactions, changes
in loading and pressure conditions, muscle wall and annular
tissue abnormalities, etc. However, further studies area warranted
to confirm our findings, especially focusing on their diagnostic
and prognostic value. Theoretically, compensatory RV global
or regional RV hyperfunction could elucidate preserved TA
sphincter-like motion, but should be confirmed by more recent
and advanced imaging techniques such as echocardiography-
derived RV strains or MRI.

LIMITATIONS

• Image quality of 3DSTE is lower than that of 2D
echocardiography, which could affect measurements (8–10).

• Only clear patients with LVNC were evaluated and
biventricular form of NC or unclear cases with extensive
RV hypertrabecularization was excluded from this study.

• Only a limited number of patients with LVNC were assessed.
However, it could be considered that LVNC is a rare disease
and results origin from a single center (1).

• Some patients with LVNC showed small grade of TA
regurgitation. Moreover, from risk factors, hypertension and
hypercholesterolemia were relatively frequent in the group of
patients with isolated LVNC, which could affect results.

• The normal ranges of 3DSTE-derived TA parameters are
missing from the literature; therefore, comparison of TA
parameters of healthy control subjects to these data is not
possible at this moment.

• End-systolic and end-diastolic TA dimensions were given
for all the controls and patients with isolated LVNC.
Other parameter of TA was not aimed to be measured
during evaluations.

• Comparison results of patients with LVNC with that of a
control population of patients with dilated cardiomyopathy
(DCM) without LVNC would have improved understanding
the findings. However, involvement of patients with DCMwas
not possible at the time of echocardiographic examinations.

• Tricuspid regurgitation was quantified by visual assessment.
More advanced TR quantification system was not applied in
this study.

CONCLUSION

Tricuspid annulus is dilated with preserved sphincter-like
function in patients with isolated LVNC. Longitudinal (TAPSE)
and sphincter-like (TAFAC and TAFS) TA movements correlate
with each other. TA dilation is associated with an increased RA
volumes respecting cardiac cycle.
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Left ventricular diastolic dysfunction is a major cause of heart failure and

carries a poor prognosis. Assessment of left ventricular diastolic function

however remains challenging for both echocardiography and conventional

phase contrast cardiac magnetic resonance. Amongst other limitations, both

are restricted to measuring velocity in a single direction or plane, thereby

compromising their ability to capture complex diastolic hemodynamics in

health and disease. Time-resolved three-dimensional phase contrast cardiac

magnetic resonance imaging with three-directional velocity encoding known

as ‘4D flow CMR’ is an emerging technology which allows retrospective

measurement of velocity and by extension flow at any point in the acquired

3D data volume. With 4D flow CMR, complex aspects of blood flow and

ventricular function can be studied throughout the cardiac cycle. 4D flow

CMR can facilitate the visualization of functional blood flow components

and flow vortices as well as the quantification of novel hemodynamic and

functional parameters such as kinetic energy, relative pressure, energy loss

and vorticity. In this review, we examine key concepts and novel markers

of diastolic function obtained by flow pattern analysis using 4D flow CMR.

We consolidate the existing evidence base to highlight the strengths and

limitations of 4D flow CMR techniques in the surveillance and diagnosis of

left ventricular diastolic dysfunction.

KEYWORDS

diastolic function, heart failure, 4D flow cardiac MR, kinetic energy, flow
components, vortex

Background

Left ventricular diastolic dysfunction (LVDD) is characterized by increased
ventricular stiffening coupled with impaired myocardial relaxation. Although these
processes occur naturally with aging, they are accelerated and worsened in many
cardiovascular conditions.
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Left ventricular diastolic dysfunction is a major cause
of heart failure syndrome in the form of heart failure with
preserved ejection fraction (HFpEF), which carries a poor
prognosis (1, 2). Due to persistently raised intra chamber
pressures and remodeling, it can lead to atrial fibrillation (3),
pulmonary hypertension (4) and right ventricular failure (5).
As an early marker of cardiac impairment and one that often
precedes clinical manifestation of disease, the timely diagnosis
of LVDD is important for patient management.

The diagnosis of HFpEF however remains challenging
because of a lack of consensus on the assessment of
left ventricular (LV) diastolic function, and because our
understanding of complex diastolic hemodynamics is
incomplete. Furthermore, many patients are incorrectly
diagnosed because the symptoms of heart failure may overlap
with manifestations of other conditions (e.g., respiratory illness).
As a result, there is high need for good imaging assessment
of LVDD, to provide a positive reason for diagnosing this
condition, and avoid overreliance on symptoms to make the
diagnosis of HFpEF.

In this review, we examine a potentially useful diagnostic
tool in diastolic heart failure—diastolic left ventricular blood
flow assessment with four-dimensional flow cardiac magnetic
resonance (4D flow CMR). This is an emerging technology
which has the potential not only to improve early detection
of LVDD, but also to expand our understanding of diastolic
hemodynamics and ventricular function by going beyond the
conventional parameters of LV diastolic function.

Challenges in conventional
assessment of left ventricular
diastolic function

Echocardiography has traditionally been the modality of
choice for non-invasive assessment of LV diastolic function.
Current American Society of Echocardiography (ASE) and
European Association of Cardiovascular imaging (EACVI)
guidelines (6) recommend a combination of myocardial and
blood flow velocities to diagnose LVDD, using measurements
of trans-mitral, mitral annular and tricuspid regurgitation
velocities. The presence of atrial dilatation and abnormal
pulmonary venous flow can further support the diagnosis of
LVDD. Newer techniques such as strain rate imaging and three-
dimensional (3D) echo can also provide additional information
on LV diastolic function. Although echocardiography is well-
validated for LVDD diagnosis and has obvious practical benefits,
measurement accuracy is vulnerable to inter-operator variability
and suboptimal acoustic windows (e.g., due to patient body
habitus or comorbidities). Furthermore, the accuracy of one
of the important parameters for assessing LVDD (E/e′) is very
dependent on good alignment of the Doppler beam with the

long axis of the left ventricular walls and mitral valve, which
is often difficult to achieve. Even when echocardiographic
measurements are of sufficient quality and accuracy, conflicting
results in LV diastolic function parameters (some within
normal range, whilst others are pathological) and a large
‘intermediate’ range of values (between normal and abnormal)
contribute to a large proportion of patients being classified as
having ‘indeterminate’ diastolic function according to current
EACVI/ASE algorithms (7).

Cardiac magnetic resonance
potential for assessing left
ventricular diastolic function

Cardiac magnetic resonance (CMR) is recognized as the
gold standard modality for measurement of cardiac chamber
dimensions, volumes, and systolic function, but it can also
be used to assess LV diastolic function. Two-dimensional
phase contrast CMR (referred to as “2D PC-CMR” for
the purpose of this review) measurements of trans-mitral,
mitral annular and pulmonary venous velocities, as well
as flow, enable diagnosis and assessment of LVDD (8).
Diastolic function may also be assessed using 3D volumetric
assessment of diastolic LV filling (9) and by strain imaging
(10). Combined with advanced techniques such as tissue
characterization, the sensitivity of CMR to diagnose important
underlying etiologies such as hypertrophic cardiomyopathy
(11) and cardiac amyloidosis is enhanced (12). Despite
these complimentary approaches to echocardiography, there
is currently no universally accepted approach for assessing
LV diastolic function on CMR. Velocity/flow measurement
using both echocardiography and 2D-PC CMR are further
constrained to a single direction and plane. This results in an
inability to fully characterize blood flow dynamics, since blood
flow is a three-dimensional phenomenon in constant motion,
with different velocities, directions, and acceleration at different
times during the cardiac cycle.

Four-dimensional flow cardiac
magnetic resonance imaging

Four-dimensional flow cardiac MRI (4D flow CMR)
involves the acquisition of time-resolved three-dimensional
phase contrast imaging with three-directional velocity encoding
(13, 14). With the time resolved 3D velocity data obtained,
complex aspects of blood flow and myocardial function can be
studied throughout the cardiac cycle.

Using 4D flow CMR, the velocity vector is measured
everywhere in a 3D volume over the cardiac cycle allowing
the retrospective creation of velocity maps, and by extension
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flow, at any point in the acquired 3D data volume (14, 15). 4D
flow CMR can therefore facilitate the quantification of complex
hemodynamic and functional parameters such as kinetic energy,
relative pressure, energy loss and vorticity.

In the past decade with greater experience and advances
in acquisition techniques, post processing and analysis, 4D
flow CMR has become more feasible and clinically relevant
as summarized by Crandon et al. (16) and Demirkiran et al.
(17). Image acquisition can be performed using free breathing
techniques, and 4D flow CMR has shown good reproducibility
(18, 19) with proven reliability when compared to 2D PC-CMR
and echo (20–22).

In terms of assessment of LV diastolic function, 4D flow
techniques such as retrospective valve tracking, can be used
to accurately measure conventional flow parameters of LV
diastolic function such as mitral inflow velocities with good
correlation with echocardiographic measurements (21, 23,
24). More recently, novel and more complex flow pattern-
based parameters have also been used to study diastolic flow
hemodynamics. This review is the first to focus on diastolic
flow pattern analysis using 4D flow CMR and its potential
clinical application.

Assessment of left ventricular
diastolic function with
four-dimensional cardiac flow
pattern analysis

Many different flow pattern-based parameters have been
explored by 4D flow CMR studies for more in-depth evaluation
of LV diastolic flow hemodynamics and diastolic function
(Figure 1). Additionally, as 4D flow CMR enables voxel wise
mapping of many of these novel parameters (e.g., kinetic
energy and vorticity), they can be used to analyze localized
flow patterns allowing focused study of specific regions
such as the left ventricular outflow tract (LVOT) (25, 26).
A summary of the studies of LV flow patterns divided based on
analysis of global flow, vortex flow or (functional) component
flow provides a useful reference framework (summarized in
Tables 1–6).

Global flow analysis

Left ventricular diastolic kinetic energy

As the LV actively expands in diastole and ‘sucks’ blood in
from the left atrium, it confers kinetic energy and pressure to
the blood. Based on Newton’s second Law of Motion, blood flow
kinetic energy (KE) can be calculated using the equation:

KE (µJ) = 1/2×Mass× Velocity2

(Where mass = mean density of blood
(1060 g/mm3)× voxel volume).

Kinetic energy can be computed directly for the velocity
in every voxel throughout the cardiac cycle and is typically
summed over the whole left ventricle and indexed against left
ventricular end diastolic volume (LVEDV) or stroke volume
(SV) to negate the influence of heart size.

The conservation or loss of kinetic energy during diastole
(diastolic KE) is thought to be a more reliable and direct
marker of diastolic work than other parameters such as mitral
inflow and myocardial velocity (27). Moreover, semi-automatic
methods can now obtain KE values with a high degree of
reproducibility and accuracy (27–29), and they have been
proven to correlate with mitral inflow and annular velocity
(27, 30).

In normal hearts there are 3 KE peaks (25, 31, 32),
corresponding to the velocity peaks on trans-mitral Doppler
echocardiography. These occur in mid-systole, early diastole
(also referred to as the ‘E wave,’ representing rapid ventricular
filling) and end/late diastole (also referred to as the ‘A wave,’
corresponding to atrial systole). In the LV, early diastole
generates the highest KE peak—a reminder that ventricular
relaxation is an active process (27, 32). In contrast, the highest
peak in the right ventricle (RV) occurs during systole, suggesting
that LV filling (diastole) may require greater myocardial work
than systole, in contrast to RV filling (25, 33).

Steding-Ehrenborg et al. (33) found that athletes were
able to generate higher diastolic KE peaks compared with
controls despite no difference in mean diastolic KE. They,
as well as others (31), found that the main determinant of
the early diastolic KE peak was LV mass. Therefore, the
greater the amount of healthy myocardium, the greater the
strength of active diastolic relaxation and by extension LV
diastolic KE. As of yet, LV diastolic KE has not been studied
in patients with pathological hypertrophy such as seen in
hypertrophic cardiomyopathy (HCM), which may involve a
different relationship to diastolic KE.

Several studies have assessed the effects of age on diastolic
KE. Early diastolic peak KE declines with age (27, 30) (Figure 2)
with values in the elderly comparable to patient with LV
impairment (30). This may be explained by worsening LV
compliance and increased stiffness with age. In a study by
Crandon et al. (27), there was both a decrease in early diastolic
kinetic energy and compensatory increase in late diastolic KE
with age, resulting in a reduced KE E/A ratio mirroring changes
seen with LVDD in Doppler measurements of the E/A ratio.

Several studies have also assessed diastolic KE in heart
failure patients (Table 1) (30, 31, 34). Left ventricular systolic
dysfunction (LVSD) is associated with a reduction in both
systolic and diastolic KE. Garg et al. (34) compared KE
parameters (indexed to LVEDV) of patients with significant
LVSD post myocardial infarction (MI) against healthy controls.
Patients demonstrated a reduction in average KE as well as
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FIGURE 1

Novel 4D flow CMR parameters of left ventricular diastolic function. Novel 4D flow CMR parameters are obtained from analysis of global flow,
vortex flow and/or functional flow components.

peak early diastolic KE values (Figure 3). Of note, an earlier
study by Garg et al. (32) found that MI patients with preserved
systolic function also had reduced peak E wave (early) diastolic
KE – early evidence of the diastolic dysfunction that can occur
post MI. A significant reduction in peak E wave KE was also
observed in patients with cardiac amyloidosis (35), a condition
characterized by diastolic dysfunction and heart failure with
preserved ejection fraction.

Only one study has examined diastolic KE in the context of
valvular heart disease. Al-Wakeel et al. (36) compared patients
with severe mitral regurgitation (MR)—pre and post mitral
valve (MV) surgery—with health volunteers. Compared with
volunteers, preoperative patients demonstrated significantly
greater mean LV KE, as well as early and late diastolic peak KE,
though not when indexed to LV blood volume. After surgery, the
expected reduction in LV volume and stroke volume resulted in
a significant reduction in mean LV KE, systolic KE, and early
diastolic KE (comparable to controls), confirming previously
described interdependence of diastolic KE on LV volume. In
contrast late diastolic KE in patients did not decrease post-
operatively relative to controls, an observation that may have
been due to age differences between patient and control groups.

Turbulent kinetic energy and viscous
energy loss

Not all the energy from myocardial relaxation is transferred
into blood flow kinetic energy. Viscous Energy Loss (EL)
represents the energy lost to heat (due to friction of blood
against the ventricular wall), and Turbulent Kinetic Energy
(TKE) refers to energy dissipated into small turbulent eddies.
Both parameters are novel markers of flow inefficiency but have
so far mostly been used to study energy loss in the context
of congenital heart disease (37, 38) and aortic valvulopathy
(39, 40).

Energy loss has been examined in a single study focusing
on LV diastolic function (41) (Table 2). In this study by Elbaz
et al., patients with altered mitral valve morphology secondary to
atrioventricular septal defect (AVSD) closure (and consequently
abnormal diastolic vortex formation), had significantly greater
diastolic energy loss compared with healthy volunteers.

Zajac et al. (42) compared the TKE of healthy volunteers
and patients with varying degrees of LVDD secondary to
dilated cardiomyopathy (DCM). They found that unlike normal
controls, in DCM patients there was a trend toward higher
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TABLE 1 Four-dimensional flow CMR studies assessing left ventricular diastolic function using global flow diastolic KE.

References N Disease/topic 4D diastolic
parameters

Comparison vs.
conventional diastolic
parameters

Relevant findings

Healthy controls, aging and athletes

Crandon et al. (27) 53 controls Aging and LVDD LV diastolic KE*, LV
peak E and A wave KE*,
KE E/A ratio*

CMR derived E, A velocities
and E/A ratio. Direct
comparison showed a
significant positive correlation
with KE E/A ratio.

Aging associated with changes
in LV diastolic KE parameters:
decline in peak E-wave KE and
increase in peak A-wave KE.
Diastolic KE assessment may be
more reliable than conventional
diastolic parameters.

Steding-Ehrenborg
et al. (33)

14 athletes
14 controls

Athletes vs. normal Peak E and A wave KE − Athletes have higher LV and RV
early diastolic peak KE. LV
mass is the main determinant
of LV diastolic KE.

Carlsson et al. (25) 9 controls Normal blood flow LV peak E and A wave
diastolic KE

− Early diastole KE greater in LV
than RV, suggesting LV early
filling more dependent on
suction. Mean KE related to
volume and similar in LV and
RV.

