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Editorial on the Research Topic
Advanced quantitative indexes in cardiovascular magnetic resonance
imaging
Cardiovascular Magnetic Resonance Imaging (CMRI) is widely utilized for diagnosing

various heart diseases in routine clinical practice, providing information on heart

morphology, function, and myocardial tissue characterization. Furthermore, CMRI

demonstrates its capabilities in disease prognosis and guiding treatment planning,

owing to its non-invasive and radiation-free features, making it applicable for follow-up

studies. With the development of both MRI sequence techniques and image post-

processing algorithms, CMRI has shifted its focus from conventional qualitative

methods to novel quantitative approaches, offering fruitful advanced quantitative

indexes, such as myocardial strain, T1/T2/T2* mapping, hemodynamics, and more.

However, the reliability, accuracy, and, most importantly, the diagnostic and prognostic

value of these advanced quantitative indexes obtained from CMRI still needs further

improvement and exploration. Within the papers collected in this Research Collection,

we see examples of technical/diagnostic/prognostic improvements of these quantitative

methods, demonstrations of potential clinical applications and, reviews that highlight

the current state-of-the-art in this field.

Myocardial strain has proven to be a more sensitive index than Left Ventricular

Ejection Fraction (LVEF) in capturing early changes in heart function (1). Among

various strain analysis methods, Displacement Encoding with Stimulated Echoes

(DENSE) (2) and Feature Tracking (FT) (1, 3) emerge as the two most promising

approaches. Efforts have been dedicated to reducing the scan time of the DENSE

sequence and simplifying its post-processing, making it practical for integration into

clinical routine protocols (4). Meanwhile, the accuracy and reliability of the method is

also important and should be further studied. In this collection, Ghadimi et al. propose

a regularized spatiotemporal least squares method for DENSE image post-processing. It

provides more realistic measurements and improves the accuracy of the strain

calculation from DENSE images. Such improvements can bolster diagnostic confidence

and enhance the diagnostic efficiency for various heart diseases with myocardial
01 frontiersin.org5
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dysfunction. Similarly, the reliability of strain measurements by FT

largely depends on the sequence method used for MR cine

acquisition. The recent adoption of Compressed Sensing (CS) has

significantly accelerated the acquisition time of MR cine

sequences, resulting in reduced breath-hold times and increased

spatial/temporal resolution. Chen et al. investigate the impact of

the strain value derived from both the conventional and CS

based MR cine images. Their study reveals that FT based global

strain analysis shows comparable results between the two

sequences, while segmental strain exhibits remarkable variation

between the two sequences. This suggests there is still room for

improvement in both sequence and post-processing algorithms.

Earl et al. explore the role of various strain analysis methods in

the diagnosis of Duchenne muscular dystrophy, concluding that

among these methods, Deep Learning (DL) holds the most

promise for rapid and automated cardiac strain analysis. With

the application of CS and DL, we anticipate the future will be

characterized by fast, free-breathing imaging, and DL-based

automated strain assessment.

Myocardial tissue characterization using Late Gadolinium

Enhancement (LGE) is another advantage of CMRI. LGE is

known as the gold-standard imaging method for diagnosing

myocardial fibrosis. However, it is a qualitative imaging method

in assessing myocardial tissue injury and is always limited to

global descriptors. Innovatively, Jiang et al. propose an LGE

pattern measurement based on the ratio of LGE to Left Ventricle

(LV) mass, turning the LGE measurement into quantitative

method and demonstrating its ability in prognosing cardiac

function of fulminant myocarditis by categorizing the LGE

images into two distinct patterns. More interestingly, Duchateau

et al. explore a pixel-wise statistical analysis to reveal different

regional lesion patterns in the LGE images, empowering

quantitative diagnosis of subtle differences from the LGE images.

T1 mapping, compared to LGE, is known as a more sensitive

index in the diagnosis of early myocardial changes and is widely

used in clinical routine. Liu et al. show that both strain and T1

mapping offer advantages in detecting early-stage heart

dysfunction in Danon disease. In another study, Jia et al.

investigate myocardial involvement in chronic kidney patients,

revealing that myocardial mapping exhibits higher diagnostic

sensitivity than conventional LV indexes in differentiating

chronic kidney disease stage. The advantage of T1 mapping is

apparent especially in detecting diffuse fibrosis. However, cardiac

and respiratory motion limits its application. Motion free T1

mapping techniques are still under developing. Sheagren et al.

present a comprehensive review of the state-of-the-art motion-

compensated T1 mapping methods. They point out that the

potential future directions are in motion-resolved free-breathing

parametric mapping and three-dimensional mapping techniques.

Moreover, stress CMRI has garnered increased attention for its

ability to identify early heart function deterioration, quantify

myocardial blood flow and diagnose coronary microvascular

dysfunction. Ma et al. explore the stress T1 response in type 2

diabetes mellitus rabbits, revealing a high correlation between

stress T1 and the histopathologic measures. This finding holds

promise for the detection of micro myocardial changes.
Frontiers in Cardiovascular Medicine 026
Fat deposition often occurs in many heart diseases, including

type 2 diabetes mellitus, making fat quantification valuable for

assessing disease progression. In the study by Edin et al., the

association between regional fat deposition and cardiac

remodeling is explored, revealing a connection between epicardial

fat and impaired LV diastolic function. However, conventional

fat quantification methods, such as MR spectroscopy (5) and

quantitative Dixon (6–8), face challenges when applied to the

myocardium due to cardiac and respiratory motion. Reliable fat

quantification method is needed to obtain myocardial fat fraction

in the future.

Four-dimensional flow offers abundant advanced quantitative

indexes which aid in the non-invasive assessment of in vivo

blood flow changes. Among them, Kinetic Energy (KE) is

considered as an advanced quantitative index in 4D flow analysis

reflecting the intensity of blood flow velocity fluctuations. It is

often used for the quantitative assessment of blood flow

dynamics in cardiac intracavitary areas or vessels. Besides, some

cardiac pathologies may remain asymptomatic under rest

conditions but can be revealed under stress conditions. In the

study by Riva et al., changes in intra-cardiac blood flow KE

between rest and stress are examined in a healthy cohort. The

findings suggest that LV intracavitary flow dynamics can adapt

to stress conditions. It may be further extended to assess

hemodynamic changes in various heart diseases.

The utility of advanced quantitative CMRI indexes plays a

crucial role in differential diagnosis and raising diagnostic

confidence. Many heart diseases presenting with similar imaging

appearances can be differentiated by the combination of

advanced quantitative indexes. Yue et al. combine strain analysis

with extracellular volume to differentiate early-stage amyloidosis

from hypertrophic cardiomyopathy, which the two diseases often

show very similar features in conventional CMRI. It is

recognized that the Left Atrium (LA) function change may

remodulate LV diastolic filling. Therefore, there may be strong

correlations between quantitative indexes of LA and LV, termed

‘LA-LV couplings’. Conventional CMRI is always difficult to

distinguish hypertrophic cardiomyopathy and hypertension in

their early stage as their morphologic features are very similar.