Cardiovascular disease

Riva et al. (35) 10 HF patients
(ischemic)
10 AL cardiac
amyloidosis patients
8 controls

HF (ischemic)
Cardiac amyloidosis

Mean systolic and
diastolic KE*, peak E and
A wave KE, viscous
energy loss,
hemodynamic force and
flow component volumes

− HF associated with reduced
mean systolic and diastolic KE
and peak E wave KE. HF
patients also had a significant
reduction in base to apex
hemodynamic force
component. Cardiac
amyloidosis was associated with
reduced peak E wave KE.

Garg et al. (34) 36 MI patients + LV
thrombus
34 MI patients – LV
thrombus
40 controls

Post MI Peak E and A wave KE,
regional average TD

CMR derived E, A velocities
and E/A ratio. No direct
association made with 4D
diastolic parameters.

Significant reduction in peak E
wave KE in MI patients.
Significant drop in A wave KE
from mid ventricle to apex in
MI patients with LVT. MI
patients with LVT also had
delayed peak A wave KE.

Garg et al. (32) 48 MI patients
20 controls

Post MI Mean diastolic KE*, Peak
E and A wave KE*,
in-plane KE*, TD.

− LV impairment post MI
associated with reduced peak E
wave diastolic KE. Infarct size
associated with increased
in-plane (pathological) LV
blood flow KE.

Wong et al. (30) 10 HF patients
35 controls incl.
children

Aging vs. HF Peak E and A wave KE*,
mid diastolic (diastasis)
KE*

− Peak diastolic KE progressively
decreased with age, whereas
systolic peaks remained
constant. Peak diastolic KE in
the oldest subjects comparable
to those with LV dysfunction.

Kanski et al. (31) 29 HF patients
12 controls

HF (mixed) Peak E and A wave KE*,
mean diastolic KE*

CMR derived E, A velocities,
E/A ratio, Deceleration time,
LAV/BSA, and pulmonary
venous flow profile. No results
shared or direct made with 4D
diastolic parameters.

No difference in mean diastolic
KE. In patients, a smaller
fraction of diastolic KE
observed inside vortex.
Determinants of diastolic KE
were LVM and PFR.

Al-Wakeel et al. (36) 10 MR patients
10 controls

Pre vs. post MV
surgery

Peak E and A wave KE*,
Mean diastolic KE

Echocardiography and CMR
derived E, A velocities and E/A
ratio. Direct comparison
showed significant correlation
of E/A ratio with KE E/A ratio
but only in postoperative
patient cohort.

Along with a reduction of LV
end diastolic, end-systolic end
stroke volume, mean, systolic,
and early diastolic KE decrease
significantly after MV surgery.
However late diastolic KE
remained high.

BSA, body surface area; EDV, end diastolic volume; HF, heart failure; KE, kinetic energy; LAV, left atrial volume; LV, left ventricle; LVDD, left ventricular diastolic dysfunction LVM, left
ventricular mass; LVT, left ventricular thrombus; MI, myocardial infarction; MR, mitral regurgitation; MV, mitral valve; PFR, peak filling rate; SV, stroke volume; TD, time difference to
peak E wave from base to apex. *Indexed to LVEDV/SV.
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TABLE 2 Four-dimensional flow CMR studies assessing left ventricular diastolic function using other novel 4D global flow parameters.

Reference N Disease/topic 4D diastolic
parameters

Comparison vs.
conventional diastolic
parameters

Relevant findings

Healthy controls

Casas et al. (54) 9 controls Dobutamine stress Contraction rate
constant, relaxation
constant, elastance
diastolic time constant

− Stress resulted in differences in
load-independent parameters:
contraction rate constant,
relaxation constant and elastance
diastolic time constant.

Eriksson et al. (44) 12 controls Relative Pressure Relative pressure − Relative pressure was
heterogeneous in the LV, with the
main pressure difference along
the basal-apical axis.

Cardiovascular disease

Arvidsson et al. (51) 39 HF patients with
LBBB
31 controls

HF (mixed etiology)
Dyssynchrony

Hemodynamic force,
diastolic transverse and
longitudinal force ratios

− Patients with dyssynchrony
exhibited increased transverse
forces. Diastolic force ratio was
able to separate controls from
patients.

Elbaz et al. (41) 32 corrected AVSD
patients
30 controls

Energy loss Mean and peak E and A
wave EL*, mean and peak
E and A wave diastolic
KE*

CMR derived E, A velocities
and E/A ratio. Direct
comparison showed
moderate correlation
between E/A ratio and
Energy Loss E/A ratio

Abnormal diastolic vortex
formation was associated with
increased viscous energy loss.

Eriksson et al. (50) 18 HF patients HF (mixed etiology)
Dyssynchrony

Hemodynamic force,
Sax/Lax-max force ratio

− LV filling forces more orthogonal
to the main LV flow direction in
LBBB during early diastole. The
greater the conduction
abnormality the greater the
discordance of LV filling force
with predominant LV flow
direction.

Eriksson et al. (55) 10 DCM patients
10 controls

HF (DCM) Hemodynamic force,
SAx/LAx force ratio

− SAx/LAx ratio significantly larger
in DCM patients compared to
healthy subjects. DCM patients
had forces that were more
heterogeneous in their direction
and magnitude during diastole.

Zajac et al. (42) 9 DCM patients
11 controls

HF (DCM) LV diastolic TKE, LV
peak E and A wave TKE

Echocardiography derived E,
A velocities. Direct
comparison showed
correlation with peak late (A)
velocity.

Late diastolic turbulent kinetic
energy (TKE) was higher in DCM
patients with diastolic
dysfunction compared to control.

AVSD, atrioventricular septal defect; DCM, dilated cardiomyopathy; EL, energy loss; HF, heart failure; KE, kinetic energy; LBBB, left bundle branch block; LV, left ventricle; SAx, short
axis; LAx, long axis; TKE, turbulent kinetic energy. *Indexed to LVEDV/SV.

LV TKE values with increasing LV volume (Figure 4). DCM
patients also had significantly greater late diastolic TKE
values which the authors hypothesized may reflect increased
turbulence as inflowing blood encounters high LV end diastolic
pressure (LVEDP) typically seen in LVDD.

Relative pressure

Based on work by Ebbers et al. and others (43–45), 4D flow
CMR has also enabled the measurement of relative intracardiac
pressure differences by calculating pressure gradients from
3D velocity fields. In comparison to 2D PC-CMR, pressure

gradients derived via this method are not reliant on correct
identification of the direction/plane of maximum flow velocity
and provide additional 3D spatial and temporal information.
These relative pressure maps also present an attractive non-
invasive alternative to catheter-based pressure measurements,
which are susceptible to operator variability particularly with
regards to catheter positioning. However, despite its promising
potential as a non-invasive means of measuring intracardiac
pressure derangements seen in diastolic dysfunction, relative
pressure has yet to be studied in this condition or indeed
compared against catheter measurements. Furthermore, current
sequences add significantly to scanning time, and there is still
much research in progress to refine the computational approach

Frontiers in Cardiovascular Medicine frontiersin.org

427

https://doi.org/10.3389/fcvm.2022.866131
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-866131 July 18, 2022 Time: 12:32 # 7

Ashkir et al. 10.3389/fcvm.2022.866131

TABLE 3 Four-dimensional flow CMR studies assessing left ventricular diastolic function using vortex flow analysis.

Study
Year

N Disease/topic Diastolic vortex
parameters

Comparison vs.
conventional diastolic
parameters

Relevant findings

Healthy controls, aging and athletes

Nakaji et al. (26) 19 controls Normal physiology EL, ELI, diastolic KE − Large end-diastolic vortices
with low EL observed which
facilitated blood flow toward
the aortic valve.

Rutkowski et al. (69) 39 controls Sex differences Diastolic kinetic energy,
strain, vorticity, vorticity
index (SV)

− Women have higher diastolic
vorticity and strain rates and
lower blood flow KE.

Steding-Ehrenborg
et al. (33)

14 athletes
14 controls

Athletes vs. normal vortex diastolic KE,
vortex area and volume
(not reported)

− 70% of diastolic KE found
inside LV diastolic vortex.
Positive physiological
remodeling preserves vortex
formation and diastolic KE.

Elbaz et al. (62) 24 controls Normal physiology Vortex circularity index,
vortex orientation

CMR derived E, A velocities
and E/A ratio. No direct
comparison made with 4D
diastolic parameters*

Differences observed between
early and late diastolic vortices
in terms of vortex shape,
location of vortex core. Vortex
shape correlated with mitral
inflow shape.

Foll et al. (57)
2013

24 controls Age and sex
differences

Vortex area, vortex peak
velocity, vortex duration

− Vortex number, size and
velocities varied with age,
gender, blood pressure, LVEDV
and ejection fraction.

Kim (56) 26 controls Normal physiology Vortex radius, vortex
angular velocity, vortex
kinetic energy

CMR derived E, A velocities.
No direct comparison made
with 4D diastolic parameters

Early confirmation study of
diastolic vortex formation and
its close relationship with the
mitral valve.

Cardiovascular disease

Krauter et al. (63) 10 IHD patients
10 controls

Automated analysis Vortex ring volume,
circularity index, angle to
LV long axis, vorticity,
vortex ring KE

CMR derived E, A velocities.
Direct comparison showed a
significant correlation with
vorticity and vortex ring KE.

Vorticity and kinetic energy of
the early diastole vortex was
significantly greater in controls
compared to IHD patients and
correlated strongly with
trans-mitral E velocities.

Schäfer et al. (68) 16 COPD patients
10 controls

LVDD in COPD Vorticity Echocardiography derived E, A
velocities and E/A ratio. Direct
comparison made with 4D RV,
not LV diastolic parameters.

Diastolic vorticity is reduced in
patients with mild-to-moderate
COPD with no or mild signs of
LVDD on echocardiography.
Reduced diastolic vorticity in
COPD patients is a sensitive
and early marker of LVDD. LV
E phase vorticity correlated
with 6MWT.

Elbaz et al. (41) 32 corrected AVSD
patients
30 controls

Mitral valvulopathy Vortex formation, EL,
diastolic KE

CMR derived E, A velocities
and E/A ratio. Direct
comparison showed an only
moderate correlation between
E/A ratio and EL E/A ratio

Abnormal diastolic vortex
formation was associated with
increased viscous energy loss.

Suwa et al. (65) 21 controls
14 HF patients

HF (mixed etiology) Vortex area, distance to
vortex core,

− In patients with severe LV
systolic dysfunction and
dilatation, diastolic vortices
were more apically located,
larger and more spherical.

Schäfer et al. (67) 13 PH patients
10 controls

Vorticity in
pulmonary
hypertension

Vorticity Echocardiography derived E, A
velocities and E/A ratio. Direct
comparison showed E and A
wave vorticity correlated with
multiple diastolic parameters
incl. E/A ratio.

Early diastolic (E wave)
vorticity was significantly
reduced in PH patients, and
correlated with LVDD markers
including E, E/A and e′ .

(Continued)
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TABLE 3 (Continued)

Study
Year

N Disease/topic Diastolic vortex
parameters

Comparison vs.
conventional diastolic
parameters

Relevant findings

Töger et al. (70) 23 controls
23 HF patients

LV diastolic function Vortex formation ratio,
mixing ratio, vortex
volume, vortex
volume/LV volume in
diastasis

CMR derived E, A velocities,
E/A ratio, Deceleration time,
LAV/BSA, and pulmonary
venous flow profile. Direct
comparison found no
significant correlations.

Heart failure patients had a
greater mixing ratio (mixing of
inflowing and surrounding
fluid in the vortex) which
moderately correlated with
peak diastolic inflow velocity.

Kanski et al. (31) 29 HF patients
12 controls

HF vortex ring size, vortex
diastolic KE

CMR derived E, A velocities,
E/A ratio, Deceleration time,
LAV/BSA, and pulmonary
venous flow profile. No results
shared or direct compared
made with 4D diastolic
parameters*

Heart failure patients had a
smaller fraction of diastolic KE
inside the vortex ring compared
to controls.

AVSD, atrioventricular septal defect; BSA, body surface area; COPD, chronic obstructive pulmonary disease; EL, energy loss; ELI, energy loss index; HF, heart failure; IHD, ischaemic
heart disease; KE, kinetic energy; LAV, left atrial volume; LV, left ventricle; LVEDV, left ventricular end diastolic volume; LVDD, left ventricular diastolic dysfunction; PH, pulmonary
hypertension; 6MWT, 6-minute walk test.

TABLE 4 Flow components as percentage of LVEDV in healthy controls.

N Direct Flow Retained Inflow Delayed Ejection Flow Residual Volume

Bolger et al. (71) 17 21± 6% 27± 8% 27± 6% 24± 12%

Eriksson et al. (28) 6 35± 6% 17± 4% 15± 3% 33± 4%

Eriksson et al. (72) 12 37± 5% 17± 4% 16± 3% 30± 5%

Eriksson et al. (74) 10 38± 5% 17± 3% 16± 3% 29± 5%

Svalbring et al. (75) 10 42± 8% 19± 2% 17± 3% 23± 5%

Stoll et al. (76) 45 38± 4% 16± 4% 16± 3% 30± 4%

Corrado et al. (73) 10 58± 11% 15± 6% 16± 6% 7± 6%

Sundin et al. (77) 12 36± 6% 20± 3% 17± 3% 27± 4%

used to derive relative pressure maps from 3D flow velocity data
(44, 46, 47).

Hemodynamic force

Another novel 4D flow CMR marker, hemodynamic force
(the force exerted by intraventricular blood flow on the
myocardium) can also be derived from intraventricular pressure
gradients (48, 49). Changes in the direction and magnitude of
hemodynamic forces can reflect derangements in blood flow
caused by impaired diastolic filling. Both Eriksson et al. (50)
and Arvidsson et al. (51) (Table 2) showed that patients with
heart failure with reduced ejection fraction with and without
dyssynchrony experienced a significant reduction of normal
diastolic hemodynamic forces along the long axis plane (along
main direction of blood flow) and an increase in hemodynamic
forces along the short axis or transverse plane (orthogonal
to main direction of blood flow), indicative of impaired
relaxation. Further study and refinement of this promising
technique is required however, as to our knowledge only two
4D flow CMR studies have used hemodynamic force analysis
in patients with heart failure with preserved ejection fraction,

and they have produced some conflicting results [e.g., base to
apical hemodynamic forces were not consistently abnormal in
previous studies (52, 53)].

Vortex flow analysis

As the left atrium empties into the LV and blood passes
through the distal tips of the mitral valve, two ring-shaped
(or ‘toroidal’) vortices are formed during early and late
diastole (Figure 5). Although our understanding of the complex
flow dynamics of blood remains incomplete, it is thought
that LV vortex formation plays an important role in energy
conservation, the redirection of blood flow and closure of
the mitral valve leaflets (56, 57). Abnormalities in vortex
formation have therefore been studied to provide insight into
LV diastolic function.

Vortex assessment using 4D flow CMR is a relatively
recent development, echocardiography studies have previously
characterized vortex formation and have demonstrated
that vortex malformation is associated with energy loss
and diastolic dysfunction (58, 59). Early 4D flow CMR
studies of LV diastolic vortices employed various complex
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TABLE 5 Four-dimensional flow CMR studies assessing eft ventricular diastolic function using flow component analysis.

Reference N Disease/subject 4D diastolic
parameters

Comparison vs.
conventional

diastolic
parameters

Relevant findings

Healthy controls

Sundin et al. (77) 12 controls Dobutamine stress Flow component
volumes
Flow component
diastolic KE*

− Improved flow efficiency (↑ DF%,
↓RV%) with dobutamine stress
↑mean ED KE of all flow
components with dobutamine
stress

Stoll et al. (76) 45 controls Test-retest variability Flow component
volumes
Flow component
diastolic KE*

− DF was the largest component,
followed by RV, DEF and RI.
DF had greatest mean ED KE,
followed by RI, DEF, and RV.

Eriksson et al. (72) 12 controls
1 DCM patient

Normal blood flow Flow component
volumes
Flow component
diastolic KE

− Reduced flow efficiency (↓DF%,
↑ RI + RV%) in DCM patient
↓mean ED KE of DF, ↑ overall
diastolic KE of non-inflow
volume (DEF + RV) in DCM
patient

Bolger et al. (71) 17 controls
1 DCM patient

Normal blood flow Flow component
volumes
Flow component
diastolic KE

− Reduced flow efficiency (↓DF%,
↑ RI + RV%) in DCM patient
Similar DF diastolic KE loss in
DCM patient, however greater
loss of total inflow diastolic KE

Cardiovascular disease

Stoll et al. (79) 64 HF patients
36 controls

HF (mixed etiology) Flow component
volumes
Flow component
diastolic KE*

− Reduced flow efficiency (↓DF%,
↑ RI + RV%) in HF patients
↓mean ED and average KE of DF,
↑mean ED KE of non-ejected
volume (RI + RV) in HF patients.