However, the LA and LV functional change of the two diseases

may be different, which may be reflected by LA-LV couplings. Li

et al. find that the LA-LV couplings are quite different in the two

diseases and may enhance our understanding of the disease

mechanisms. Another study by McGettrick et al. combine the

eccentricity index derived from cardiac geometry and pulmonary

artery distensibility to differentiate subtypes of chronic

thromboembolic diseases. It shows that CMR parameters can be

used in conjunction with other invasive and non-invasive

investigations to evaluate patients who are suspected as having

pulmonary vascular disease. Multi-parametric analysis in CMRI

provides deeper insight into disease mechanisms. Lu et al.

investigate the dominant factor of LV systolic dysfunction in

amyloid using T1 mapping, first-pass perfusion, and LVEF,

revealing amyloid overload as a major contributor of LV systolic

dysfunction. Radiomics is another direction that can be

integrated with CMRI, generating many novel quantitative
frontiersin.org
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indexes. He et al. utilize radiomic analysis to further excavate

ventricular remodeling information from cine images, finding

outstanding predictive effectiveness of adverse remodeling for

patients with severe aortic stenosis after TAVR. A “2 out of 2”

approach is used in the updated Lake Louise Criteria for

myocardial inflammation diagnosis (9), highlighting the clinical

efficiency of T1 and T2 mapping indexes. Pedersen et al. apply it

in the study of myocardial inflammation after vaccination for

SARS-CoV-2, showcasing its diagnostic capabilities. Filomena

et al. provide an overview of the role of MRI in assessing

cardiovascular inflammation. They conclude that CMR can help

in revealing pathophysiological characteristics of inflammatory

cardiomyopathy and may provide deeper insight into the disease

with future technique developments. The strength of combining

multiple advanced quantitative CMRI indexes is evident,

positioning CMRI as a comprehensive and non-invasive one-

stop-shop imaging modality in clinical routine.

In summary, we have seen many promising technique

developments and apparent clinical evidence with the use of

various advanced quantitative indexes obtained from CMRI. We

are also aware of the gaps between these newly emerged

quantitative methods and the diagnostic confidence and

efficiency of using them in the clinical routine. Further

standardization and validation of these indexes across diverse

populations, sites, vendors are quite urgent and necessary.

Looking ahead, we believe that fast, accurate, and simple

quantitative methods will predominate the future of CMRI.
Frontiers in Cardiovascular Medicine 037
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Cardiovascular inflammatory diseases still represent a challenge for physicians.
Inflammatory cardiomyopathy, pericarditis, and large vessels vasculitis can clinically
mimic a wide spectrum of diseases. While the underlying etiologies are varied, the
common physio-pathological process is characterized by vasodilation, exudation,
leukocytes infiltration, cell damage, and fibrosis. Cardiovascular magnetic resonance
(CMR) allows the visualization of some of these diagnostic targets. CMR provides not
only morphological and functional assessment but also tissue catheterization revealing
edema, hyperemia, tissue injury, and reparative fibrosis through T2 weighted images,
early and late gadolinium enhancement, and parametric mapping techniques. Recent
developments showed the role of CMR in the identification of ongoing inflammation
also in other CV diseases like myocardial infarction, atherosclerosis, arrhythmogenic
and hypertrophic cardiomyopathy. Future developments of CMR, aiming at the specific
assessment of immune cell infiltration, will give deeper insight into cardiovascular
inflammatory diseases.

Keywords: cardiovascular magnetic resonanace, inflammation, imaging, myocarditis, pericarditis, vasculitis

INTRODUCTION

Inflammation plays a key role in most cardiovascular diseases. However, the term inflammatory
cardiovascular (CV) diseases refers to an abnormal inflammation of the myocardium, pericardium,
or large vessels which is the primary driver of the disease (1). Cardiovascular magnetic resonance
(CMR) plays a key role in the assessment of cardiovascular inflammation allowing not only
functional assessment but also tissue characterization (2).

Inflammatory Cardiomyopathy
Myocarditis is pathologically defined by the presence of inflammatory infiltration of the
myocardium associated with degenerative and/or necrotic changes of cardiomyocytes not due to
ischemia/infarction (3, 4). The most common etiology is a viral infection, while other pathogens
(bacteria, protozoa, and fungi) are less frequently involved (5). Drugs/toxic exposures and systemic
or organ-specific autoimmune disorders can also cause myocarditis (6). The etiological cause
determines the exposure of specific molecular patterns [either pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs)] that activate the innate
immune system. Subsequently, the latter triggers the acquired immune response with T- and
B-cell proliferation (7). The inflammatory cell infiltration can significantly vary, encompassing
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lymphocytes, phagocytes, multinucleated giant cells, and/or
eosinophil cells. Complex non-caseating granulomas may be a
signature of a specific inflammatory pathway (7). The persistence
of the immune activation leads to a different grade of cell
degeneration and/necrosis. In a wide sense under the category
of inflammatory cardiomyopathy several diseases are reunited:
lymphocytic viral myocarditis, HIV cardiomyopathy, connective
tissue disease, giant cell myocarditis, cardiac sarcoidosis,
Chagas cardiomyopathy, hypersensitivity myocarditis, Löffler
endocarditis, and endomyocardial fibrosis (8). A detailed
description of the aforementioned diseases goes beyond the
purpose of this review. A specific form of inflammatory
myocardial disorder is allograft rejection after heart transplant
driven by allo- and auto-immunity activation (9).

Pericarditis
Acute pericarditis is an inflammatory pericardial syndrome with
or without pericardial effusion. Several etiologies are shared
with the myocardial inflammatory diseases (infectious, toxic,
and auto-immune), while Mycobacterium tuberculosis, metabolic

diseases, and neoplasm are additional and not-infrequent causes
of pericardial inflammation (10). In a non-negligible number
of cases, a definite etiology cannot be found. While they are
frequently defined as idiopathic, an underlying viral infection
or an autoimmune cause can be generally suspected. Post-
cardiac injury syndromes are another under-diagnosticated form
of pericarditis caused by an immune response to different types
of myocardial, epicardial, and pericardial injury (11).

Vasculitides
The term “large vessel vasculitides” encompasses a wide
spectrum of inflammation of the great arteries. The most
common causes are giant cell arteritis and Takayasu arteritis
characterized by granulomatous inflammations. Overlap with
other forms of systemic vasculitides is possible and inflammation
of great arteries can be found in Kawasaki disease, Behçet
syndrome, rheumatoid arthritis, and IgG-4 related disease.
Infectious vasculitides are less frequent but syphilis and
tuberculosis are possible etiology which diagnosis should prompt
specific treatments.

FIGURE 1 | Myocardial tissue characterization using comprehensive CMR in myocardial inflammation. Sixteen-year-old boy admitted with fever and acute chest
pain, presenting negative Q-waves and ST elevation in the inferior leads at ECG. Elevated high-sensitivity cardiac troponin T (hs cTnT). Transthoracic
echocardiography shows area of akinesia in mid inferior left ventricular (LV) wall and small pericardial effusion. Normal coronaries at cardiac computed tomography.
A combination of “weighted” (A,B) and parametric (T1/T2 mapping) CMR sequences was performed (C,D). All images are obtained in cardiac short-axis. As
T1-weighted imaging provides limited information in myocardial tissue characterization it is not routinely performed. In contrast, T2-weighted imaging (A) shows
subepicardial rim of hyperintense (“bright”) signal in the inferolateral LV wall [arrow, (A)], reflecting myocardial edema. Post-contrast, i.e., late gadolinium
enhancement (LGE), imaging (B) shows strong uptake of contrast [arrow, (B)], closely corresponding to the region of myocardial edema at T2-weighted imaging.
Parametric T2 map (Royal color scheme, range 45–120 ms) (C) and T2 relaxation curve (E) in the normal and diseased myocardium shows prolonged T2 relaxation
times in the edematous myocardium (i.e., 96 vs. 49 ms). Parametric native T1 map (Royal color scheme, range 500–1,500 ms) (D) and T1 relaxation curve (F) show
prolonged T1 relaxation times in the pathologic myocardium (1,005 vs. 1,350 ms). Finally, the extracellular volume (ECV) map (G) shows increased values [arrow, (G)]
in the diseased myocardium (i.e., 45%) versus 24% in the normal myocardium.
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Endocarditis
While inflammation is involved in the pathogenesis of infectious
endocarditis, this nosological entity is not frequently classified
among cardiovascular inflammatory diseases. However,
infectious endocarditis should be considered in the differential
diagnosis especially when interpreting nuclear imaging. On the
other hand, endocardial involvement can be found in different
inflammatory diseases: eosinophilic cardiomyopathy (Löffler
endocarditis and endomyocardial fibrosis), Libman–Sacks
endocarditis, marantic endocarditis, and rheumatic endocarditis
(12).

PHYSIOPATHOLOGY IN CV
INFLAMMATION

Inflammation is a stereotyped response of body tissue to harmful
stimuli (pathogens and/or damaged cells) whose objective is to
eliminate the insult and repair the tissue. It involves both innate
and cell-mediated immune responses (13). Both tissue injury
and pathogen molecular patterns are recognized by resident
immune cells which release or activate chemical mediators
(histamine, kinins, prostaglandins, and complements). They are
responsible for vasodilatation, increase capillary permeability,
exudate formation, chemotaxis, and leukocyte transmigration.
The ultimate effects are hyperemia, edema, leukocyte infiltration.
The activation of specific pathways of cellular immunity and cell-
derived mediators determine different subtypes of inflammation
(e.g., lymphocytic, eosinophilic, granulomatous) (13). Pathogens
and the phlogistic process itself concur to determine the various
grade of tissue injury and cell necrosis. Possible outcomes
of the inflammatory process are complete resolution, fibrosis
and scarring, and chronic inflammation (14). Because of acute
inflammation or the reparative processes, different grades of
tissue/organ dysfunction (functio lesa) can be observed. Both
exudate formation, necrosis, and fibrosis concur in expanding
extracellular volume (ECV).

Some of the aforementioned pathophysiological
characteristics of phlogosis are used by CMR to diagnose
inflammatory cardiovascular diseases.

CARDIOVASCULAR MAGNETIC
RESONANCE BIOMARKERS IN CV
INFLAMMATION

Cardiovascular magnetic resonance is typically comprehensive
or multi-parametric, which means that a set of CMR sequences
is selected to answer as appropriately as possible on the
clinical question (Figure 1). Each of these sequences has been
optimized to study or to visualize one specific feature of the
cardiovascular system (Table 1). Combining this sequence-
specific information usually enables to achieve an accurate
view on the presence, severity, location and extent of a CV
inflammatory process, to assess the functional consequences,
and to look for complications (e.g., aneurysm formation in
endocarditis patients). This approach makes CMR, compared to

other (imaging) methodologies, quite unique. Moreover, thanks
to its non-invasive nature, CMR is ideal to follow-up patients
with known, or that are at risk of developing, CV inflammation
(Figures 2, 3).

Morphological and Functional Imaging
Cardiovascular magnetic resonance has become the “gold
standard” for morphological and functional assessment of the
cardiovascular system. Balanced steady-state free precession (b-
SSFP) sequences, combining high spatial and temporal resolution
with high blood/tissue contrast, allow kinetic visualization of
the myocardium and great vessels (2, 15). Assessment of
cardiac volumes and systolic function alongside morphological
evaluation of the pericardium and great arteries are the
main uses of this technique (16). Thanks to recent progress
in machine learning algorithms, quantification of cardiac
volumes and function has been (semi)-automated (17). More
sensitive parameters of (early) cardiac dysfunction, such as
impaired myocardial strain, can be derived using feature
tracking techniques and CMR tagging sequences (18). The
latter can be applied as well to visualize the shear motion
between pericardial layers in patients with inflammatory or
constrictive pericarditis. In patients with metallic implants a
spoiled gradient echo sequence can be beneficial to reduce
magnetic susceptibility artifacts as may occur with b-SSFP.
In case of poor breath holding free breathing real-time
(RT) techniques can be applied (15). RT sequences also
enable to study dynamic, respiratory-determined physiologic
events, as ventricular coupling (19). Finally, black-blood T1-
weighted (T1w) spin-echo CMR is the preferred approach to
“statically” visualize the heart, pericardium, great vessel, and
mediastinum (20). In particular, it is an excellent sequence
to visualize the pericardial thickness and to image the vessel
wall, which is for example highly useful in patients with
pericarditis or aortitis.

T2-Weighted Images
T2-weighted (T2w) spin-echo images are extremely useful to
evaluate tissue edema which is visualized as a hyperintense
(“bright”) signal (21). Several T2w approaches are currently
available. Historically, a short tau inversion recovery
(STIR) technique was used to suppress signal of blood and
surrounding epicardial and mediastinal fat. Possible pitfalls
of STIR T2-weighted imaging include surface coil reception
field inhomogeneity, high SI artifacts due to slow-flowing
blood with consequent insufficient flow suppression and
signal loss due to through-plane cardiac motion during
the black blood preparation, often most noticeable in the
posterior wall. As an alternative, a frequency selective fat
suppression can be used to overcome some of the above-
mentioned limitations (21). Moreover, as visualization of tissue
edema by T2w imaging relies on the differences in signal
intensity (SI) between normal and edematous tissue, focal
(myocardial) edema is well depicted, while diffuse myocardial
inflammation may be missed (Figure 1A). Quantitative
parametric T2 mapping, in contrast, allows to measure T2
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TABLE 1 | Strengths, weaknesses, and applications of current CMR sequences to study cardiovascular inflammation.

CMR sequences Strengths Weakness Applications

B-SSFP cine
images

High signal-to-noise ratio
High spatial and temporal
resolution

Artifact in case of ECG-mistriggering
and poor breath-hold

Morphological assessment of heart and great vessels
Ventricular volumes and systolic fuction assessment
(including strain calculation)

Real time cine
images

No need for ECG-trigger and
breath-hold

Lower signal-to-noise ratio
Lower spatial and temporal resolution

Ventricular interdependence evaluation

Black-blood
T1-weighted
images

High spatial resolution Static images: no dynamic information Morphological assessment of heart and great vessels:
particularly, pericardial and vascular wall thickness
evaluation

T2-weighted
images

Widely available
Detection of focal increase in
tissue water content

Low signal-to-noise ratio
Slow flow artifacts. Possible insufficient
fat suppression and field inhomogeneity
artifacts. Unable to image diffuse
edema

Detection of myocardial, pericardial and vascular wall
edema (hyperintensity)

Early gadolinium
enhancement

Widely available
Helpful when integrating LGE
and T2W images for focal
disease

Affected by image timing after contrast
administration. Unable to detect diffuse
disease

Detection of myocardial hyperaemia and increased vascular
permeability (hyperintensity)

Late gadolinium
enhancement

Widely available
Easy differentiation between
ischemic and non-ischemic
pathology

Unable to detect diffuse disease
Artifact in case of ECG-mistriggering,
poor breath-hold and poor myocardial
nulling (overcome using several
available LGE sequences)