Corrado et al. (73) 12 MI patients
10 controls

Post MI Flow component
volumes
Flow component
diastolic KE*

− Reduced flow efficiency (↓DF%, ↑
RI, DEF and RV%) post ant. MI.
No significant difference in
average KE post ant. MI.

Karlsson et al. (78) 10 AF patients Post cardioversion Flow component
volumes
Flow component
diastolic KE

− Improved flow efficiency (↑ DF%,
↓RV%) post cardioversion.
↑mean ED KE of DF, and ↓mean
ED KE of RV post cardioversion.

Eriksson et al. (28) 6 controls
3 DCM patients

Semi-automatic
analysis

Flow component
volumes

− The semi-automatic analysis
approach used was accurate and
had good reproducibility

Eriksson et al. (74) 10 DCM patients
10 controls

HF (DCM) Flow component
volumes
Flow component
diastolic KE*

− Reduced flow efficiency (↓DF%,
↑ RI, DEF and RV%) in DCM. No
significant difference in mean ED
KE of DF, but ↑ ED KE of RI,
DEF and RV in DCM.

Zajac et al. (80) 22 HF patients
(50% with LBBB)

HF (mixed etiology)
Dyssynchrony

Flow component
volumes
Flow component
diastolic KE*

− No significant difference in
LVEDV ratio in patients with
LBBB.
↓mean ED KE of Direct Flow in
patients with LBBB.

Svalbring et al. (75) 26 IHD patients
10 controls

LV remodeling and
dysfunction

Flow component
volumes
Flow component
diastolic KE*

− Reduced flow efficiency (↓DF%,
↑ RI + RV%) with increased LV
volumes.
↓mean ED KE of Direct Flow, ↑
mean ED KE of non-ejected
volume (RI + RV) with increased
LV volumes.

DCM, dilated cardiomyopathy; DF, direct flow; DEF, delayed ejection flow; HF, heart failure; IHD, ischemic heart disease; KE, kinetic energy; LBBB, left bundle branch block; LV, left
ventricle; MI, myocardial infarction; RI, retained inflow; RV, residual volume. *Indexed to flow component volume.
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TABLE 6 Cardiac states and associated left ventricular diastolic flow features on 4D flow CMR.

Physiological
processes

Global flow
analysis

Flow component analysis Vortex flow analysis

LV remodeling (physiological)

Athletes ↑ LVEDV
↑ LV mass

↑ peak E wave KE (33) Preserved vortex formation
Preserved vortex diastolic KE (33)

Advanced age ↑ LV stiffness
↓ LV compliance
↑ LVEDP

↓peak E wave KE (27, 30)
↑ peak A wave KE (25)

Reduced number and velocity of
diastolic vortices

LV remodeling (pathological)

Non-dilated
post MI, cardiac
amyloidosis, COPD

↑ LV stiffness
↓ LV compliance
↑ LVEDP

↓peak E wave KE (28) Reduced flow efficiency (↓ DF, ↑
non-ejected volume)
Reduced DF ED KE (73, 75)

↓ Early diastolic vortex KE
↓ Early diastolic vorticity (63, 67,
68)

Dilated
DCM, post MI

↑ LVEDV
↑ LVEDP
MV annular dilatation

↓ Peak E wave KE (32,
34)
↓ ED and mean diastolic
KE (36)
↑ Turbulent KE (42)

Reduced flow efficiency (↓ DF, ↑
non-ejected volume)
Reduced DF ED KE (74, 75, 79)

↑ Vortex mixing ratio (70)
↓ Proportion of diastolic KE (63)

LV dyssynchrony
LBBB

Abnormal septal motion,
incomplete LV filling

↑ Turbulent KE (42)
↑ Transverse forces (50)

Reduced DF ED KE (80) −

COPD, chronic obstructive pulmonary disease; DCM, dilated cardiomyopathy; DF, direct flow; ED, end diastolic; KE, kinetic energy; LV, left ventricle; LVEDP, left ventricular end diastolic
pressure; LVEDV, left ventricular end diastolic volume; MI, myocardial infarction; MV, mitral valve.

FIGURE 2

Peak left ventricular KE/ml in early diastole for healthy individuals with age (30). Early diastolic peak left ventricular KE/ml (generated during
active relaxation) declines with increasing age.
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FIGURE 3

Left ventricular kinetic energy maps in a control and an MI patient (Top). Kinetic energy curves in a control and two MI patients with preserved
left ventricular ejection fraction (pEF) and reduced left ventricular ejection fraction (rEF) showing reduced peak E-wave KE (Bottom) (32).

visualization and analysis techniques (including Lambda2,
Q criterion and Langragian coherent structures) to assess
vortex dimensions, and to a lesser extent vortex vorticity
and kinetic energy (Table 3). Additionally, 4D flow CMR
imaging of pulmonary arterial flow has shown that the existence
and relative duration of pulmonary vortices can be used as
markers of pulmonary hypertension (60, 61), correlating
well with invasive mean pulmonary arterial pressure (mPAP)
measurements (61).

Vortex dimensions

In normal physiology, the early diastolic vortex ring is
smaller, more circular, and pulls blood toward the apex before
dissipating at diastasis. A subsequent larger late diastolic
vortex ring then forms which helps direct blood toward the

LVOT (26, 62, 63). Vortex formation and size is closely
linked with LV form and function (64). Vortex shape is to
a significant extent determined by shape of mitral inflow
(62), and therefore structural MV abnormalities may affect
vortex formation and energy efficiency of blood flow. In a
study comparing patients post AVSD repair to controls, Elbaz
et al. (41) showed that altered diastolic vortex formation was
associated with increased viscous energy loss. Ventricular and
mitral annular dilatation also affect vortex formation. Suwa
et al. (65) found that in patients with severe LV dysfunction
and dilatation, diastolic vortices were more apically located,
larger and more spherical. Even though vortices are larger in
dilated ventricles, Töger et al. show that such vortices may make
up a smaller proportion of LV volume compared to healthy
controls (66). Even in the absence of significant LV dilatation,
subtle changes in vortex dimensions may be seen in diseased
hearts. Krauter et al. (63) compared 10 ischemic heart disease
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FIGURE 4

3D volume rendering of turbulent kinetic energy (TKE) (red) in early (E-wave) and late (A-wave) diastolic filling of patients with grade 1 diastolic
dysfunction (relaxation abnormality)-top, and grade 3–4 (restrictive filling)-bottom, showing significantly greater turbulent kinetic energy with
greater diastolic dysfunction (42).

(IHD) patients to 10 controls, and showed that despite no
significant difference in LVEDV, SV or ejection fraction, in
IHD patients early diastolic vortices were more elliptical, and
contained significantly lower absolute and relative (to vortex
ring volume) kinetic energy.

Vortex diastolic kinetic energy

A substantial proportion of the kinetic energy of diastolic
blood flow is carried within the vortex, with Steding-Ehrenborg
et al. (33) suggesting that as much as 70% of the total diastolic
KE can be found within vortices. Therefore, reductions in

vortex diastolic KE may indicate impaired LV diastolic function.
Indeed, Kanski et al. (31) found that in patients with heart
failure a smaller proportion of diastolic KE was found inside
the vortex ring compared with healthy controls. In Krauter
et al.’s study (63), patients with chronic IHD had reduced vortex
diastolic KE compared with controls, despite no significant
difference in LV volumes.

Vorticity

Vorticity is a measure of the local rotation of fluid particles
within a fluid as they travel through its main flow. Greater

Frontiers in Cardiovascular Medicine frontiersin.org

433

https://doi.org/10.3389/fcvm.2022.866131
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-866131 July 18, 2022 Time: 12:32 # 13

Ashkir et al. 10.3389/fcvm.2022.866131

FIGURE 5

Left ventricular diastolic vortex ring in a healthy volunteer. Example of early diastolic vortex ring (A), Streamlines superimposed on a vortex in a
four-chamber view (B) (41).

vorticity during ventricular inflow—which is dominated by a
large ring vortex—is associated with conservation of kinetic
energy leading to more efficient flow (29). This rotational
property of the vortex has been shown to be a marker
of diastolic function in several studies (41, 67, 68). Schäfer
et al. (68) demonstrated that peak early diastolic vorticity
was significantly reduced in patients with chronic obstructive
pulmonary disease (COPD) with and without confirmed LVDD
on echocardiography (Figure 6), suggesting that vorticity may
be a more sensitive marker of diastolic dysfunction. Krauter et al.
(63) similarly found reduced vorticity in chronic IHD patients
compared with controls. In that study, vorticity correlated
strongly with transmitral velocities measured with 2D PC-CMR.
In another study by Schäfer et al. (67) examining vorticity
in pulmonary hypertension patients, early diastolic vorticity
correlated significantly with mitral annular velocities (septal and
lateral e’) and E/A ratio—further indication that vorticity has
potential as a measure of LV diastolic function.

Flow component analysis

First described by Bolger et al. (71) using particle trace
analysis to visualize 3D blood flow, LVEDV can be separated
into four functional flow components. These four components
are Direct Flow (DF)—the most efficient component of
ventricular blood which transits the heart in one cardiac cycle,
Retained Inflow (RIF)—blood that enters the LV during diastole
but is retained for at least one cycle, Delayed Ejection Flow
(DEF)—blood already in the LV during diastole and which

leaves during systole, and Residual Volume (RV)—blood that
remains in the LV for at least two cycles (Figure 7). DF and
RIF enter the ventricle during diastole and together may be
referred to as inflow. Outflow consists of DF and DEF, the
two components that leave the ventricle during systole. RIF
and RV remain in the ventricle during systole, making up the
Non-ejected Volume.

In normal hearts, DF is the largest component by
proportion of LVEDV (∼35–40%), followed by RV (∼25–30%),
with the remaining volume shared equally between RIF and
DEF (Table 4).

Flow component relative volume

The relative volume of the flow components reflects flow
distribution within the ventricle and can be used as a measure
of blood flow efficiency, with reduced relative proportions
of DF and RV corresponding to a reduction in systolic but
also diastolic function. This is because diastole is integral to
creating favorable conditions for maximum DF and thereby flow
efficiency. By the end of diastole, DF retains the greatest amount
of kinetic energy of all the flow components (71) and is optimally
positioned in terms of its angle and distance to the LVOT (72).
Flow components (in particular DF) therefore reflect diastolic-
systolic coupling and their relative volumes can be utilized as a
useful marker of LVDD.

Table 4 summarizes the studies that describe flow
components as a percentage of LVEDV in health controls.
Most studies published demonstrate consistency in the
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FIGURE 6

Streamline visualization with velocity color coding of diastolic flow in controls, COPD patients with and without left ventricular diastolic
dysfunction (LVDD) (Top row). Streamline visualization of diastolic flow with superimposed vorticity vector fields (Middle row). Vorticity vector
fields in all three groups, showing a loss of vorticity in both COPD with and without LVDD (Bottom row) (68).

FIGURE 7

Constituent functional flow components of left ventricular blood volume.

proportions of the four functional flow components measured
on 4D flow CMR. The two outliers were Bolger et al. (71)
and Corrado et al. (73), with differences seen potentially
due to disparate methodologies used in processing of 4D
flow datasets.

Several studies have shown alterations in flow component
relative volumes between patient groups and under certain
conditions (Table 5).

In three different studies, Eriksson et al. (28, 72, 74)
compared controls to dilated cardiomyopathy patients.
They found that in heart failure patients, as the LV dilates,
the proportion of non-ejected components increase at the

expense of Direct Flow, which is diminished. Svalbring
et al. (75) found a similar pattern in patients with mild
ischemic cardiomyopathy with preserved systolic function,
suggesting that blood flow component analysis may
detect even subtle or subclinical abnormalities in LV
remodeling (Figure 8).

Another study which points to the sensitivity of blood flow
component analysis is Karlsson et al. (78). In this study, the
authors were able to show that patients with atrial fibrillation
who underwent cardioversion gained significant improvement
in blood flow efficiency (increased DF, reduced RV) within
4 weeks of return to sinus rhythm.
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FIGURE 8

Left ventricular blood flow component distribution in healthy controls and in chronic ischemic heart disease patient subgroups (stratified by
LVEDV index) (75).

Sundin et al. (77) studied changes in blood flow components
during dobutamine stress testing in 12 healthy controls and
found a similar improvement in blood flow efficiency, with
a substantial improvement in DF and reduction in RV
compared to rest.

Flow component diastolic kinetic
energy

Alongside assessing flow component volumes, 4D flow CMR
techniques can also be used to measure the kinetic energy of
individual components. The sum of the diastolic KE of the
four flow components are equal to LV global flow diastolic KE.
Several studies have shown a direct correlation between the flow
component volume and flow component diastolic KE. This is
unsurprising given that mass (volume) is a central component
of KE. Consequently, component KE normalized to volume (i.e.,
KE/ml) has been reported by many as this provides incremental
value (Table 5).

Studies of component diastolic KE have found that an
increase in Direct Flow proportion was accompanied by an
increase in DF end diastolic KE and a reduction in that of
the residual volume end diastolic KE (77, 78), and that the
converse relationship held true where there was reduction in
DF proportion (72, 75, 79). The most comprehensive study
highlighting the potential clinical utility of flow component
diastolic KE was carried out by Stoll et al. (79). In this study,
64 heart failure patients (mixed etiology of DCM and ischemic
cardiomyopathy) were compared with normal controls. In
addition to significantly lower DF proportions, mean end-
diastolic and average diastolic KE in heart failure patients,
Stoll et al. found that derangements in diastolic KE values

correlated with brain natriuretic peptide (BNP) levels, New York
Heart Association (NYHA) classification, functional capacity as
well as myocardial cellular energetics. Flow component relative
volumes and diastolic KE could therefore become sensitive tools
in the early detection and prognostication of LVDD in patients.

Lastly, the impact of dyssynchrony on flow component
diastolic KE has also been studied. Zajac et al. (80) compared
heart failure patients (mixed etiology) with and without left
bundle branch block (LBBB) and found that despite no change
in flow component volume, the early diastolic KE of the DF
component was lower in patients with LBBB than those without.
This likely reflects the inherent inefficiency of abnormal and
dyssynchronous LV relaxation. This study also introduces the
concept of flow component diastolic KE as a novel predictor of
cardiac resynchronization therapy (CRT) response.

Validation against established
measures of left ventricular
diastolic function

Few studies have compared novel 4D flow diastolic
parameters against conventional echocardiographic indices of
LV diastolic function—Doppler transmitral, mitral annular and
tricuspid regurgitation velocities. The only study that compared
diastolic KE was from Al-Wakeel et al. (36) and showed that
diastolic KE E/A ratio correlated with Doppler E/A ratio—
a predictable correlation which does not further the use of
other 4D flow parameters highlighted here. Furthermore, this
correlation was only significant in postoperative patients. In
Zajac et al. (42), TKE correlated with echo-derived peak late
diastolic (a wave) velocity. Lastly, Schäfer et al. (67), showed
that 4D flow E and A wave vorticity correlated with multiple
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echo-based diastolic parameters including the Doppler E/A
ratio. To our knowledge, there are currently no studies that
have directly compared 4D diastolic parameters against invasive
measurements of left ventricular filling pressures.

Technical limitations

As a relatively new technology, 4D flow CMR is not yet
widely accessible, and expertise are not widespread (81). FDA
approved and CE marked 4D flow CMR sequences are now
available on all modern MRI systems, but an acquisition with
respiratory motion compensation and adequate temporal and
spatial resolution may take up to 15 minutes (82). Moreover,
temporal and spatial resolution may be insufficient for certain
4D flow parameters such as wall shear stress and pulse wave
velocity (81).

Acquisition time can be reduced by eliminating respiratory
motion compensation, but this can significantly impact image
quality (81). Self-gating techniques are in development which
may help negate the effects of respiratory motion (83). Several
approaches to the reduce the acquisition time have been
proposed, of which some may reach clinical application soon.

In 4D flow CMR, the normal practice of having a single
velocity encoding range (or VENC) can result in an insufficient
velocity to noise ratio (VNR) in regions with low velocities.
Techniques that enable multi-VENC measurements allow for a
better VNR over the whole velocity range, but at the cost of a
longer acquisition time (84).

Prior to 4D flow data analysis, pre-processing to correct
for phase offset errors such as eddy current effects and velocity
aliasing is necessary. For this, several commercial FDA approved
and CE marked software solution are available, but adequate
technical expertise is still required as optimal strategies may
vary according to MR system, 4D flow CMR sequence and
application (81). Adequate routines for quality assurance and
validation are recommended (81).