Detection of focal tissue injury, necrosis and replacement
fibrosis (hyperintensity)

Parametric
imaging

Quantification of T1 and T2
relaxation times
Extracellular volume
quantification
Able to detect diffuse disease

Less widely available
T1 and T2 relaxation times affected by
scanning conditions (need for
center-specific reference values)
Utility limited to the myocardium

Detection of myocardial edema: increased T1, T2 and ECV
Detection of myocardial hyperemia: increased T1 and/or
ECV
Detection of myocardial fibrosis: increased T1 and ECV

MR angiography Three-dimensional
angiographic reconstruction of
great and medium size vessels

No information regarding to the vessel
wall

Detection of vessel stenosis and/or aneurysm

b-SSFP, balanced steady-state free precession; CCT, cardiac computed tomography; ECV, extracellular volume; GBCA, gadolinium-bound contras agent; ICD, implantable
cardioverter defibrillator; MIP, maximum intensity projection; MPI, myocardial perfusion imaging; MPR, multiplanar reconstruction; MRA, magnetic resonance angiography;
PC, phase-contrast; SE, spin-echo; SPECT, single photon emission computed tomography; VR, volume-rendered.

relaxation times irrespective of the extent of tissue edema
(22).

Early Gadolinium Enhancement (EGE)
Gadolinium-based contrast agents (GBCA) are paramagnetic
extravascular and extracellular contrast agents whose use is
a cornerstone of cardiovascular magnetic resonance (15). Its
accumulation in tissues shortens both T1 and T2 relaxation
times. Hyperemia, increased vascular permeability and increased
extracellular volume in the acute inflammatory process lead to
an enhanced early accumulation of GBCA in inflamed tissue
compared to the normal one. Depiction of hyperemia, however,
is still challenging. Older techniques, such as conventional
T1 weighted spin-echo imaging have been abandoned (23),
while novel approaches such as early T1 mapping need further
investigation (24).

Late Gadolinium Enhancement
Beyond edema, a further increase in extracellular space is
due to the various grades of tissue injury with necrosis and
fibrosis occurring during, or as a consequence, of inflammatory
processes. In case of necrosis, GBCA can enter in injured cells,

significantly increasing its distribution territory. T1w images
late after contrast administration are used to image tissue
enhancement, i.e., late (or delayed) gadolinium enhancement
(LGE). Rather than using fast T1w spin-echo images, a
balanced SSFP or GRE sequence is used in combination
with an inversion-recovery prepulse. The latter is aimed to
suppress the signal of normal tissue (e.g., myocardium) by
selecting a correct inversion time length, and thus to increase
the difference in contrast between normal and pathologic
myocardium (Figure 1B) (25). Several sequence variants
are available with different strengths and limits: standard or
phase sensitive inversion recovery (PSIR) with myocardial or
blood-nulling, breath-hold or respiratory-gated, 2D and 3D
acquisition (26). LGE should be confirmed in two different
orthogonal planes and in case of uncertainty, it should
persist after changing the phase encoding direction (16).
Some challenging situations are still possible such as the
differentiation with septal perforator coronary artery, adjacent
tissue with high T1 signal in non-PSIR sequences or in case
of a very thin myocardium. Patterns of LGE distribution
differentiate ischemic- from non-ischemic myocardial disease
(subendocardial vs non-subendocardial LGE distribution,
respectively) (27).
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FIGURE 2 | Use of CMR in acute and follow-up phase of diffuse myocarditis. Sixteen-year-old boy admitted with viral myocarditis and heart failure. Increased
troponin I (12,239 ng/L), NTproBNP (23,731 ng/L) and c-reactive protein (183 mg/L). At admission, transthoracic echocardiography shows non-dilated but severely
dysfunctional LV (EF 20%) and mild pericardial effusion. CMR, performed five days later, shows almost complete functional recovery (i.e., LV ejection fraction 57%).
Although LGE imaging (D) shows no focal myocardial abnormalities, native T1, T2 and ECV values are diffusely increased, i.e., 1125 ms, 69 ms and 34% [panels
(A–C), respectively]. Presence of limited pericardial effusion [arrow, (D)]. Repeat CMR 4 months later (recovery phase) shows normalization of T1, T2 and ECV values,
i.e., 975 ms, 51 ms, and 24% [panels (E–G), respectively], while LGE imaging (H) yields no evidence of permanent irreversible damage (i.e., focal replacement
fibrosis). Moreover, a further improvement in LVEF was noted, i.e., 64% with decrease in LV mass (i.e., 83 vs. 102 g at baseline), and disappearance of the pericardial
effusion. In the clinical setting, the baseline CMR findings most likely represent diffuse myocardial edema/inflammation caused by viral myocarditis. As the
myocardium is diffusely affected, weighted sequences, i.e., T2 and LGE imaging are “normal” emphasizing the added value of parametric mapping in these patients.

Parametric Imaging
While depiction of diseased tissue using ‘weighted’ MRI
sequences [i.e., T1w, T2w, early gadolinium enhancement (EGE)
and LGE] relies on differences in SI with the surrounding,
deemed normal, tissues, mapping techniques allow for the
reconstruction of parametric maps of both T1 and T2 relaxation
times on a pixel-by-pixel basis (Figures 1C–F, 2) (28).
Consequently, drawing a region of interest (ROI), calculation
of the local T1 and T2 relaxation times is possible. An in
depth, discussion on the different T1 and T2 mapping sequences
is beyond the scope of this review paper. However, it is
important to understand that T1 and T2 relaxation times are
also influenced by the magnetic field strength (both increase
with higher field strength) and by the type of sequence used
(29). These are important issues when interpreting T1 and
T2 values, as they are not trivially interchangeable between
machines/vendors/sequences. As most of the influencing factors
can be standardized, age- and gender-corrected normal values
(and cut-off values) for T1 and T2 can be determined, offering
a truly quantitative approach on tissue characterization (30, 31).

Thus, using similar scanning conditions, T1 and T2 relaxation
times can be used to monitor disease progression (Figures 2, 3).

As mentioned above, the pixel-by-pixel relaxometry
overcomes some limitations of SI-based techniques allowing
the evaluation of both focal and diffuse tissue pathology.
T2 Mapping—which is always acquired before contrast
administration – is highly sensitive for tissue water (32).
Abnormally increased T2 values reflect focal or diffuse tissue
edema. Parametric T1 mapping is acquired before (native T1)
and often after contrast administration. Native T1 values can
be increased or decreased. The latter is seen in conditions
with increased lipid or iron content such as Fabry’s disease
or hemochromatosis. Also, in focal diseases such lipomatous
metaplasia post myocarditis, and in hemorrhagic myocardial
infarctions, native T1 values are lower in the affected tissue
(33). Native T1 values are increased in several conditions, and
therefore should be considered a non-specific biomarker as it
may reflect edema, necrosis, fibrosis, and interstitial deposition
of abnormal materials (e.g., amyloid) (34, 35). Ideally, native
T1 values should be interpreted together with T2 values, as
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FIGURE 3 | Use of CMR in acute and follow-up phase of focal myocarditis. Sixty-nine-year-old man presenting with fatigue, dyspnea (NYHA II), presyncope. ECG
showed anterior repolarization disturbances. Increased release of hs cTnT (0.033 µg/L). No significant coronary artery disease at cardiac catheterization. CMR at
admission (A–D) and at 1-year follow up (E–G). At baseline, there is a marked myocardial swelling (14 mm) of the apical half of the left ventricle (A), showing
increased native T1 values (B), T2 (i.e., 63 ms (not shown) and increased ECV values (C) but no LGE (D). Preserved LV ejection fraction (i.e., 71%) but moderately
decreased global longitudinal strain (i.e., -13.2%). Presence of a mild pericardial effusion. At one-year follow-up, the LV wall thickness as well as the T1, T2, and ECV
values normalized in LV apex. Global longitudinal strain improved (i.e., -16.3%), and the mild pericardial effusion disappeared. No abnormal LGE (H). In summary,
CMR shows transient myocardial edema/inflammation in LV apex, however, of unknown etiology. Overall, findings are most suggestive of focal myocarditis
completely recovery at follow-up. Although similar abnormalities can be found in patients with takotsubo cardiomyopathy, the lack of functional deficit in the LV apex
is not in favor of this diagnosis. Also, an aborted myocardial infarction with extensive myocardial edema is not very likely because of the lack of coronary artery
disease at cardiac catheterization and the absence of an ischemic pattern of involvement (i.e., abnormalities not spread along a coronary artery perfusion territory).

increased T2 values normally are related to increased native
T1 values (Figures 2, 3). In contrast, increased T1 values
with normal T2 values of the myocardium make myocardial
edema/inflammation not very likely but instead may be
encountered for example in patients with cardiac amyloidosis.
Moreover, information regarding the extracellular volume (ECV)
can be obtained by repeating T1 mapping 10–20 min after
GBCA administration. Abnormal, i.e., increased, accumulation
of GBCA results in a higher T1 shortening. By measuring both
native and post-contrast T1 mapping values of the myocardium
and blood compartment as well as the hematocrit, the ECV can
be calculated (30). Like native T1 and T2 values, normal ECV
values can be calculated. In summary, parametric mapping has
revolutionized our look at myocardial disease, and rapidly shown
indispensable in addition to LGE imaging. However, it should be
noted parametric mapping is currently of limited value to assess
thin structures such as the right ventricular wall, the atria, the
pericardium or vessel wall.

Magnetic Resonance Angiography
Both non-contrast and contrast-enhanced 2D/3D sequences
are available for magnetic resonance (MR) angiography (36).
Balanced SSFP images, with a high spatial and temporal
resolution, allow great vessel assessment in different planes.
Trans-axial and parasagittal acquisitions provide the required
information in most cases. A 3D angiographic reconstruction
is possible after contrast administration imaging during the
first pass of the contrast in the vessel of interest. Alternatively,
time-resolved techniques are available if different vascular
structures need to be visualized. 3D rendering, maximum
intensity projection (MIP) and multiplane reconstruction (MPR)
are used for post-processing and vascular assessment (Figure 4)
(37). Also, for coronary artery imaging, several CMR strategies
dealing—with the numerous imaging challenges intrinsically
related to the visualization of these small vessels along the
curved cardiac surface—are currently available. With the advent
of advanced high-quality, coronary computed tomography,
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FIGURE 4 | Contrast-enhanced 3D MR angiography. Forty-year-old woman
known with Takayasu disease treated with steroids and immunosuppressive
therapy (Imuran). At coronal MIP a focal high-grade narrowing of the right
subclavian (thin arrows) and less severe stenosis of the left subclavian
coronary artery (thick arrow) can be well appreciated. No evidence of
aneurysm formation of the thoracic aorta (ascending aorta 32 mm) nor of the
side branches.

however, coronary artery imaging is not part of a routine
CMR exam, but in selected cases may provide valuable
information (Figure 5). Moreover, it is important to emphasize

MR angiography sequences provide only a luminographic view
allowing to depict stenosis and/or aneurysm formation but no
information regarding the vessel wall (Figures 4, 5). Thus,
in patients with vasculitis, T1 and T2-weighted spin-echo
images are obligatory.

Other CMR Sequences
Although the above sequences cover the entire spectrum of
sequences to assess cardiovascular inflammation, in routine
practice, flow imaging (2D/4D) using phase-contrast CMR is
often used to quantify the severity of concomitant valvular
regurgitation/stenosis, or to assess intravascular flow patterns
in diseased vessels. Moreover, stress perfusion imaging may be
indicated if myocardial ischemia is suspected.

CMR IN INFLAMMATORY
CARDIOMYOPATHY

CMR is the method of choice for the evaluation of patients
with clinically suspected myocarditis without hemodynamic
instability (2, 38). The updated Lake Louise Criteria are the
reference for myocardial inflammation diagnosis (39). Differently
from the first version of the consensus, in the revised criteria a “2
out of 2” approach is used, with one positive T2-based criterion
and one T1-based criterion considered necessary to increase the
specificity of detecting acute myocardial inflammation. T2-based

FIGURE 5 | Comprehensive imaging in coronaritis. Twenty-seven-year-old man with systemic vasculitis, likely adult-onset Kawasaki disease), admitted with
non-STEMI. Computed tomography (CT) (A,D) and CMR (B,E) of the coronary arteries show irregular aneurysmatic dilation (up to 8 mm) of the coronary arteries
with on the left anterior descending (LAD) coronary artery several skip areas (focal pseudostenoses). Although the CMR was requested because of clinical suspicion
of non-STEMI, CMR revealed no myocardial edema (normal T1/T2 mapping) (C) nor abnormalities at LGE imaging (F) suggestive of myocardial necrosis and/or
fibrosis. Further investigation showed a normal caliber of the thoraco-abdominal aorta. However, aneurysms were found on several middle-sized abdominal arteries,
including the celiac trunk, common hepatic artery, superior and inferior mesenteric artery and both renal arteries.
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FIGURE 6 | Giant cell myocarditis rapidly evolving to heart failure. Forty-six-year-old woman presenting with monomorphic ventricular tachycardia arising from the
basal septum. Transthoracic echocardiography shows mildly decreased LV function (EF 49%) with dyskinetic basal septum. CMR shows mildly dilated and
dysfunctional left ventricle (LVEDVi 107 ml/m2 – LVEF 45%), and thinned, dyskinetic basal septum. T2w-imaging (A) shows myocardial edema in the basal part with
strong increase of native T1 (i.e., 1,230 ms) and T2 (i.e., 99 ms) relaxation times in this area [arrows (B,C), respectively]. Strong uptake of contrast showing a
non-ischemic enhancement pattern but in a large extent completely transmural [arrows, (D)] and increased ECV (i.e 65%) (not shown). Findings suspected of active
inflammation in the basal septum with local adverse remodeling. A left-sided myocardial biopsy showed giant cell myocarditis. Follow-up CMR, one month later,
showed important deterioration of LV function (LV EF 26%). Because of the unfavorable outcome, the patient received a cardiac transplant. Two years later,
she is doing well.