Data analysis and 4D flow visualization techniques, like
acquisition and processing methods, may differ from center to
center, and not all parameters can be measured in all centers. As
a result, a variety of different parameters have been used across
studies, meaning that results are often not directly comparable,
and some studies have had conflicting results (71, 73).

Lastly, 4D flow CMR generates huge data sets and therefore
adequate data management, and storage infrastructure are
essential to be able to process 4D flow data.

Future direction

Further, more comprehensive, validation of 4D parameters
against existing non-invasive and invasive markers is required,
and ideally linked to clinical outcomes to determine the true

utility of these techniques. Testing at different field strengths is
also required, as is cross-vendor standardization of acquisition,
processing, and analysis techniques, before 4D flow can be more
widely used clinically for assessment of diastolic function—
as outlined in the 2015 Society for Cardiovascular Magnetic
Resonance (SCMR) consensus statement (81).

Research into the assessment of LV diastolic function using
4D flow CMR has so far consisted almost entirely of small single
center studies. Larger multicenter and multimodality studies
are necessary for comprehensive assessment of HFpEF (and
other cardiac conditions involving LVDD), and more definitive
comparisons of the performance of novel 4D parameters against
contemporary diagnostic and prognostic markers of disease.

Conclusion

Early studies of LVDD using time resolved 3-dimensional
velocity mapping acquired with 4D flow CMR have
contributed to our understanding of complex physiological
and pathophysiological processes such as energy loss, vortex
formation and functional blood flow components (Table 6).
Novel 4D flow parameters such as global flow diastolic KE,
vorticity, and flow component relative volumes have shown
significant promise as sensitive markers of early and pre-clinical
LVDD, and some have shown a correlation with standard 2D
parameters of LV diastolic function. These novel markers could
play a future role in refining the diagnosis of HFpEF and in the
monitoring of LVDD in many cardiac conditions—from valve
disease to ischemic heart disease—especially in patients with
poor acoustic windows (e.g., obesity, COPD), and could allow
CMR to better challenge echocardiography as the non-invasive
modality of choice for the assessment of LV diastolic function.

Author contributions

ZA, SM, C-JC, TE, and BR made substantial contributions
to the concept and design of the manuscript. All authors
including SN made substantial contributions to the drafting
and revision of the manuscript. All authors have approved the
submitted version.

Funding

ZA is a recipient of a Clinical Research Training Fellowship
from the British Heart Foundation (FS/CRTF/21/24144). BR
and SN report grants from NIHR Oxford Biomedical Research
Centre. BR is a recipient of an Intermediate Clinical Transitional
Research Fellowship from the British Heart Foundation Oxford
Centre of Research Excellence (RE/18/3/34214). C-JC and TE

Frontiers in Cardiovascular Medicine frontiersin.org

437

https://doi.org/10.3389/fcvm.2022.866131
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-866131 July 18, 2022 Time: 12:32 # 17

Ashkir et al. 10.3389/fcvm.2022.866131

report grants from the Swedish Research Council, the Swedish
Heart and Lung Foundation. C-JC also reports support from
ALF Grant Region Östergötland.

Acknowledgments

Permission was obtained for all images used in this
review. Figure 1 includes images from https://liu.se/forskning/
cardiovascular-magnetic-resonance-group, Elbaz et al. (62) and
Stoll et al. (79) with permission. Figure 2 has been reproduced
from Wong et al. (30) and is licensed under Creative Commons
Attribution CC-BY 3.0. Figure 3 has been reproduced from
Garg et al. (32) and is licensed under Creative Commons
Attribution CC-BY 4.0. Figure 4 has been reproduced from
Zajac et al. (42) with permission. Figure 5 has been reproduced
from Elbaz et al. (41) and is licensed under Creative Commons
Attribution CC-BY 4.0. Figure 6 has been reproduced from
Svalbring et al. (75) and is licensed under Creative Commons

Attribution CC-BY 4.0. Figure 8 has been reproduced from
Schäfer et al. (68) with permission.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Redfield MM, Jacobsen SJ, Burnett JC, Mahoney DW, Bailey KR, Rodeheffer
RJ. Burden of systolic and diastolic ventricular dysfunction in the community:
appreciating the scope of the heart failure epidemic. J Am Med Assoc. (2003)
289:194–202. doi: 10.1001/jama.289.2.194

2. Tribouilloy C, Rusinaru D, Mahjoub H, Soulière V, Lévy F, Peltier M, et al.
Prognosis of heart failure with preserved ejection fraction: a 5 year prospective
population-based study. Eur Heart J. (2008) 29:339–47.

3. Garg A, Hummel SL. Diastolic heart failure. Inpatient Cardiovasc Med. (2013)
45:166–77.

4. De Jesus Perez VA, Haddad F, Zamanian RT. Diagnosis and management
of pulmonary hypertension associated with left ventricular diastolic dysfunction.
Pulm Circ. (2012) 2:163–9.

5. Melenovsky V, Hwang SJ, Lin G, Redfield MM, Borlaug BA. Right heart
dysfunction in heart failure with preserved ejection fraction. Eur Heart J. (2014)
35:3452–62.

6. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF, Dokainish H, Edvardsen T,
et al. Recommendations for the evaluation of left ventricular diastolic function
by echocardiography: an update from the American society of echocardiography
and the European association of cardiovascular imaging. Eur Heart J Cardiovasc
Imaging. (2016) 17:1321–60.

7. Almeida JG, Fontes-Carvalho R, Sampaio F, Ribeiro J, Bettencourt P,
Flachskampf FA, et al. Impact of the 2016 ASE/EACVI recommendations on
the prevalence of diastolic dysfunction in the general population. Eur Heart J
Cardiovasc Imaging. (2018) 19:380–6. doi: 10.1093/ehjci/jex252

8. Kramer CM, Barkhausen J, Bucciarelli-Ducci C, Flamm SD, Kim RJ, Nagel
E. Standardized cardiovascular magnetic resonance imaging (CMR) protocols:
2020 update. J Cardiovasc Magn Reson. (2020) 22:17. doi: 10.1186/s12968-020-00
607-1

9. Wu V, Chyou JY, Chung S, Bhagavatula S, Axel L. Evaluation of diastolic
function by three-dimensional volume tracking of the mitral annulus with
cardiovascular magnetic resonance: comparison with tissue Doppler imaging. J
Cardiovasc Magn Reson. (2014) 16:1–14. doi: 10.1186/s12968-014-0071-3

10. Scatteia A, Baritussio A, Bucciarelli-Ducci C. Strain imaging using cardiac
magnetic resonance. Heart Fail Rev. (2017) 22:465–76.

11. Dass S, Suttie JJ, Piechnik SK, Ferreira VM, Holloway CJ, Banerjee R,
et al. Myocardial tissue characterization using magnetic resonance noncontrast T1
mapping in hypertrophic and dilated cardiomyopathy. Circ Cardiovasc Imaging.
(2012) 5:726–33.

12. Fontana M, Chung R, Hawkins PN, Moon JC. Cardiovascular magnetic
resonance for amyloidosis. Heart Fail Rev. (2015) 20:133–44.

13. Firmin DN, Gatehouse PD, Konrad JP, Yang GZ, Kilner PJ, Longmore DB.
Rapid 7-dimensional imaging of pulsatile flow. In: Proceedings of the Computers in
Cardiology Conference. (Vol. 14), London (1993) p. 353–6.

14. Wigström L, Sjöqvist L, Wranne B. Temporally resolved 3D phase-contrast
imaging. Magn Reson Med. (1996) 36:800–3.

15. Bogren HG, Mohiaddin RH, Yang GZ, Kilner PJ, Firmin DN. Magnetic
resonance velocity vector mapping of blood flow in thoracic aortic aneurysms and
grafts. J Thorac Cardiovasc Surg. (1995) 110:704–14. doi: 10.1016/S0022-5223(95)
70102-8

16. Crandon S, Elbaz MSM, Westenberg JJM, Van Der Geest RJ, Plein S, Garg
P. Clinical applications of intra-cardiac four-dimensional flow cardiovascular
magnetic resonance?: a systematic review. Int J Cardiol. (2017) 249:486–93.

17. Demirkiran A, van Ooij P, Westenberg JJM, Hofman MBM, van Assen HC,
Schoonmade LJ, et al. Clinical intra-cardiac 4D flow CMR: acquisition, analysis,
and clinical applications. Eur Heart J Cardiovasc Imaging. (2022)

18. Gabbour M, Schnell S, Jarvis K, Robinson JD, Markl M, Rigsby
CK. 4-D flow magnetic resonance imaging: blood flow quantification
compared to 2-D phase-contrast magnetic resonance imaging and Doppler
echocardiography. Pediatr Radiol. (2015) 45:804–13. doi: 10.1007/s00247-014-
3246-z

19. Urmeneta Ulloa J, Álvarez Vázquez A, Martínez de Vega V, Cabrera JÁ.
Evaluation of cardiac shunts with 4D flow cardiac magnetic resonance: intra- and
interobserver variability. J Magn Reson Imaging. (2020) 52:1055–63.

20. Chelu RG, van den Bosch AE, van Kranenburg M, Hsiao A, van den Hoven
AT, Ouhlous M, et al. Qualitative grading of aortic regurgitation: a pilot study
comparing CMR 4D flow and echocardiography. Int J Cardiovasc Imaging. (2016)
32:301–7. doi: 10.1007/s10554-015-0779-7

21. Westenberg JJM, Roes SD, Marsan NA, Binnendijk NMJ, Doornbos J, Bax JJ,
et al. Mitral valve and tricuspid valve blood flow: accurate quantification with 3D
velocity-encoded MR imaging with retrospective valve tracking. Radiology. (2008)
249:792–800.

22. Marsan NA, Westenberg JJM, Ypenburg C, Delgado V, van Bommel RJ,
Roes SD, et al. Quantification of functional mitral regurgitation by real-time
3D echocardiography. comparison with 3D velocity-encoded cardiac magnetic
resonance. JACC Cardiovasc Imaging. (2009) 2:1245–52. doi: 10.1016/j.jcmg.2009.
07.006

Frontiers in Cardiovascular Medicine frontiersin.org

438

https://doi.org/10.3389/fcvm.2022.866131
https://liu.se/forskning/cardiovascular-magnetic-resonance-group
https://liu.se/forskning/cardiovascular-magnetic-resonance-group
https://doi.org/10.1001/jama.289.2.194
https://doi.org/10.1093/ehjci/jex252
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-020-00607-1
https://doi.org/10.1186/s12968-014-0071-3
https://doi.org/10.1016/S0022-5223(95)70102-8
https://doi.org/10.1016/S0022-5223(95)70102-8
https://doi.org/10.1007/s00247-014-3246-z
https://doi.org/10.1007/s00247-014-3246-z
https://doi.org/10.1007/s10554-015-0779-7
https://doi.org/10.1016/j.jcmg.2009.07.006
https://doi.org/10.1016/j.jcmg.2009.07.006
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-866131 July 18, 2022 Time: 12:32 # 18

Ashkir et al. 10.3389/fcvm.2022.866131

23. Ramos JG, Fyrdahl A, Wieslander B, Thalén S, Reiter G, Reiter U, et al.
Comprehensive cardiovascular magnetic resonance diastolic dysfunction grading
shows very good agreement compared with echocardiography. JACC Cardiovasc
Imaging. (2020) 13:2530–42. doi: 10.1016/j.jcmg.2020.06.027

24. Brandts A, Bertini M, Van Dijk EJ, Delgado V, Marsan NA, Van Der Geest RJ,
et al. Left ventricular diastolic function assessment from three-dimensional three-
directional velocity-encoded MRI with retrospective valve tracking. J Magn Reson
Imaging. (2011) 33:312–9. doi: 10.1002/jmri.22424

25. Carlsson M, Heiberg E, Toger J, Arheden H. Quantification of left and right
ventricular kinetic energy using four-dimensional intracardiac magnetic resonance
imaging flow measurements. Am J Physiol Heart Circ Physiol. (2012) 302:893–900.

26. Nakaji K, Itatani K, Tamaki N, Morichi H, Nakanishi N, Takigami M, et al.
Assessment of biventricular hemodynamics and energy dynamics using lumen-
tracking 4D flow MRI without contrast medium. J Cardiol. (2021) 78:79–87. doi:
10.1016/j.jjcc.2021.01.004

27. Crandon S, Westenberg JJM, Swoboda PP, Fent GJ, Foley JRJ, Chew PG, et al.
Impact of age and diastolic function on novel, 4D flow CMR biomarkers of left
ventricular blood flow kinetic energy. Sci Rep. (2018) 8:1–11. doi: 10.1038/s41598-
018-32707-5

28. Eriksson J, Carlhäll C, Dyverfeldt P, Engvall J, Bolger A, Ebbers T. Semi-
automatic quantification of 4D left ventricular blood flow. J Cardiovasc Magn
Reson. (2010) 12:1–10.

29. Kamphuis VP, Westenberg JJM, van der Palen RLF, van den Boogaard PJ,
van der Geest RJ, de Roos A, et al. Scan–rescan reproducibility of diastolic left
ventricular kinetic energy, viscous energy loss and vorticity assessment using 4D
flow MRI: analysis in healthy subjects. Int J Cardiovasc Imaging. (2018) 34:905–20.
doi: 10.1007/s10554-017-1291-z

30. Wong J, Chabiniok R, de Vecchi A, Dedieu N, Sammut E, Schaeffter T,
et al. Age-related changes in intraventricular kinetic energy: a physiological or
pathological adaptation? Am J Physiol Heart Circ Physiol. (2016) 310:H747–55.

31. Kanski M, Arvidsson PM, Töger J, Borgquist R, Heiberg E, Carlsson M, et al.
Left ventricular fluid kinetic energy time curves in heart failure from cardiovascular
magnetic resonance 4D flow data. J Cardiovasc Magn Reson. (2015) 17:1–10. doi:
10.1186/s12968-015-0211-4

32. Garg P, Crandon S, Swoboda PP, Fent GJ, Foley JRJ, Chew PG, et al. Left
ventricular blood flow kinetic energy after myocardial infarction – insights from 4D
flow cardiovascular magnetic resonance. J Cardiovasc Magn Reson. (2018) 20:1–15.
doi: 10.1186/s12968-018-0483-6

33. Steding-Ehrenborg K, Arvidsson PM, Töger J, Rydberg M, Heiberg E,
Carlsson M, et al. Determinants of kinetic energy of blood flow in the four-
chambered heart in athletes and sedentary controls. Am J Physiol Heart Circ Physiol.
(2016) 310:H113–22. doi: 10.1152/ajpheart.00544.2015

34. Garg P, Van Der Geest RJ, Swoboda PP, Crandon S, Fent GJ, Foley JRJ,
et al. Left ventricular thrombus formation in myocardial infarction is associated
with altered left ventricular blood flow energetics. Eur Heart J Cardiovasc Imaging.
(2019) 20:108–17.

35. Riva A, Sturla F, Pica S, Camporeale A, Tondi L, Saitta S, et al. Comparison
of four-dimensional magnetic resonance imaging analysis of left ventricular fluid
dynamics and energetics in ischemic and restrictive cardiomyopathies. J Magn
Reson Imaging. (2022). doi: 10.1002/jmri.28076

36. Al-Wakeel N, Fernandes JF, Amiri A, Siniawski H, Goubergrits L, Berger F,
et al. Hemodynamic and energetic aspects of the left ventricle in patients with mitral
regurgitation before and after mitral valve surgery. J Magn Reson Imaging. (2015)
42:1705–12. doi: 10.1002/jmri.24926

37. Hu L, Ouyang R, Sun A, Wang Q, Guo C, Peng Y, et al. Pulmonary artery
hemodynamic assessment of blood flow characteristics in repaired tetralogy of
Fallot patients versus healthy child volunteers. Quant Imaging Med Surg. (2020)
10:921–33. doi: 10.21037/qims.2020.03.23

38. Fredriksson A, Trzebiatowska-Krzynska A, Dyverfeldt P, Engvall J, Ebbers T,
Carlhäll CJ. Turbulent kinetic energy in the right ventricle: potential MR marker for
risk stratification of adults with repaired tetralogy of fallot. J Magn Reson Imaging.
(2018) 47:1043–53. doi: 10.1002/jmri.25830

39. Barker AJ, Van Ooij P, Bandi K, Garcia J, Albaghdadi M, McCarthy P, et al.
Viscous energy loss in the presence of abnormal aortic flow. Magn Reson Med.
(2014) 72:620–8.