criteria use myocardial edema as a diagnostic target. Positive T2-
based criterion is defined as the presence of regional or global
increased SI at T2w imaging and/or regional or global increase of
the myocardial T2 relaxation time using T2 mapping (Figures 1–
3) (39–41). Conversely, positive T1-criterion is defined as a
regional or global increase of the native myocardial T1 relaxation
time or ECV and/or the presence of LGE with a non-ischemic
distribution pattern (Figures 1–3) (42, 43). While an increased
native T1 and ECV may reflect edema, hyperemia, necrosis,
or fibrosis, the presence of LGE is more specifically related to
myocardial injury with necrosis and reparative fibrosis (34, 42,
43). While not included in the revised criteria, the presence of
EGE can be used in experienced centers especially in cases of non-
diagnostic T2W or LGE images (24). Global or regional systolic
dysfunction can be detected but frequently, the limited extension
of the inflammation and the counteracting hypercontractility of
adjacent segments can result in normal systolic function (44).
The presence of pericardial effusion or edema is considered

a supportive criterion (Figure 2). Myocarditis involves most
frequently the inferolateral LV wall, although any segment
of the heart can be affected (Figure 1) (43). The diagnostic
performance of these criteria has been demonstrated to be
high, with better results in the infarct-like presentation of acute
myocarditis (45, 46). Diagnostic performance of Lake-Louise
criteria is lower when assessing patients with chronic, heart
failure-like symptoms, and in differentiating inflammatory vs
other forms of non-ischemic cardiomyopathy. In these cases,
only the T2 criterium showed acceptable diagnostic performance
(22). Moreover, in the case of diffuse or chronic ongoing
myocarditis, as in the certain form of allotransplant rejection,
SI-based techniques may fail to determine the presence of
inflammation while parametric techniques may unmask diffuse
edema and/or interstitial fibrosis (Figure 2) (42).

Acute myocarditis can heal with complete “restitutio ad
integrum” but frequently focal or multifocal fibrosis can be
detected at LGE, most commonly depicted subepicardially in
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FIGURE 7 | Right sided endomyocardial fibrosis. Sixty-seven-year-old man with extensive fibro-calcification of the right ventricular apex, severe tricuspid
regurgitation, and dilatation of the right atrium, caval and hepatic veins. Lateral chest x-ray (A) shows amorphous calcifications (arrow) in the anterior half of the
cardiac silhouette, which is confirmed at transthoracic echocardiography [arrow, (B)] as well on computed tomography (CT) [arrow, (C)]. Native T1 mapping (D), post
contrast bSSFP cine imaging (E) and LGE imaging (F). All CMR images were acquired in horizontal long-axis. The obliteration of the right ventricular cavity by the
fibrocalcific process can be well appreciated at CT and CMR. Native T1 mapping shows inhomogeneous appearance with strong enhancement at LGE imaging,
reflecting extensive replacement fibrosis [arrow, (F)].

the inferolateral LV wall (44). A possible outcome of myocardial
inflammation is the development of myocardial systolic
dysfunction with or without left ventricular dilation, frequently
indistinguishable from dilated cardiomyopathy phenotype (5).
The evaluation of the presence of myocardial scarring, even in a
functionally normal heart, has prognostic information, especially
related to arrhythmic consequences of myocarditis (44, 47).
The extent and location of the LGE seem to affect prognosis in
patients with myocarditis. More extensive LGE and anteroseptal
locations were found associated with major adverse cardiac
events (Figure 6) (48, 49).

CMR usually fails to identify the etiology of the inflammatory
process. However, certain subtypes of myocardial inflammatory
disease have peculiar characteristics. The role of CMR in giant
cell myocarditis is of limited importance due to the dramatically
rapid evolution of this inflammatory disease (Figure 6).
Diagnosis is more frequently made by endomyocardial
biopsy. In limited experiences, CMR showed large areas of
edema and necrosis, frequently with atypical sub- endocardial
involvement (50). Diffuse subendocardial layer involvement has
been shown also in eosinophilic cardiomyopathies including
cardiac involvement of eosinophilic granulomatosis with
polyangiitis (51). Thickening and fibrosis of the endocardium

characterize Löffler endocarditis and endomyocardial fibrosis
with endocardial and subendocardial fibrosis (Figure 7).
Endocardial involvement is frequently accompanied by
thrombus formation and apex obliteration of the ventricle.
Right ventricle involvement is described in up to 50% of cases
(52). Functionally, these entities are characterized by restrictive
physiology with low left ventricular volumes, preserved systolic
function, and signs of increased diastolic pressure with marked
left and right atrial enlargement. Involvement of valvular
endocardium is possible with thickening and thrombosis.

Cardiac involvement has been described in almost 25%
of systemic sarcoidosis (53). CMR features are non-ischemic
multifocal “patchy” myocardial LGE, reflecting diffuse infiltration
by sarcoid granulomas (Figure 8). However, there is no specific
LGE pattern considered pathognomonic for cardiac sarcoidosis
(54, 55). In the early phase of the disease, only inflammation
and mild myocardial thickening can be detected. In the late
phases of the disease thinning of the myocardium, especially
in the basal interventricular septum, and systolic dysfunction
can be seen. The presence of LGE has been shown to have
prognostic relevance related to the arrhythmic outcome of
patients with cardiac sarcoidosis (56). Chagas cardiomyopathy,
a specific subtype of infective myocarditis, is characterized by
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FIGURE 8 | Cardiac sarcoidosis. Forty-three-year-old man known with systemic sarcoidosis admitted with recurrent ventricular tachycardia. Chest CT (A) shows
enlarged mediastinal lymph nodes and perilymphatic micronodular pattern in left upper lobe (arrow), right middle and lower lobe. Fluoro-deoxy-gluclose (FDG)
PET/CT shows multifocal FDG uptake in mediastinal and hilar lymph nodes (B), and strong multifocal uptake in the myocardium of left and right ventricle [arrows,
(C,D)]. T2w-imaging shows myocardial edema, most pronounced in the apical half of a thickened ventricular septum [arrows, (E)] while LGE imaging shows
multifocal, pronounced myocardial enhancement in left and right ventricle [arrows, (F)]. CMR and PET/CT findings are strongly suggestive of cardiac sarcoidosis with
severe biventricular involvement. Cardiac biopsy showed granulomatous myocarditis. Because of the cardiac arrhythmias, the patient received an ICD implantation
with several appropriate shocks. Unfortunately, the patient evolved toward biventricular heart failure for which he underwent a heart transplantation. Eight years later,
the clinical history is uneventful.

apical LV aneurysm with concomitant LGE, with or without
thrombus formation, and various grades of systolic dysfunction
(57). Myocardial involvement can be observed in patients with
autoimmune rheumatic diseases, increasing both morbidity and
mortality. Particularly, myocardial abnormalities are frequent in
patients with systemic sclerosis. In those patients increased T1
and ECV values, reflecting diffuse interstitial fibrosis, provide
information for risk stratification (58).

CMR IN INFLAMMATORY PERICARDIAL
DISEASE

Although transthoracic echocardiography remains the first-line
imaging modality to study patients with known or suspected
pericardial inflammation, both computed tomography and CMR
are considered important adjuvant imaging tools (20). As acute
and chronic phases of pericardial inflammation may have a
significant impact on the heart, a state-of-the art assessment of
the pericardium necessitates a comprehensive approach.

In the acute phase of pericardial inflammation
(“organizing pericarditis”), the pericardium is characterized
by neovascularization, edema, thickening of the serous layers,
and fibrin deposition with a variable amount of exudative and/or
hemorrhagic fluid accumulating in the pericardial space (59).
Chronic inflammation (“progressive sclerosing pericarditis”) is
characterized by progressive fibrosis of the pericardium, fibrinous
adhesion of the pericardial layers with or without pericardial
exudation. Reduction of pericardial compliance and increased
stiffness, with various grades of dystrophic calcification, may
lead to constrictive physiology (“healed, organized fibrotic
pericarditis”).

Pericardial thickening is best imaged by dark-blood T1w
imaging, while pericardial edema results in increased SI of the
pericardium at T2w imaging (Figure 9) (20). Both T1w and
cine imaging allow for the assessment (and if needed for the
quantification) of pericardial effusion, while T1 mapping is
promising to tissue characterize pericardial effusion. Although
quantification of the pericardial effusion is possible, usually
in clinical practice linear measures of the greatest distance
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FIGURE 9 | Hemorrhagic pericarditis. Twenty-six-year-old man presenting with hemorrhagic pericarditis of unknown origin. CMR shows important thickening of the
pericardial layers (A,D) with localized pericardial effusion along the left lateral border (B). T2w-imaging (A) allows to depict edema of the pericardial layers, while T1w
imaging (D) is helpful to assess the thickness of the pericardial layers and to measure the maximal pericardial width. Strong enhancement of the inflamed pericardial
layers which can be appreciated at LGE imaging in cardiac short-axis (C) and horizontal long-axis (F). As bSFFP cine images were acquired post GBCA
administration, the inflamed pericardial layers can be well appreciated too [arrows, (E)]. Note the presence of a moderate left-sided pleural effusion. Real-time cine
imaging showed inspiratory early-diastolic septal flattening with increased septal shift, reflecting increased ventricular coupling caused by decreased compliance of
the inflamed pericardial layers.

between the two layers are used to estimate pericardial effusion
severity (16). The normal pericardium is almost an avascular
structure with consequent no or only mild contrast uptake. In
case of inflammation, the post-contrast acquisition (LGE) shows
pericardial enhancement as a result of pericardial vascularization
and edema with a sensitivity of nearly 94% (60). A combination
of LGE and T2w imaging may help determine the stage
of inflammation. An intense LGE with a hyperintensity in
T2w images reflects acute inflammation (Figure 9), whereas
pericardial LGE with a normal T2 signal is suggestive of subacute
pericarditis. Moreover, LGE assessment is a valuable tool for
predicting the risk of and diagnosing recurrent pericarditis (61).
Fibrous adhesion of the pericardial layers can be imaged by
tagging sequences (20). Concomitant myocardial inflammation
may be imaged by CMR as discussed in the previous paragraph.
Rare complications such as post-pericarditis false aneurysm
formation can be imaged adequately with CMR (Figure 10).

Morphologic features of constrictive pericarditis are
pronounced thickening and irregularities of the pericardial

layers. Calcification cannot be imaged by CMR but may be
suspected in case of very low SI of the thickened pericardium
on T1w and cine images (60). Thickening and calcifications
occur more frequently in the right side and near the atrio-
ventricular groove (62). However, up to 18% of patients
with histologically proven constrictive pericarditis do not
show a significantly increased thickness of the pericardium
(63). Pericardial enhancement in the context of constrictive
pericarditis is a sign of residual inflammation. Its detection
is of crucial importance to guide inflammatory therapy and,
possibly, to reverse the constrictive physiology. Hemodynamic
consequences of constrictive pericarditis are: (a) dissociation
between intrathoracic and intracardiac pressure, (b) increased
ventricular coupling, (c) increased ventricular pressure with
equalization of filling pressure in all four chambers.

Because of increased pericardial stiffness, impaired ventricular
filling, and increased diastolic pressures, the right atrium,
inferior vena cava, and hepatic veins are frequently dilated.
Recently, mapping techniques have been proposed as a tool for
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FIGURE 10 | False aneurysm of the thoracic aorta. Eighty-one-year-old man with MSSA sepsis and infectious pericarditis complicated by false aneurysm formation
of the thoracic aorta. CT and PET/CT performed after pericardial drainage showed thickening of the pericardial layers with enhancement at chest CT (A) and FDG
uptake at PET/CT. Note the presence of a focus of strong FDG uptake [arrow, (B)] with infiltration of the epicardial fat [arrow, (A)] at CT. These findings were
interpreted as inflammation of one of the pericardial sinuses. However, follow-up transthoracic echocardiography, 3 months later, showed echo-lucent structure
[∗,(C)] between the aorta (Ao) and pulmonary trunk (PT). CMR shows the presence of a small pseudo-aneurysm [∗,(D,E)] in communication with the thoracic aorta at
the level of the sinotubular junction [arrow, (D)]. Note the residual enhancement of the pericardial layers at LGE imaging, (F) reflecting residual pericardial
inflammation.

imaging hepatic congestion, characterized by increased T1 and
T2 relaxation times (64). Increased ventricular interdependence
can be imaged by cine sequences showing early diastolic
septal flattening or inversion ("septal bounce"). These abnormal
septal movements are dramatically enhanced by respiratory
variation. Consequently, real-time cine acquisition with deep
inspiration and expiration are extremely useful especially in the
differentiation of constrictive and restrictive physiology (19). Of
notice, transient constriction is not uncommon in patients with
effusive acute pericarditis (65).

CMR IN SYSTEMIC VASCULITIS

Cardiovascular magnetic resonance is a versatile technique that
provides information for the non-invasive assessment of primary
vasculitides. Bright-blood bSSFP cine and dark-blood T1w
images, acquired in the axial, sagittal, and coronal planes allow
morphological assessment of great vessels providing information
about the thickness and wall regularity (Figure 11) (15). T2w
images with fat signal saturation permit the identification of
vascular and peri-vascular tissue edema. Angiographic evaluation
of the great and medium vessels can be achieved both with
and without contrast administration. Bright-blood whole-heart,

respiratory-navigated CMR provides 3D images of the aorta
and coronary arteries without the need for contrast. Time-of-
flight angiography (TOF) is a non-contrast technique useful
for the assessment of intracranial and peripheral vessels.
After GBCA administration, three-dimensional (3D) contrast-
enhanced magnetic resonance angiography (CE-MRA) with 3D
rendering, MIP and MPR reconstruction allow accurate vessel
lumen evaluation (Figure 4) (15). T1w post-contrast acquisition
provides information about post contrast enhancement.

Inflammation of the aorta and its main branches are
characterized by common features as mural thickening (i.e., >2–
3 mm is considered diagnostic for aortitis), wall, and periaortic
soft tissue edema on T2w images, and post-contrast enhancement
(Figure 11) (66). Layering thrombus and ulcerative process may
be also encountered.

Distribution and associated features differ by etiology.
Extracranial giant cell arteritis is the most frequent etiology
of aortitis with classical MRI signatures previously described.
Significant wall thickening with consequent stenosis and
aneurysmatic dilatation characterize Takayasu arteritis with
specific involvement of aorta and main branches, more
frequently subclavian arteries (Figure 4) (67). Pulmonary artery
involvement has been reported in up to 70% of cases but the
real prevalence is still unknown (68). Coronary ostial stenosis
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FIGURE 11 | Immunoglobin G4-mediated aortitis in 57-year-old man. T1w imaging (A) shows mild dilatation of the proximal descending aorta with mild wall
thickening. Hyperintense appearance of both ascending and descending aorta at T2w imaging (B) with contrast enhancement at post-contrast T1w imaging (C) and
LGE imaging (D). A long-axis view through the thoracic aorta nicely shows the diffuse wall enhancement [arrows, (E)]. FDG-PET shows mild to moderate tracer
uptake [arrow, (F)] in the descending aorta [arrow, (F)].

may lead to ischemic myocardial lesions detected by CMR
as subendocardial LGE with different grades of segmental or
global systolic dysfunction. Coronary involvement is the most
concerning complication of Kawasaki disease with coronary
artery dilatation, stenosis, thrombus formation, and possible
myocardial ischemic lesions (Figure 5) (69, 70).