40. Binter C, Gotschy A, Sündermann SH, Frank M, Tanner FC, Lüscher TF,
et al. Turbulent kinetic energy assessed by multipoint 4-dimensional flow magnetic
resonance imaging provides additional information relative to echocardiography
for the determination of aortic stenosis severity. Circ Cardiovasc Imaging. (2017)
10:1–8. doi: 10.1161/CIRCIMAGING.116.005486

41. Elbaz MSM, van der Geest RJ, Calkoen EE, de Roos A, Lelieveldt BPF, Roest
AAW, et al. Assessment of viscous energy loss and the association with three-
dimensional vortex ring formation in left ventricular inflow: in vivo evaluation

using four-dimensional flow MRI. Magn Reson Med. (2017) 77:794–805. doi: 10.
1002/mrm.26129

42. Zajac J, Eriksson J, Dyverfeldt P, Bolger AF, Ebbers T, Carlhäll CJ. Turbulent
kinetic energy in normal and myopathic left ventricles. J Magn Reson Imaging.
(2015) 41:1021–9. doi: 10.1002/jmri.24633

43. Urchuk SN, Plewes DB. MR measurement of pulsatile pressure gradients. J
Magn Reson Imaging. (1994) 4:829–36.

44. Eriksson J, Bolger AF, Carlhäll CJ, Ebbers T. Spatial heterogeneity of four-
dimensional relative pressure fields in the human left ventricle. Magn Reson Med.
(2015) 74:1716–25. doi: 10.1002/mrm.25539

45. Tyszka JM, Laidlaw DH, Asa JW, Silverman JM. Three-dimensional, time-
resolved (4D) relative pressure mapping using magnetic resonance imaging. J Magn
Reson Imaging. (2000) 12:321–9.

46. Van Ooij P, Allen BD, Contaldi C, Garcia J, Collins J, Carr J, et al. 4D flow MRI
and T1-mapping: assessment of altered cardiac hemodynamics and extracellular
volume fraction in hypertrophic cardiomyopathy. J Magn Reson Imaging. (2016)
43:107–14. doi: 10.1002/jmri.24962

47. Marlevi D, Balmus M, Hessenthaler A, Viola F, Fovargue D, de Vecchi A,
et al. Non-invasive estimation of relative pressure for intracardiac flows using
virtual work-energy. Med Image Anal. (2021) 68:101948. doi: 10.1016/j.media.2020.
101948

48. Pedrizzetti G, Martiniello AR, Bianchi V, D’Onofrio A, Caso P, Tonti G.
Cardiac fluid dynamics anticipates heart adaptation. J Biomech. (2015) 48:388–91.
doi: 10.1016/j.jbiomech.2014.11.049

49. Vallelonga F, Airale L, Tonti G, Argulian E, Milan A, Narula J, et al.
Introduction to hemodynamic forces analysis: moving into the new frontier of
cardiac deformation analysis. J Am Heart Assoc. (2021) 10:e023417. doi: 10.1161/
JAHA.121.023417

50. Eriksson J, Zajac J, Alehagen U, Bolger AF, Ebbers T, Carlhäll CJ. Left
ventricular hemodynamic forces as a marker of mechanical dyssynchrony in heart
failure patients with left bundle branch block. Sci Rep. (2017) 7:1–9. doi: 10.1038/
s41598-017-03089-x

51. Arvidsson PM, Töger J, Pedrizzetti G, Heiberg E, Borgquist R, Carlsson M,
et al. Hemodynamic forces using four-dimensional flow MRI: an independent
biomarker of cardiac function in heart failure with left ventricular dyssynchrony?
Am J Physiol Heart Circ Physiol. (2018) 315:H1627–39. doi: 10.1152/ajpheart.00112.
2018

52. Lapinskas T, Pedrizzetti G, Stoiber L, Düngen HD, Edelmann F, Pieske B,
et al. The intraventricular hemodynamic forces estimated using routine CMR
cine images: a new marker of the failing heart. JACC Cardiovasc Imaging. (2019)
12:377–9. doi: 10.1016/j.jcmg.2018.08.012

53. Arvidsson PM, Nelsson A, Magnusson M, Smith JG, Carlsson M, Arheden
H. Hemodynamic force analysis is not ready for clinical trials on HFpEF. Sci Rep.
(2022) 12:1–9.

54. Casas B, Viola F, Cedersund G, Bolger AF, Karlsson M, Carlhäll CJ, et al. Non-
invasive assessment of systolic and diastolic cardiac function during rest and stress
conditions using an integrated image-modeling approach. Front Physiol. (2018)
9:1515. doi: 10.3389/fphys.2018.01515

55. Eriksson J, Bolger AF, Ebbers T, Carlhäll CJ. Assessment of left ventricular
hemodynamic forces in healthy subjects and patients with dilated cardiomyopathy
using 4D flow MRI. Physiol Rep. (2016) 4:e12685.

56. Kim WY, Walker PG, Pedersen EM, Poulsen JK, Oyre S, Houlind K, et al.
Left ventricular blood flow patterns in normal subjects: a quantitative analysis by
three-dimensional magnetic resonance velocity mapping. J Am Coll Cardiol. (1995)
26:224–38. doi: 10.1016/0735-1097(95)00141-l

57. Föll D, Taeger S, Bode C, Jung B, Markl M. Age, gender, blood pressure,
and ventricular geometry influence normal 3D blood flow characteristics in the
left heart. Eur Heart J Cardiovasc Imaging. (2013) 14:366–73. doi: 10.1093/ehjci/
jes196

58. Gharib M, Rambod E, Kheradvar A, Sahn DJ, Dabiri JO. Optimal vortex
formation as an index of cardiac health. Proc Natl Acad Sci USA. (2006) 103:6305–8.

59. Ghosh E, Kovács SJ. The vortex formation time to diastolic function
relation: assessment of pseudonormalized versus normal filling. Physiol Rep. (2013)
1:e00170. doi: 10.1002/phy2.170

60. Reiter G, Reiter U, Kovacs G, Kainz B, Schmidt K, Maier R, et al. Magnetic
resonance-derived 3-dimensional blood flow patterns in the main pulmonary
artery as a marker of pulmonary hypertension and a measure of elevated mean
pulmonary arterial pressure. Circ Cardiovasc Imaging. (2008) 1:23–30. doi: 10.1161/
CIRCIMAGING.108.780247

61. Reiter G, Reiter U, Kovacs G, Olschewski H, Fuchsjäger M. Blood flow
vortices along the main pulmonary artery measured with MR imaging for diagnosis
of pulmonary hypertension. Radiology. (2015) 275:71–9.

Frontiers in Cardiovascular Medicine frontiersin.org

439

https://doi.org/10.3389/fcvm.2022.866131
https://doi.org/10.1016/j.jcmg.2020.06.027
https://doi.org/10.1002/jmri.22424
https://doi.org/10.1016/j.jjcc.2021.01.004
https://doi.org/10.1016/j.jjcc.2021.01.004
https://doi.org/10.1038/s41598-018-32707-5
https://doi.org/10.1038/s41598-018-32707-5
https://doi.org/10.1007/s10554-017-1291-z
https://doi.org/10.1186/s12968-015-0211-4
https://doi.org/10.1186/s12968-015-0211-4
https://doi.org/10.1186/s12968-018-0483-6
https://doi.org/10.1152/ajpheart.00544.2015
https://doi.org/10.1002/jmri.28076
https://doi.org/10.1002/jmri.24926
https://doi.org/10.21037/qims.2020.03.23
https://doi.org/10.1002/jmri.25830
https://doi.org/10.1161/CIRCIMAGING.116.005486
https://doi.org/10.1002/mrm.26129
https://doi.org/10.1002/mrm.26129
https://doi.org/10.1002/jmri.24633
https://doi.org/10.1002/mrm.25539
https://doi.org/10.1002/jmri.24962
https://doi.org/10.1016/j.media.2020.101948
https://doi.org/10.1016/j.media.2020.101948
https://doi.org/10.1016/j.jbiomech.2014.11.049
https://doi.org/10.1161/JAHA.121.023417
https://doi.org/10.1161/JAHA.121.023417
https://doi.org/10.1038/s41598-017-03089-x
https://doi.org/10.1038/s41598-017-03089-x
https://doi.org/10.1152/ajpheart.00112.2018
https://doi.org/10.1152/ajpheart.00112.2018
https://doi.org/10.1016/j.jcmg.2018.08.012
https://doi.org/10.3389/fphys.2018.01515
https://doi.org/10.1016/0735-1097(95)00141-l
https://doi.org/10.1093/ehjci/jes196
https://doi.org/10.1093/ehjci/jes196
https://doi.org/10.1002/phy2.170
https://doi.org/10.1161/CIRCIMAGING.108.780247
https://doi.org/10.1161/CIRCIMAGING.108.780247
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-866131 July 18, 2022 Time: 12:32 # 19

Ashkir et al. 10.3389/fcvm.2022.866131

62. Elbaz MSM, Calkoen EE, Westenberg JJM, Lelieveldt BPF, Roest AAW,
Van Der Geest RJ. Vortex flow during early and late left ventricular filling
in normal subjects: quantitative characterization using retrospectively-gated 4D
flow cardiovascular magnetic resonance and three-dimensional vortex core
analysis. J Cardiovasc Magn Reson. (2014) 16:1–12. doi: 10.1186/s12968-014-
0078-9

63. Kräuter C, Reiter U, Reiter C, Nizhnikava V, Masana M, Schmidt A, et al.
Automated mitral valve vortex ring extraction from 4D-flow MRI. Magn Reson
Med. (2020) 84:3396–408. doi: 10.1002/mrm.28361

64. Arvidsson PM, Kovács SJ, Töger J, Borgquist R, Heiberg E, Carlsson M, et al.
Vortex ring behavior provides the epigenetic blueprint for the human heart. Sci
Rep. (2016) 6:22021. doi: 10.1038/srep22021

65. Suwa K, Saitoh T, Takehara Y, Sano M, Saotome M, Urushida T, et al. Intra-left
ventricular flow dynamics in patients with preserved and impaired left ventricular
function: analysis with 3D cine phase contrast MRI (4D-Flow). J Magn Reson
Imaging. (2016) 44:1493–503. doi: 10.1002/jmri.25315

66. Töger J, Kanski M, Carlsson M, Kovács SJ, Söderlind G, Arheden H, et al.
Vortex ring formation in the left ventricle of the heart: analysis by 4D flow MRI
and Lagrangian coherent structures. Ann Biomed Eng. (2012) 40:2652–62. doi:
10.1007/s10439-012-0615-3

67. Schäfer M, Browning J, Schroeder JD, Shandas R, Kheyfets VO, Buckner JK,
et al. Vorticity is a marker of diastolic ventricular interdependency in pulmonary
hypertension. Pulm Circ. (2016) 6:46–54. doi: 10.1086/685052

68. Schäfer M, Humphries S, Stenmark KR, Kheyfets VO, Buckner JK, Hunter
KS, et al. 4D-flow cardiac magnetic resonance-derived vorticity is sensitive marker
of left ventricular diastolic dysfunction in patients with mild-to-moderate chronic
obstructive pulmonary disease. Eur Heart J Cardiovasc Imaging. (2018) 19:415–24.
doi: 10.1093/ehjci/jex069

69. Rutkowski DR, Barton GP, François CJ, Aggarwal N, Roldán-Alzate A. Sex
differences in cardiac flow dynamics of healthy volunteers. Radiol Cardiothorac
Imaging. (2020) 2:e190058.

70. Töger J, Kanski M, Arvidsson PM, Carlsson M, Kovács SJ, Borgquist R, et al.
Vortex-ring mixing as a measure of diastolic function of the human heart: phantom
validation and initial observations in healthy volunteers and patients with heart
failure. J Magn Reson Imaging. (2016) 43:1386–97. doi: 10.1002/jmri.25111

71. Bolger AF, Heiberg E, Karlsson M, Wigström L, Engvall J, Sigfridsson A, et al.
Transit of blood flow through the human left ventricle mapped by cardiovascular
magnetic resonance. J Cardiovasc Magn Reson. (2007) 9:741–7.

72. Eriksson J, Dyverfeldt P, Engvall J, Bolger AF, Ebbers T, Carlhäll CJ.
Quantification of presystolic blood flow organization and energetics in the human
left ventricle. Am J Physiol Heart Circ Physiol. (2011) 300:2135–41. doi: 10.1152/
ajpheart.00993.2010

73. Corrado PA, Macdonald JA, François CJ, Aggarwal NR, Weinsaft JW, Wieben
O. Reduced regional flow in the left ventricle after anterior acute myocardial
infarction: a case control study using 4D flow MRI. BMC Med Imaging. (2019)
19:101. doi: 10.1186/s12880-019-0404-7

74. Eriksson J, Bolger AF, Ebbers T, Carlhäll CJ. Four-dimensional blood flow-
specific markers of LV dysfunction in dilated cardiomyopathy. Eur Heart J
Cardiovasc Imaging. (2013) 14:417–24. doi: 10.1093/ehjci/jes159

75. Svalbring E, Fredriksson A, Eriksson J, Dyverfeldt P, Ebbers T, Bolger AF,
et al. Altered diastolic flow patterns and kinetic energy in subtle left ventricular
remodeling and dysfunction detected by 4D flow MRI. PLoS One. (2016)
11:e0161391. doi: 10.1371/journal.pone.0161391

76. Stoll VM, Loudon M, Eriksson J, Bissell MM, Dyverfeldt P, Ebbers T, et al.
Test-retest variability of left ventricular 4D flow cardiovascular magnetic resonance
measurements in healthy subjects. J Cardiovasc Magn Reson. (2018) 20:15. doi:
10.1186/s12968-018-0432-4

77. Sundin J, Engvall J, Nylander E, Ebbers T, Bolger AF, Carlhäll CJ. Improved
efficiency of intraventricular blood flow transit under cardiac stress: a 4D flow
dobutamine CMR study. Front Cardiovasc Med. (2020) 7:581495. doi: 10.3389/
fcvm.2020.581495

78. Karlsson LO, Erixon H, Ebbers T, Bolger A, Carlhäll CJ. Post-cardioversion
improvement in LV function defined by 4D flow patterns and energetics in patients
with atrial fibrillation. Front Physiol. (2019) 10:659. doi: 10.3389/fphys.2019.00659

79. Stoll VM, Hess AT, Rodgers CT, Bissell MM, Dyverfeldt P, Ebbers T, et al.
Left ventricular flow analysis novel imaging biomarkers and predictors of exercise
capacity in heart failure. Circ Cardiovasc Imaging. (2019) 12:e008130. doi: 10.1161/
CIRCIMAGING.118.008130

80. Zajac J, Eriksson J, Alehagen U, Ebbers T, Bolger AF, Carlhäll CJ. Mechanical
dyssynchrony alters left ventricular flow energetics in failing hearts with LBBB:
a 4D flow CMR pilot study. Int J Cardiovasc Imaging. (2018) 34:587–96. doi:
10.1007/s10554-017-1261-5

81. Dyverfeldt P, Bissell M, Barker AJ, Bolger AF, Carlhäll CJ, Ebbers T, et al. 4D
flow cardiovascular magnetic resonance consensus statement. J Cardiovasc Magn
Reson. (2015) 17:1–19.

82. Stankovic Z, Allen BD, Garcia J, Jarvis KB, Markl M. Flow imaging with MRI.
Cardiovasc Neurovasc Imaging. (2015) 4:333–58.

83. Buehrer M, Curcic J, Boesiger P, Kozerke S. Prospective self-gating for
simultaneous compensation of cardiac and respiratory motion. Magn Reson Med.
(2008) 60:683–90. doi: 10.1002/mrm.21697

84. Ha H, Kim GB, Kweon J, Kim YH, Kim N, Yang DH, et al. Multi-VENC
acquisition of four-dimensional phase-contrast MRI to improve precision of
velocity field measurement. Magn Reson Med. (2016) 75:1909–19. doi: 10.1002/
mrm.25715

Frontiers in Cardiovascular Medicine frontiersin.org

440

https://doi.org/10.3389/fcvm.2022.866131
https://doi.org/10.1186/s12968-014-0078-9
https://doi.org/10.1186/s12968-014-0078-9
https://doi.org/10.1002/mrm.28361
https://doi.org/10.1038/srep22021
https://doi.org/10.1002/jmri.25315
https://doi.org/10.1007/s10439-012-0615-3
https://doi.org/10.1007/s10439-012-0615-3
https://doi.org/10.1086/685052
https://doi.org/10.1093/ehjci/jex069
https://doi.org/10.1002/jmri.25111
https://doi.org/10.1152/ajpheart.00993.2010
https://doi.org/10.1152/ajpheart.00993.2010
https://doi.org/10.1186/s12880-019-0404-7
https://doi.org/10.1093/ehjci/jes159
https://doi.org/10.1371/journal.pone.0161391
https://doi.org/10.1186/s12968-018-0432-4
https://doi.org/10.1186/s12968-018-0432-4
https://doi.org/10.3389/fcvm.2020.581495
https://doi.org/10.3389/fcvm.2020.581495
https://doi.org/10.3389/fphys.2019.00659
https://doi.org/10.1161/CIRCIMAGING.118.008130
https://doi.org/10.1161/CIRCIMAGING.118.008130
https://doi.org/10.1007/s10554-017-1261-5
https://doi.org/10.1007/s10554-017-1261-5
https://doi.org/10.1002/mrm.21697
https://doi.org/10.1002/mrm.25715
https://doi.org/10.1002/mrm.25715
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-887705 July 22, 2022 Time: 14:57 # 1

REVIEW
published: 28 July 2022

doi: 10.3389/fcvm.2022.887705

Edited by:
Matteo Cameli,

University of Siena, Italy

Reviewed by:
Riccardo Liga,

Pisana University Hospital, Italy
Olivier Lairez,

Centre Hospitalier Universitaire
de Toulouse, France
Ana Teresa Timoteo,

Hospital de Santa Marta, Portugal

*Correspondence:
Tomaž Podlesnikar

tomaz.podlesnikar@kclj.si

Specialty section:
This article was submitted to

Cardiovascular Imaging,
a section of the journal

Frontiers in Cardiovascular Medicine

Received: 01 March 2022
Accepted: 05 May 2022
Published: 28 July 2022

Citation:
Podlesnikar T, Berlot B, Dolenc J,
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University Medical Centre Maribor, Maribor, Slovenia, 3 Pharmacogenetics Laboratory, Institute of Biochemistry
and Molecular Genetics, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia, 4 Department of Radiotherapy,
Institute of Oncology Ljubljana, Ljubljana, Slovenia, 5 Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia

Radiotherapy (RT) is one of the pillars of cancer therapy. High-dose radiation exposure
on the thorax is mainly used in the context of adjuvant RT after breast surgery, in lung
and esophageal cancer, and as a complement to systemic treatment in lymphoma.
Due to the anatomical proximity, the heart inevitably receives some radiation that
can result in acute and chronic cardiotoxicity, leading to heart failure, coronary artery
disease, pericardial and valvular heart disease. Current evidence suggests there is
no safe radiation dose to the heart, which poses a need for early recognition of RT-
induced cardiac injury to initiate cardioprotective treatment and prevent further damage.
Multimodality cardiac imaging provides a powerful tool to screen for structural and
functional abnormalities secondary to RT. Left ventricular ejection fraction, preferably
with three-dimensional echocardiography or cardiovascular magnetic resonance (CMR),
and global longitudinal strain with speckle-tracking echocardiography are currently the
key parameters to detect cardiotoxicity. However, several novel imaging parameters
are tested in the ongoing clinical trials. CMR parametric imaging holds much
promise as T1, T2 mapping and extracellular volume quantification allow us to
monitor edema, inflammation and fibrosis, which are fundamental processes in RT-
induced cardiotoxicity. Moreover, the association between serum biomarkers, genetic
polymorphisms and the risk of developing cardiovascular disease after chest RT has
been demonstrated, providing a platform for an integrative screening approach for
cardiotoxicity. The present review summarizes contemporary evidence of RT-induced
cardiac injury obtained from multimodality imaging—echocardiography, cardiovascular
computed tomography, CMR and nuclear cardiology. Moreover, it identifies gaps
in our current knowledge and highlights future perspectives to screen for RT-
induced cardiotoxicity.

Keywords: radiotherapy, cardiotoxicity, heart failure, multimodality cardiovascular imaging, echocardiography,
cardiovascular magnetic resonance

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; 3DCRT, three-dimensional conformal radiotherapy; CAC,
coronary artery calcium; CMR, cardiovascular magnetic resonance; CT, computed tomography; CTA, computed tomography
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INTRODUCTION

Radiotherapy (RT) is one of the pillars of cancer therapy (1).
It has been used alone or in combination with surgery and
systemic oncological treatments for a wide range of malignancies
to maximize tumor control and quality of life while minimizing
toxicity and preserving the organs. The side effects of RT
depend on the anatomic area of treatment and are related to
treatment factors such as the cumulative dose, dose per fraction,
proximity of sensitive tissues and organs, and the effect of other
cancer treatments, such as surgery and chemotherapy. High-dose
radiation exposure on the thorax and the heart is mainly used in
the context of adjuvant RT after breast surgery, RT of lung and
esophageal cancer, and as a complement to systemic treatment
in lymphoma (2). Older RT techniques, used to treat patients
with thoracic malignancies caused an increase in cardiovascular
morbidity and mortality in long-term follow-up (3–5).

Awareness that delayed effects on the heart may lower
the therapeutic benefits from RT has an important impact
on modern cardio-oncology clinical practice. To minimize
the radiation to the surrounding tissues, treatment plans for
patients with Hodgkin lymphoma have evolved from extended-
field to involved-field and then to involved-site/involved-node
RT (6). Furthermore, there have been significant technologic
advancements in the radiation delivery techniques, with original
2-dimensional (2D) treatment planning being replaced by much
more conformal approaches, such as 3-dimensional conformal
RT (3DCRT), intensity-modulated RT (IMRT), and proton beam
therapy (6). Cardiac sparing techniques, such as deep inspiration
breath hold RT, have been introduced to minimize radiation dose
to the heart, especially in patients with left-sided breast cancer
(Figure 1) (7). However, due to the demand for covering the
tumor bed lying close to the heart with a high radiation dose,
some radiation dose to the heart will always remain an issue.

The present review focuses on the current evidence of
RT-induced cardiac injury obtained from multimodality
imaging—echocardiography, cardiovascular computed
tomography (CT), cardiovascular magnetic resonance (CMR),
and nuclear cardiology. In addition, it identifies gaps in our
knowledge and highlights future perspectives to diagnose and
monitor RT-induced cardiotoxicity.

PATHOPHYSIOLOGY OF
RADIOTHERAPY-INDUCED
CARDIOTOXICITY

Radiation damage is characterized by acute and chronic changes
in the myocardium, pericardium, coronary vasculature, valvular
apparatus and the conduction system. The pathophysiology
shares several common pathways and mechanisms that
ultimately lead to a progressive decline in left ventricular (LV)
diastolic and systolic function and cause symptoms of heart
failure (Figure 2).

Central to the RT-induced myocardial injury is the vascular
endothelial cell damage, occurring within minutes of ionizing
radiation and leading to an acute inflammatory response (8).

The acute pro-inflammatory milieu is a potent initiator of
fibrosis (9). Fibroblasts are recruited from many different sources,
resulting in collagen deposition and endothelial cell proliferation.
In addition, radiation changes the biology of pro-fibrotic cells,
inducing premature differentiation of fibroblasts, which are five
to eight times more active in the production of interstitial
collagens than progenitor fibroblasts (10). The inflammatory
pathway is likely the predominant pro-fibrotic mediator, but
other mechanisms like chronic oxidative stress and altered gene
expression contribute significantly (8, 11). Progressive fibrosis
of the myocardium leads to a decrease in capillary density and
increased myocardial stiffness, resulting first in diastolic and later
in systolic myocardial dysfunction.

Acute inflammatory changes involving the pericardium may
cause acute pericardial effusion (12). Ensuing local ischemia
leads to tortuous and permeable neovascularization, leading to
accumulation of fibrin-rich pericardial exudate (8). In addition,
fibrosis of the venous and lymphatic channels in the heart
decreases the ability to drain extracellular fluid. Fibrinous
exudates are later replaced by fibroblasts laying down collagen,
leading to long-term fibrosis of the pericardium. These changes
can manifest as chronic pericardial effusion and constrictive
pericarditis (2).

Radiation exposure affects as well the coronary vascular
bed. The initiation of RT-induced injury is similar to that
of the myocardium—the radiation damages the endothelial
cells, which respond with inflammatory markers and adhesion
molecules to recruit peripheral leukocytes (8). Once monocytes
enter the subendothelial space, they transform into activated
macrophages, ingest lipids and form fatty streaks in the intima.
Late proliferation of myofibroblasts can further facilitate the
growth of these luminal-narrowing lesions. In general, the
pathologic changes observed after RT are morphologically similar
to the atherosclerotic disease. However, lesions tend to be longer,
more concentric and typically affect the ostia of major coronary
arteries (13).

The hallmarks of RT-induced valvular heart disease are
thickening, fibrosis and calcification of the valve apparatus
(2). RT predominantly affects the left-sided valves and
regurgitant lesions are more common than stenotic. However,
the mechanism of valvular injury is less well characterized. No
changes indicative of chronic inflammation or neovascularization
were found on the valve leaflets with histopathology, suggesting
that another RT-related mechanism drives the valvular
pathology (14).

MULTIMODALITY CARDIOVASCULAR
IMAGING IN RADIOTHERAPY-INDUCED
CARDIAC INJURY

Echocardiography
Echocardiography is the first-line imaging modality to assess
cardiotoxicity in cancer patients. Owing to its wide availability
and accessibility, low-risk profile, and ability to assess systolic
and diastolic function, valvular pathophysiology, and pericardial
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FIGURE 1 | Deep inspiration breath hold (DIBH) radiotherapy for left-sided breast cancer. (A) Axial computed tomography slices with radiotherapy plan at the same
level of the breast in free breathing (left) and DIBH (right). The distance between the heart and the breast is greater in DIBH, minimizing the radiation of the heart.
(B) Fusion image of the free breathing (red color) and DIBH (green color) computed tomography scan.

disease, it is ideal technique for screening and diagnosing RT-
related cardiovascular toxicity (6).

Traditionally, LV ejection fraction (LVEF) is the gold standard
to assess global systolic function. More than 10 percentage points
decrease in LVEF to a value below the lower limit of normal [54%
for women and 52% for men according to the current European
and American recommendations (15)] has been recommended
as a cutoff to diagnose cardiotoxicity (16, 17). The 2D biplane
Simpson method is the most commonly employed technique,
however, it may struggle with image quality (common after RT
or mastectomy) and has relatively high inter- and intra-observer

variability (18, 19). LV contrast agents may improve image quality
and should be used whenever two or more LV segments are
not adequately visualized in the apical views (15, 20). Three-
dimensional (3D) echocardiography has better reproducibility
(19) and should be used in LVEF calculation when available
(16, 17).

Myocardial deformation imaging with tissue Doppler and
2D speckle-tracking echocardiography provides incremental
value for the assessment of LV function in cancer patients.
Global longitudinal strain (GLS) is the most commonly used
deformation parameter and a 15% relative reduction in GLS or
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FIGURE 2 | Pathophysiology of radiotherapy-induced cardiotoxicity.

absolute reduction below −18% suggest cardiotoxicity (16, 17).
Several studies have shown that a reduction in GLS is more
sensitive than LVEF to evaluate subtle myocardial dysfunction
associated with modern RT strategies (Figure 3) (21–24). Erven
et al. (21) studied tissue Doppler strain imaging in 75 breast
cancer patients (51 left-sided and 24 right-sided) before RT,
immediately after RT and at 8 and 14 months after RT (all patients
also received anthracycline- and taxane-based chemotherapy
before RT). In contrast to the LVEF, which did not change
over time, GLS in patients with left-sided breast cancer declined
immediately after RT and remained impaired during follow-
up (−17.5 ± 1.9% after RT, −16.6 ± 1.4% at 8 months, and
−17.7 ± 1.9% at 14 months compared to −19.4 ± 2.4% before
RT, P < 0.01). No decline in GLS was observed in patients
with right-sided breast cancer. When comparing the segmental
strain values, the strain of the anterior LV wall receiving the
highest radiation dose was significantly reduced, while the strain
of the inferior LV wall receiving the lowest radiation dose did
not change. Similar findings were confirmed in breast cancer
patients receiving RT without concomitant chemotherapy (22–
25). Tuohinen et al. (22) observed a decrease in GLS with speckle-
tracking echocardiography as early as 3 days after completion of
RT. The changes persisted at 3-year follow-up, when a relative
reduction in GLS of more than 15% was present in 27% of
patients. Interestingly, while studies with shorter follow-up (up to
1 year after RT) found no changes in LVEF (23, 24), the authors
observed as well a significant decline in LVEF (59% at 3-year
follow-up vs. 65% at baseline, P < 0.001) (22).

Furthermore, the segmental strain analysis demonstrated that
variability in dose distribution across the heart plays an important

role in cardiotoxicity. Breast cancer patients had the greatest
reductions in myocardial strain in the anterior wall followed
by the anteroseptal and the anterolateral walls with a base-
to-apex gradient and this was correlated with the segmental
distribution of the received radiation dose (25). Moreover,
multi-layer strain analysis showed that RT primarily affects the
endocardial layer (26). However, it should be noted that not all
studies have confirmed these findings. Yu et al. (27) found no
change in GLS in breast cancer patients 6 months after RT and
Heggemann et al. (28) found only a transient decrease in GLS at
6 and 12 months, followed by an increase to baseline values at
24 months after RT.

A population-based study has shown that the predominant
form of heart failure after contemporary RT for breast cancer
is heart failure with preserved ejection fraction (LVEF ≥ 50%),
implying impaired LV diastolic function (29). This has been
linked with autopsy findings of increased myocardial fibrosis
(14). However, most echocardiographic studies evaluating RT
toxicity in breast cancer patients failed to show significant
impairment in traditional echocardiographic diastolic function
parameters, i.e., mitral inflow and tissue Doppler annular
velocities (21–23). Despite the lack of clear prognostic value,
the joint European and American recommendations advocate
comprehensive assessment of diastolic function in patients
receiving cancer therapy (20, 30). Moreover, contemporary
studies have shown impaired early and late global diastolic
strain rate 6 weeks after RT (31) and impaired early diastolic
strain rate in apical and anteroseptal segments at 3-year
follow-up (32). Changes in the apical early diastolic strain
rate were present even in patients with preserved GLS and

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2022 | Volume 9 | Article 887705444

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-887705 July 22, 2022 Time: 14:57 # 5

Podlesnikar et al. Multimodality Imaging in Radiotherapy-Induced Cardiotoxicity

FIGURE 3 | 62-year-old patient with breast cancer undergoing chemotherapy with anthracyclines and radiotherapy. (A) Baseline echocardiogram, showing normal
LVEF and GLS. (B) Follow-up echocardiogram 3 months after completion of therapy—the LVEF was still normal, but a 17% relative reduction in GLS revealed
cardiotoxicity. GLS, global longitudinal strain; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic
volume.

were independently associated with RT dose and cardiovascular
comorbidities (32).

Right ventricular (RV) abnormalities may also occur in
oncological patients, however, much less is known about RV
than LV impairment (20). Christiansen et al. (33) studied
246 childhood cancer survivors (malignant lymphoma or acute
lymphoblastic leukemia) 21.7 ± 8.1 years after diagnosis, who
had been exposed to chemotherapy, mediastinal RT, or both.
Compared with 211 matched controls, there were no differences
in RV diastolic dimensions but the mean measures of RV function
were all lower in the survivors group: fractional area change (44.5
vs. 48.6%, P < 0.001), tricuspid annular plane systolic excursion
(2.24 vs. 2.49 cm, P < 0.001), peak systolic tricuspid annular
velocity (12.1 vs. 13.0 cm/s, P = 0.001), and RV free wall strain
(−26.5 vs. −28.4%, P < 0.001). Signs of RV systolic dysfunction
were 3 times more often in patients with concomitant LV
dysfunction. These findings were confirmed in another cohort of
274 adult lymphoma survivors examined with echocardiography
13 ± 6 years after diagnosis (34). After multivariate adjustments,
all parameters of RV systolic function were impaired in patients
treated with high-dose cardiac RT compared with the patients
receiving only chemotherapy. However, RV dysfunction was less
common than LV dysfunction (6.2% vs. 30.8%, respectively;
P < 0.001) and the majority of patients with RV dysfunction
were asymptomatic, leading the authors to conclude that RV
dysfunction is most likely of subclinical importance. Impaired
global and free wall RV strain was observed in 128 patients
with non-small lung cell carcinoma 6 months after receiving
chemo- and RT (35). Both strain indices correlated with the mean
radiation dose and in multivariate analysis RV free wall strain
was an independent predictor of all-cause mortality. Impaired RV
function after RT was also demonstrated in patients with breast
cancer (36).

Echocardiography is also an excellent method to diagnose
valvular heart disease. The echocardiographic characteristics

of RT-induced valve disease include fibrosis and calcification
of the aortic root, aortic valve annulus and leaflets, mitral
valve annulus, and the base and mid-portions of the mitral
valve leaflets (2, 20). Typically, the mitral valve tips and the
commissures are less affected. Several studies have found
high prevalence of asymptomatic valvular heart disease
following high-dose mediastinal irradiation for Hodgkin
lymphoma (4, 37, 38). Mild or greater aortic regurgitation
was the most prevalent condition, occurring in 38–60% of
patients (37, 38). Pericardial disease after modern RT is
nowadays rare, however, echocardiography is well equipped
to diagnose pericardial thickening, pericardial effusion and
characteristic hemodynamic features of constrictive pericarditis
(2, 20). Furthermore, stress echocardiography (ether exercise,
dobutamine or vasodilator) is an important method to diagnose
functionally significant coronary artery disease as a consequence
of RT (2, 20).

Table 1 summarizes the most important echocardiographic
studies to detect RT-induced cardiotoxicity.

Cardiovascular Computed Tomography
Cardiovascular CT provides detailed cross-sectional anatomical
imaging of the chest with a powerful depiction of coronary,
pericardial, myocardial, and vascular anatomy. It includes non-
contrast CT, highly sensitive for calcified tissues, and CT
angiography (CTA), where cardiac cavities and vessels are
distinguished from the surrounding tissues by contrast medium
opacification. The acquisition and reconstruction of images
must be synchronized to the ECG to obtain robust motion-
free images of moving structures like coronary arteries. The
main disadvantages of CT are the ionizing radiation (effective
dose in the range of < 1–12 mSv, depending on the scanning
protocol), the need for iodine-containing contrast media, and
the susceptibility to arrhythmias and breath-hold motion artifacts
(39–41).
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TABLE 1 | Echocardiographic studies to detect RT-induced cardiotoxicity.

Study Cancer type Therapy No. of patients Main findings

Erven et al. (21) Breast cancer RT + CTx 75 GLS in left-sided breast cancer declined immediately after
RT and remained impaired during 14-month follow-up. No
change in LVEF.

Tuohinen et al.
(22)

Breast cancer RT 81 A significant reduction in LVEF and GLS 3 years after RT.
27% of patients had > 15% relative reduction in GLS.

Trivedi et al.
(23)

Breast cancer RT 40 A significant reduction in GLS and LV S’ velocity at
12 months after RT, no change in LVEF.

Walker et al.
(24)

Breast cancer RT 79 A > 10% relative reduction in GLS 6 months after RT was
associated with RT dose (LV volume exposed to ≥ 20 Gy).

Trivedi et al.
(25)

Breast cancer RT 61 Impaired segmental longitudinal strain correlated with
segmental distribution of the received radiation dose.

Walker et al.
(26)

Breast cancer RT 64 Longitudinal strain after RT decreased primarily in the
endocardial layer.

Yu et al. (27) Breast cancer RT + CTx 47 No change in GLS, GCS, and GRS at 6 months after RT.

Heggemann
et al. (28)

Breast cancer RT ± CTx 49 A decrease in GLS at 6 and 12 months after RT, followed
by a return to baseline values at 24 months after RT.

Saiki et al. (29) Breast cancer RT ± CTx 170 The predominant form of HF after contemporary RT was
HFpEF. The relative risk of HFpEF increased with increasing
cardiac radiation exposure.

Sritharan et al.
(31)

Breast cancer RT 40 Impaired early and late global diastolic strain rate 6 weeks
after RT. No change in traditional diastolic parameters.

Tuohinen et al.
(32)

Breast cancer RT 60 Impaired early global diastolic strain rate in apical and
anteroseptal segments 3 years after RT, even in patients
with preserved GLS.

Christiansen
et al. (33)

Childhood cancer RT and/or CTx 246 Impaired RV systolic function (FAC, TAPSE, S’ velocity, free
wall strain) at 21.7 years after therapy compared to
matched controls.

Murbraech
et al. (34)

Lymphoma CTx ± RT 274 Impaired RV systolic function (FAC, TAPSE, S’ velocity,
global and free wall strain) at 13 ± 6 years after therapy
among patients treated with high-dose cardiac RT
compared to patient receiving chemotherapy alone.

Chen et al. (35) Non−small cell lung cancer RT + CTx 128 A significant reduction in RV global and free wall strain 6
month after therapy. RV free wall strain was independent
predictor of all-cause mortality.

Tuohinen et al.
(36)

Breast cancer RT 49 A significant reduction in TAPSE immediately after RT.

CTx, chemotherapy; FAC, fractional area change; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; HF, heart failure; HFpEF,
heart failure with preserved ejection fraction; LV, left ventricular; LVEF, left ventricular ejection fraction; RT, radiotherapy; RV, right ventricular; TAPSE, tricuspid annular plane
systolic excursion.

Cardiovascular CT can be used to assess cardiac chamber
dimensions, mass, LV, and RV ejection fraction with good
accuracy and reproducibility compared to CMR (42). The
temporal resolution in the range of 100 ms allows the evaluation
of regional wall motion abnormalities (43), but at the expense of
higher radiation dose needed to acquire the whole cardiac cycle.
Thus, cardiovascular CT is not the first-choice imaging technique
for serial assessment of LV and RV function in suspected RT-
induced heart failure. It is used only when echocardiography or
CMR are not available.

Cardiovascular CT is a powerful tool to screen for coronary
artery disease. To identify calcium deposits in coronary
vasculature and to assess the coronary artery calcium (CAC)
score, a low radiation dose ECG-gated non-contrast CT
scan is performed (Figure 4A) (44). A CAC score predicts
atherosclerotic cardiovascular events in a graded fashion,
independent of other risk factors, such as age, sex, and ethnicity,

and it can identify patients who may benefit from primary
prevention measures (45, 46). Non-ECG gated chest CT is
routinely performed for chest radiation planning and cancer
staging. Although its diagnostic accuracy is lower than the
triggered examination, it can reliably detect CAC burden (47,
48). In a population of 939 female breast cancer patients
treated with RT, a CAC score ≥ 100 on radiation planning
CT was associated with increased incidence of acute coronary
events over a 9-year follow-up compared to patients with a
CAC score of 0 (hazard ratio 4.95, 95% confidence interval
1.69–14.53, P = 0.004) (47). The relationship was significant
even after correcting for confounding factors such as age,
cardiovascular risk factors, and mean heart dose. CAC score
was a better predictor of all-cause mortality and cardiac events
than Framingham risk score in another study with breast
cancer patients (49). The international cardio-oncology society
consensus statement on therapeutic radiation recommends
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reviewing available chest CT scans (acquired before or after
RT) for the presence of coronary and aortic calcifications to
improve cardiovascular risk stratification and guide therapy
(statin and/or aspirin use) (50). However, the CAC score
threshold (>0, > 10, > 100) that should prompt initiation of
cardioprotective therapy is not known.

While CAC scans are limited to identifying coronary calcium
deposits, coronary CTA depicts complete coronary anatomy,
including non-calcified plaques, but at the expense of slightly
higher radiation dose and the use of contrast agents (Figure 4B).
Coronary CTA has an excellent negative predictive value in
detecting coronary artery disease (51). CTA guided patient
care was superior to standard care in reducing cardiovascular
death and myocardial infarction among patients with stable
chest pain during 5-year follow-up (52). It is unknown whether
patients after RT have a higher risk of non-calcified plaque,
in which case coronary CTA would be preferred over CAC
for screening (50). The international cardio-oncology society
recommends screening for coronary artery disease either with
CAC, coronary CTA or functional stress testing in patients with
prior chest irradiation without documented atherosclerosis at
5-year intervals (50). In an asymptomatic patient already on
optimal preventive therapy, repeated screening is not warranted
as it would unlikely change the management (50).

Cardiovascular CT is a valuable tool to identify pericardial
complications of chest RT (53). Normal pericardium appears on
CT as a thin hyperdense layer less than 3 mm thick. Since it is
surrounded by low attenuated fat, pericardium can be visualized
even without contrast. However, contrast media are essential in
differentiating pericardial thickening from small effusion and
to identify inflammation. Although rare nowadays, thickening
of the pericardium with increased attenuation and pericardial
effusion are the hallmarks of acute radiation-induced pericarditis.
CT can distinguish between serous transudates [typically with
attenuation < 10 Hounsfield units (HU)], non-serous exudates
with attenuation 20–40 HU and hemorrhagic effusions with
attenuation 40–60 HU (54). With specific CT findings such
as pericardial thickening, calcifications, narrowing or tubular
deformation of the RV, large atria, and venous congestion, CT can
raise suspicion of constrictive pericarditis.

Cardiovascular CT has a vital role in evaluating aortic,
valvular and myocardial calcifications. In patients requiring
cardiac surgery, preoperative assessment of mediastinal fibrosis
and aortic calcifications is essential to determine the suitability
of a surgical approach and the site of aortic cross-clamping (55).
Significant valvular and/or annular calcifications may present
high-risk features for surgical or transcatheter valve procedures.
The European guidelines for the management of valvular
heart disease favor transcatheter aortic valve implantation to
surgical valve replacement in patients with sequelae of chest
radiation (56). In patients undergoing coronary artery bypass
graft surgery after RT involving the subclavian artery and/or
internal mammary artery (i.e., patients with breast cancer
receiving regional nodal irradiation) and in whom the latter is
being contemplated as a bypass graft, CTA is recommended to
evaluate subclavian artery stenosis and internal mammary artery
patency (50).

Cardiovascular Magnetic Resonance
CMR is a relatively new cardiac imaging technique that has
witnessed major technical advancements, application to a broad
range of cardiovascular diseases, as well as incorporation into
consensus statements and clinical practice guidelines in the last
2 decades (57). CMR combines the advantages of tomographic
and functional imaging modalities. Due to its high spatial and
temporal resolution, excellent contrast between myocardium
and blood pool and high reproducibility it has evolved as
a gold standard for the assessment of ventricular volumes
and systolic function. Furthermore, CMR allows myocardial
tissue characterization, blood flow analysis, myocardial perfusion
assessment, and provides information on extracardiac findings.
This makes CMR a very useful technique to assess cardiotoxicity
after cancer therapy. The main limitations to wider clinical
application of CMR are its limited availability and relatively
high cost. Furthermore, it is contraindicated in patients
with severe renal impairment, metal implants and medical
devices (e.g., certain implantable cardioverter-defibrillators,
pacemakers), claustrophobia, and anxiety attacks. Moreover, the
inability to carry out repeated breath holds and the presence
of arrhythmias might represent additional problems to acquire
high-quality data.

Cardiovascular Magnetic Resonance Techniques to
Evaluate Cardiotoxicity
T1- and T2-weighted anatomical images in the axial, coronal,
and sagittal planes provide basic morphological data regarding
cardiothoracic structures. In RT-induced cardiac disease
pericardial thickening or pericardial effusion might be found. In
addition, extracardiac findings of interest might be diagnosed
(e.g., metastatic foci).

Cine balanced steady-state free precession images in multiple
views allow essential functional and anatomical evaluation of
cardiac chambers, including measurements of LV and RV
volumes, ejection fraction and mass, as well as the assessment
of segmental wall motion abnormalities, valve anatomy and
pericardium (Figure 5A) (58).

T2-weighted short tau inversion recovery and bright blood
T2-weighted sequences are most commonly used to evaluate
myocardial edema (58).

Late gadolinium enhancement (LGE) is considered the gold
standard for non-invasive evaluation of myocardial fibrosis
(58). About 10–20 min after gadolinium-based contrast agent
injection, the difference in contrast washout between the normal
and abnormal myocardium can be visualized so that the normal
myocardial appears black and areas of fibrosis appear white
(58). However, LGE is sensitive to any kind of extracellular
volume expansion and delayed contrast washout might as well
be present in myocardial edema or other extracellular deposits
(e.g., amyloidosis). The pattern and distribution of LGE can
imply ischemic or non-ischemic etiology of myocardial disease
(Figure 5B) (59, 60).

Novel CMR sequences for detection of myocardial
inflammation, edema and fibrosis allow quantification of changes
in T1 and T2 relaxation times and computation of extracellular
volume (ECV) (Figure 5C) (60, 61). These techniques can
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FIGURE 4 | Young patient treated with radiotherapy for Hodgkin lymphoma in childhood with premature atherosclerosis. (A) A non-contrast computed tomography
scan, used for the assessment of coronary artery calcium score, showed calcinations in the proximal left anterior descending coronary artery (red arrow).
(B) Coronary computed tomography angiography revealed a non-obstructive vulnerable plaque (red arrow).

FIGURE 5 | Cardiovascular magnetic resonance techniques to evaluate cardiotoxicity. (A) Balanced steady-state free precession cine image in breast cancer patient
demonstrating large pericardial effusion next to the lateral wall of the left ventricle (yellow arrow). (B) Late gadolinium enhancement image, showing linear midwall
myocardial fibrosis (yellow arrowheads), indicating non-ischemic dilated cardiomyopathy. In addition, the anterior and inferior right ventricular insertion point fibrosis is
present (red arrowheads), which is a non-specific finding. (C) Native T1 image, allowing T1 measurements in any desired myocardial area of interest (white ellipse in
the ventricular septum). (D) Feature-tracking strain image, showing impaired longitudinal strain in the apex and apical inferior wall (red color), consistent with apical
myocardial infarction.
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detect diffuse processes involving the entire myocardium,
unlike the standard edema and LGE techniques, which rely
on signal intensity differences between normal and diseased
myocardium. Furthermore, direct quantification improves
diagnostic confidence and intra- and inter-observer variability
(62). In the setting of myocardial inflammation/edema, T2
mapping is the most sensitive parameter (62). Increased native
T1 values can reflect both edema and fibrosis, while ECV is the
most sensitive parameter to detect myocardial fibrosis.

Several CMR techniques have been developed in the past
to analyze myocardial deformation, e.g., myocardial tagging,
displacement encoding with stimulated echoes, strain-encoded
imaging. Their main shortcoming was the need for special scan
sequences. Recently, feature-tracking CMR has been developed,
which is based on tissue tracking algorithm applied to standard
cine images during postprocessing, similar to speckle-tracking
echocardiography (Figure 5D) (63). LV strain (and strain rate)
can be measured in all three directions of cardiac motion—
longitudinal, circumferential, and radial. Feature-tracking CMR
has been increasingly utilized in various cardiac diseases and
has shown incremental prognostic value to common clinical and
CMR imaging risk factors, including LVEF and LGE (64–67).

Radiotherapy-Induced Cardiotoxicity With
Cardiovascular Magnetic Resonance—Current
Evidence
CMR has been increasingly utilized in cardio-oncology research
trials (Table 2). van der Velde et al. (68) studied 80 lymphoma
survivors at 20 ± 8 years after mediastinal RT (median dose
36 Gy, 88% of patients also received anthracyclines), and results
were compared with 40 healthy control subjects matched for
age and sex. Significantly lower LVEF (53 ± 5% vs. 60 ± 5%;
P < 0.001) and LV mass (47 ± 10 g/m2 vs. 56 ± 8 g/m2; P < 0.001)
were found in lymphoma survivors. Global LV longitudinal,
circumferential and radial strain with feature-tracking CMR
were reduced compared to healthy controls. LGE was present
in 11% of the survivors (5% myocardial infarction pattern, 6%
non-ischemic pattern) and the native T1, indicative of diffuse
myocardial fibrosis, was significantly increased compared to
healthy controls (980 ± 33 ms vs. 964 ± 25 ms; P = 0.007).

Heggemann et al. (28) have studied 49 patients with left-sided
breast cancer treated with 3DCRT or IMRT. Twenty patients
also received concomitant chemotherapy. The mean heart dose
was 4.5 ± 2.4 Gy for 3DCRT and 12.9 ± 3.9 Gy for IMRT
and the heart volumes receiving > 40 Gy were 2.6 and 1.3%,
respectively. Patients underwent serial CMR evaluation before
RT and at 6, 12, and 24 months after RT. A transient decrease
in LVEF was observed on 6-month CMR (59% vs. 63% at
baseline, P = 0.005), resolving at 24 months. No wall motion
abnormalities and no LGE were found. Similarly, Bergom et al.
(69) find no correlation between the mean heart irradiation dose
(4.8 Gy, range 1.1–11.2 Gy) and CMR-derived LV dimensions,
LVEF, LV mass, GLS and ECV in 20 breast cancer patients at
8.3 years after anthracycline chemotherapy and regional nodal
irradiation with 3DCRT.

Umezawa et al. (70) have studied myocardial fibrosis with
LGE CMR in 24 esophageal cancer patients treated with RT.

In all patients LV was partially involved in the irradiation
field and at a median of 2 years after curative RT (median
total dose 66 Gy) LGE was found in 50%. LGE was mid-
myocardial (indicating non-ischemic injury) in 11 patients and
subendocardial (indicating ischemic injury) in 1 patient. In
myocardial segments exposed to > 40 Gy and > 60 Gy irradiation
dose LGE was detected in 15.4 and 21.2%, respectively, while
no LGE was found in LV segments outside the radiation field.
The study unequivocally demonstrated the association between
myocardial tissue injury and high heart irradiation doses.

Tahir et al. (71) studied cancer therapy-related cardiotoxicity
in 39 breast cancer patients who received anthracycline
chemotherapy and 27 patients who underwent left-sided RT
(mean heart dose was 2 ± 2 Gy). Patients receiving anthracycline
chemotherapy showed a transient increase in native T1 and
T2 values at 2 ± 2 weeks after completion of chemotherapy
compared to baseline (1,293 ± 34 ms vs. 1,244 ± 29 ms for
native T1, P < 0.001; and 48 ± 3 ms vs. 45 ± 3 ms for T2,
P < 0.001), indicating myocardial edema. Both native T1 and T2
returned to baseline values approximately 1 year after completion
of therapy. In contrast, patients undergoing left-sided RT did not
show increased T1 or T2 values neither immediately after RT nor
at 1-year follow-up. Both groups also had normal ECV values at
1-year follow-up.

Foulkes et al. (72) studied 20 pediatric cancer survivors treated
with anthracycline chemotherapy with or without concomitant
RT with exercise CMR using a CMR compatible ergometer
4.4 years after diagnosis. Twelve (60%) patients had reduced
peak oxygen consumption (VO2; defined as < 85% age-predicted
values) and despite having similar resting cardiac function in
terms of LVEF and GLS (with feature-tracking) compared to
their counterparts with normal peak VO2, they demonstrated
reduced cardiac reserve on exercise CMR. Their maximum
cardiac index was less than in patients with normal peak VO2
(6.8 ± 1.2 L/min/m2 vs. 9.0 ± 1.6 L/min/m2, respectively;
P = 0.003) and increased mainly due to the increase in the heart
rate, while their maximum stroke volume index was markedly
reduced (44 ± 9 mL/m2 vs. 60 ± 15 mL/m2, respectively;
P = 0.007).

Nuclear Cardiology
Nuclear cardiology imaging techniques, including multigated
radionuclide angiography, single-photon emission computed
tomography (SPECT) and positron emission tomography (PET),
have been used to assess cardiac disease in cancer survivors
(16, 73). ECG-gated protocols, either by myocardial perfusion
or blood pool techniques, can give accurate and reproducible
measurements of cardiac chamber volumes and ejection fraction
and are still considered a reference standard for the assessment of
LV function in the setting of cardiotoxicity (16, 74). The recently
introduced SPECT with cadmium-zinc-telluride cameras, which
allow superior spatial resolution with a low-dose radiation, has
demonstrated usefulness in LV diastolic function (75, 76) as well
as LV deformation and dyssynchrony (77) assessment. Moreover,
123I-metaiodobenzilguanidine (123I-mIBG) imaging represents
the reference for non-invasive evaluation of cardiac adrenergic
nervous function and has proven useful in the subclinical cardiac
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TABLE 2 | CMR studies to detect RT-induced cardiotoxicity.

Study Cancer type Therapy No. of patients CMR technique Main findings

van der Velde
et al. (68)

Lymphoma RT ± CTx 80 Cine, LGE,
feature-tracking, T1

mapping

Reduced LVEF, LV mass, GLS, GCS, GRS, higher native T1
and 11% prevalence of LGE at 20 ± 8 years after therapy.

Heggemann
et al. (28)

Breast cancer RT ± CTx 49 Cine, LGE A decrease in LVEF at 6 months after RT, followed by a
return to baseline at 24 months after RT. No LGE.

Bergom et al.
(69)

Breast cancer RT + CTx 20 Cine, LGE,
feature-tracking, T1

mapping

No correlations between whole heart doses and LVEF, LV
dimensions, LV mass, GLS and ECV 8.3 years after therapy.

Umezawa et al.
(70)

Esophageal cancer RT ± CTx 24 LGE LGE (mainly non-ischemic) was detected in 50% of patients
at 23.5 months after RT. LGE was present in 15.4 and
21.2% myocardial segments exposed to > 40 Gy
and > 60 Gy, while no LGE was found outside radiation
field.

Tahir et al. (71) Breast cancer RT or CTx 66 Cine, LGE,
feature-tracking,
T1, T2 mapping

No changes in conventional parameters, strain, T1 and T2
values immediately after RT and at 1-year follow-up in the
RT group. A transient increase in native T1 and T2 values at
2 ± 2 weeks in the CTx group.

Foulkes et al.
(72)

Childhood cancer CTx ± RT 20 Cine, feature
tracking, exercise

CMR

Reduced cardiac reserve and attenuated stroke volume
increase on exercise CMR in 60% of patients 4.4 years after
diagnosis.

CMR, cardiovascular magnetic resonance; ECV, extracellular volume; LGE, late gadolinium enhancement. Other abbreviations as in Table 1.

damage assessment as well as in the prognostication of patients
with chronic heart failure (78). However, similar to the CT,
the main limitation of nuclear imaging is radiation exposure,
which ranges between 2 and 8 mSv for SPECT imaging (41) and
makes the technique less suitable for serial follow-up of patients
receiving cardiotoxic therapies.

Myocardial perfusion imaging with SPECT can provide
valuable information on inducible ischemia and myocardial
viability (Figure 6). A 14–60% incidence of inducible or new
resting perfusion defects with SPECT has been reported in
patients with Hodgkin lymphoma, breast and esophageal cancer
receiving RT (79–81). Interestingly, a much lower incidence (6–
10%) of wall motion abnormities has been described in the
same patient cohorts (80, 82). When correlated with coronary
angiography findings in Hodgkin lymphoma survivors, perfusion
defects with SPECT were associated with a similar sensitivity
and much lower specificity to detect 50% coronary artery vessel
stenosis (sensitivity 65%, specificity 11%) compared to wall-
motion abnormalities with stress echocardiography (sensitivity
59%, specificity 89%) (80). These high false-positive rates of
the perfusion defects with SPECT have been attributed to
microvascular dysfunction; however, this has not been confirmed
with invasive testing.

Myocardial perfusion imaging with PET, most commonly
performed with radiotracers 82Ru or 13NH4, offers several
advantages over SPECT, including increased spatial and temporal
resolution and reliable quantification of absolute myocardial
blood flow. PET with 18F- fluorodeoxyglucose allows assessment
of myocardial inflammation and viability (83). PET with 18F-
NaF can identify high-risk coronary atherosclerotic plaques by
detecting active calcification processes (84). However, the main
disadvantage to wider application of PET is its high cost and low
availability, as most of the currently available radiotracers require
an on-site cyclotron for their production. With development

of new and more stable radiotracers that would target multiple
pathophysiological processes, PET offers a great potential for
early detection of RT-induced cardiotoxicity.

GAPS IN KNOWLEDGE AND FUTURE
PERSPECTIVES

Despite the progress in recent years, our knowledge about RT-
induced cardiotoxicity is incomplete. The role of multimodality
cardiac imaging to address some of the key questions is discussed
in the following section.

Cardiotoxicity With Modern
Radiotherapy Techniques, the Existence
of Minimal Safe Dose
Large-population studies involving patients with breast cancer
and Hodgkin lymphoma have shown a clear dose-effect
relationship with adverse cardiac events with no apparent
threshold (3, 85, 86). The risk for coronary heart disease
increased by 7–16.5% per each Gy increase in the mean heart
dose, both with old and modern RT techniques (3, 85, 86).
A 10, 30, 40, and 116% percentage increases in the rate of
major coronary events were demonstrated in women with breast
cancer and mean radiation dose to the heart < 2, 2–4, 5–9,
or > 10 Gy, respectively (3). On the other hand, some of the
recent studies with modern cardiac imaging techniques have
failed to demonstrate significant myocardial injury, questioning
the actual cardiotoxicity of modern RT regimens (27, 28, 69, 71).
However, there were several important differences between the
outcome and the imaging studies. First, the number of patients
included in the outcome studies was between 900 and 2,700
compared to < 100 patients in the imaging studies. Furthermore,
patients were followed for at least 10 years in the outcome vs. at
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FIGURE 6 | Single-photon emission computed tomography (SPECT) for the assessment of myocardial ischemia and viability. 47-year-old male with a history of
Hodgkin lymphoma, treated with radiotherapy and chemotherapy, was diagnosed with regional wall motion abnormalities in the inferior left ventricular wall during
regular echocardiographic surveillance and was referred for SPECT. A fixed perfusion defect in the basal and mid inferoseptal, inferior and inferolateral left ventricular
segments was found on SPECT with a summed stress and rest score equal to 16 (summed difference score 0). Findings were consisted with a silent myocardial
infarction, characterized by non-viable myocardium in the right coronary artery perfusion territory.

maximum 2 years in the imaging studies. Therefore, to provide a
clear answer about the cardiotoxicity of modern RT regimens and
the existence of a potential minimal safe dose, we need additional
studies in which large number of patients with different thoracic
malignancies will be followed clinically and with modern imaging
techniques for longer periods of time.

Importance of a Specific Cardiac
Substructure Radiation
The RT-induced cardiovascular disease also depends on the type
and localization of the thoracic tumor and the dose received
by a specific cardiac substructure might be more important for

the development of cardiac disease than the mean heart dose
(6). In a contemporary study of breast cancer patients treated
with RT, the volume of the LV receiving 5 Gy was the most
important prognostic dose-volume parameter for the occurrence
of acute coronary events (85). Mid and distal left anterior
descending coronary artery and distal diagonal branch receive
the highest radiation doses with 3DCRT of left-sided breast
cancer, and a direct link between these areas and the location
of coronary stenoses has been demonstrated (87). Furthermore,
several imaging studies have shown that regional myocardial
injury correlated with the radiation dose distribution (21, 25, 32,
70). Therefore, future RT studies should focus also on the local
cardiotoxic effects.
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Best Imaging Parameter to Detect and
Monitor Radiotherapy-Induced
Cardiotoxicity
Several studies have tried to elucidate the best imaging
parameters to predict cardiotoxicity in patients after chest
RT. Armstrong et al. (88) have compared 2D and 3D
echocardiography with CMR in 114 adult survivors of childhood
cancer at a median of 28 years after the exposure to
anthracycline chemotherapy and/or chest RT. Mean LVEF with
2D echocardiography was on average 5% higher than with CMR
and 3D echocardiography. CMR demonstrated better sensitivity
to detect LV systolic dysfunction, i.e., the sensitivity for detection
of LVEF < 50% was only 25% with 2D echocardiography and 53%
with 3D echocardiography (using CMR as a reference standard).
The authors concluded that CMR might be indicated for
additional cardiac assessment in high-risk cancer survivors, i.e.,
patients with LVEF 50–59% on 2D echocardiography. Lambert
et al. (19) studied the feasibility of several echocardiographic
(2D and 3D LVEF, GLS, global circumferential strain) and
CMR (LVEF, GLS, and global circumferential strain with
feature-tracking) parameters to detect cardiac dysfunction in
breast cancer patients treated with chemotherapy and RT. The
3D LVEF and GLS with echocardiography as well as CMR-
derived LVEF showed the largest temporal changes in patients
who developed cancer therapeutics-related cardiac dysfunction
compared with cancer patients without cardiac dysfunction and
healthy volunteers (absolute changes in 2D GLS: 1.9, 0.7, and
0.8%; 3D LVEF: 5.2, 2.3, and 1.8%; and CMR LVEF 6.6, 2.7,
and 2.2%, respectively). These 3 parameters also had the lowest
interobserver and intraobserver variability, making them most
suitable for clinical application. Houbois et al. (89) studied
the prognostic value of different echocardiographic and CMR
strain parameters. 2D GLS provided the highest discriminatory
value over baseline clinical risk factors for subsequent cancer
therapeutics-related cardiac dysfunction and was recognized as
the optimal prognostic parameter with 2D echocardiography. In
addition, GLS with feature-tracking CMR provided an additional
prognostic value to CMR-derived LVEF (89). On the other hand,
Altaha et al. (90) questioned the usefulness of CMR parametric
imaging, since the temporal variability for native T1, T2, and ECV
values in cancer patients who developed cancer therapeutics-
related cardiac dysfunction was similar to the temporal variability
in healthy volunteers.

While measuring LVEF and GLS currently represents a
cornerstone in detecting and monitoring RT-induced cardiac
toxicity (16, 17), future studies should provide new insights about
the most sensitive and reliable imaging parameters. Particularly,
the role of CMR parametric imaging should be elucidated as the
T1, T2, and ECV allow us to monitor tissue processes like edema,
inflammation and fibrosis, which are the fundamental processes
in RT-induced cardiac toxicity.

Combined Value of Imaging, Serum, and
Genetic Biomarkers
In addition to imaging biomarkers, blood-based and genetic
biomarkers could help identify patients at higher risk for

cardiovascular complications. Classic cardiac biomarkers such
as N-terminal pro b-type natriuretic peptide, troponin I and
T have been linked to RT-induced cardiotoxicity (21, 91–93).
Several other serum biomarkers, involved in oxidative stress,
inflammation, and vascular remodeling, have also been studied
in patients receiving cancer treatments (92–94) and circulating
microRNAs and extracellular vesicles are tested in ongoing
clinical trials (95). Furthermore, the association between genetic
polymorphisms and the risk of developing cardiovascular disease
after chest RT has been demonstrated (96, 97). However, the
knowledge about the role of genetic variability for the occurrence
of RT-induced cardiotoxicity is limited and further studies are
needed in this field (98). Different biomarkers may reflect
different cardiac complications of RT and the integration of
serum/genetic and imaging biomarkers might serve as a better
predictor of RT-induced cardiotoxicity.

Ongoing Clinical Trials
Several ongoing clinical trials aim to close the gaps in our current
knowledge about RT-induced cardiotoxicity. The CareBest is a
single-center prospective clinical trial, which will enroll over
2,000 breast cancer patients undergoing chemotherapy and RT
(99). The study protocol includes CMR scanning at 3, 6, and
24 months after treatment and the patients will be followed for
4 years. The primary objective is to evaluate the prognostic value
of different CMR parameters (including T1 mapping and strain)
to predict clinical outcome (major adverse cardiac events). In
addition, temporal relationships between myocardial injury and
functional consequences will be studied according to different
treatment regimens (e.g., the choice of chemotherapeutic
agents, targeted therapy agents, and radiation dose). Another
single-center prospective clinical trial will enroll 60 patients
with thoracic cancer (breast, esophagus, or lung) undergoing
curative chest RT with or without chemotherapy (100). Early
cardiotoxicity (1 and 12 weeks after RT) will be studied with
speckle-tracking echocardiography, CMR and serum biomarkers.
The MEDIRAD EARLY HEART is a multi-center, prospective
cohort study including 250 breast cancer patients treated with
primary breast-conserving surgery and RT without neoadjuvant
or adjuvant therapy (95). The RT-induced cardiotoxicity will be
studied with speckle-tracking echocardiography, CMR, coronary
CTA, and circulating biomarkers (including novel markers like
extracellular vesicles and microRNA) at 6 months and 2 years
after RT. We may reasonably assume that these studies will
answer some of the questions raised in this section.

CONCLUSION

Cardiovascular imaging has shown remarkable progress in the
developing field of cardio-oncology, providing highly sensitive
methods for diagnosing cardiotoxicity. LVEF, preferably with
3D echocardiography or CMR, and GLS with speckle-tracking
echocardiography are currently the recommended parameters to
detect RT-induced cardiotoxicity (16, 17). However, several novel
imaging parameters, as well as serum and genetic biomarkers
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are tested in the ongoing clinical trials. One of the key
questions that remains to be elucidated is whether meticulous
monitoring with cardiac imaging improves the outcome of
cancer patients and prevents late complications. Data from the
chemotherapy trials do not support routine administration of
angiotensin receptor blockers or beta blockers to prevent heart
failure (101). Therefore, future studies should try to identify
the subgroups of patients at high risk for cardiotoxicity who
may benefit from cardioprotective therapies. Integration of
clinical, dosimetric, molecular factors and multimodality cardiac
imaging in multifactorial models may provide a platform for
individualized precision-based medical care.
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