Immunoglobulin G4–related aortitis is characterized by an
aggressive course with intense periaortic involvement and acute
aortic complications (e.g., intramural hematomas and aortic
dissections) (Figure 11) (71). Behçet disease is a multi-systemic
vasculitis whose hallmarks are oral and genital ulcerations,
arthritis and ocular involvement. Both arterial and venous
vascular systems can be affected with consequent stenosis and/or
dilatation. While pericarditis is the most common cardiac
manifestation, myocardial involvement has been reported in
literature (66). CMR provides useful information in case of
mycotic aneurysm, syphilitic and tuberculous aortitis showing
diffuse, or more frequently focal, wall thickening, edema, and
contrast enhancement with or without aneurysmatic dilatation
(66). Medium and small-vessel vasculitis may also cause
cardiovascular complications. Apart from the aforementioned
Kawasaki disease, polyarteritis nodosa may cause inflammatory
stenosis and aneurysmatic dilatation of medium-size arteries,
including coronary arteries. As previously mentioned, in

patients with eosinophilic granulomatosis with polyangiitis (the
former Churg-Strauss syndrome) CMR can show myocardial
involvement similarly to other eosinophilic myocarditis
with diffuse subendocardial LGE, systolic dysfunction, and
intraventricular thrombosis (72).

FUTURE DIRECTIONS

Inflammation has been proposed as a key factor in many
other cardiovascular diseases, especially those characterized by
myocardial injury. Different grades of myocardial inflammation
have been demonstrated by endomyocardial biopsy in patients
with sarcomeric hypertrophic cardiomyopathy and associated
with MRI-proven myocardial fibrosis (Figure 12) (73).
Evidence supporting the role of the inflammatory process
in atherosclerosis accumulated in recent years. Moreover,
activation of the inflammatory pathway was proven in patients
with acute myocardial infarction not only in injured segments
but also in areas of remote myocardium (74). Targeting
inflammatory pathways with specific therapies was proven
to improve LV remodeling in preclinical studies but failed in
reaching significant outcomes in clinical ones (75). Recent
evidence suggests the role of inflammation as a driver for
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FIGURE 12 | Myocardial inflammation in hypertrophic cardiomyopathy. Forty-seven-year-old man with familial hypertrophic cardiomyopathy (PRKAG2 mutation). All
images were obtained in mid-ventricular short-axis. Thickened ventricular septum (max 20 mm) [cine image, (C)]. Focal small area of increased native T1 [arrows,
(A)] and T2 values [arrows, (B)] in the thickened anteroseptal LV wall, closely corresponding to the area of myocardial fibrosis at LGE imaging [arrows, (D)]. These
findings confirm the presence of concomitant myocardial edema in the fibrotic myocardium.

phenotypic expression in patients with arrhythmogenic
cardiomyopathy (76). Increased susceptibility to viral infection
and immune activation may act on top of genetic predisposition.
Moreover, myocarditis has been proposed as an additional
criterion for arrhythmogenic cardiomyopathy (77). Further
studies using non-invasive imaging for the assessment of
inflammation in these settings are needed. As mentioned above,
allograft rejection after heart transplant is a specific form of
inflammatory myocardial disorder (9). Here too, CMR may
add valuable information in addition to the endomyocardial
biopsy (Figure 13).

18F-fluoro-deoxy-glucose (FDG) positron emission
tomography (PET) is the gold standard for the detection
of regions with high glucose uptake due to infection or
malignancy. A localizing computer tomography (CT) provides
anatomical information. In the context of CV inflammation,
PET can be used for imaging cardiac device infection, cardiac
sarcoidosis, vulnerable atherosclerotic plaque, and aortitis
(Figures 8, 11) (78). The role of PET/CT in the detection
of myocarditis has not been systematically investigated and
evidence is limited to few reports (79). As for PET/CT,
PET/MR provide simultaneously anatomical and metabolic

information. Recent investigations showed the utility of
hybrid FDG PET/MR in the detection and assessment of
myocarditis (79). Abnormally increased myocardial uptake
correlated well with the other established cardiac MR
biomarkers. Moreover, PET may provide complementary
information incrementing the sensitivity and specificity
of MR in case of mild or borderline myocarditis or
chronic inflammation (Figure 11) (80). Initial reports
investigated the application of PET/MR in detecting aortic
inflammation showing the feasibility, safety, and low radiological
exposure (81).

Targeting specific inflammatory pathways is not possible with
standard CMR. Iron oxide particle imaging allows identification
of tissue macrophage infiltration (82). Ultra-small particles of
iron oxide (USPIOs) or larger microparticles of iron oxide
(MPIOs) are injected intravenously. After diffusion through
capillary endothelia, they are taken up by phagocytic cells. Due to
a strong paramagnetic effect of iron, areas of intense phagocytic
infiltration are identified by low T1, T2, and T2∗ signals. Iron
oxide particle magnetic resonance imaging has been used to
detect active macrophage infiltration in atherosclerotic plaques
(83) and in infarcted and remote myocardium in patients with
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FIGURE 13 | Allograft rejection. Twenty-two-year-old woman with history of univentricular heart, re-transplantation in 2021, and clinical evidence of acute rejection.
CMR shows diffuse increase of native T1 (A) and T2 (B) myocardial values, most pronounced on the right side of the ventricular septum extending to the
anterior/posterior atrioventricular groove [black arrows, (A,B)], and in the right ventricular (RV) wall [white arrows, (A,B)]. LGE imaging shows strong enhancement in
RV wall, subepicardial left ventricular wall, and right side of the ventricular septum extending to the anterior/posterior atrioventricular groove [arrows, (C,D)].
Endomyocardial biopsy shows acute cellular rejection with diffuse extensive lymphocytic and eosinophilic inflammation [grade 3A (IHSLT 1990)–grade 2R (IHSLT
2004)], and myocardial fibrosis.

chronic ischemic cardiomyopathy (82). On the other hand,
the added value in detecting myocarditis has not been proven
yet (82). The limited utility of iron particles can be explained
considering that the lymphocytic signature is the most common
inflammatory pathway in myocarditis.

Perfluorocarbons (19F) enhanced MRI is an alternative
approach for imaging immune cells in cardiovascular disease
(84). As iron oxide particles, biochemically inert nano-emulsions
of perfluorocarbons are taken up by the macrophage/monocyte
system. While they are widely used as contrast agents for
preclinical applications, their translation in the potential clinical
application needs further studies. Hyperpolarized (HP) MRI
is a novel technology that improves the signal-to-noise ratio
by increasing spin polarization of external substances. Using
[1-13C] pyruvate HP probe, MRI can image the metabolic
reprogramming of activated immune cells toward glycolysis
(85). This immunometabolic reprogramming is shared by both
phagocytic cells and lymphocytes, overcoming the limit of iron
particle imaging in detecting lymphocytic inflammation. Another
HP molecule, [1,4- 13C2] fumarate, allows targeting of active
myocardial necrosis exploiting metabolic pathways activated in
cells with the damaged cellular membrane (86). Although waiting

for clinical translation, HP MRI is a promising tool for imaging
inflammatory cardiovascular diseases.

CONCLUSION

Inflammatory cardiomyopathy, pericarditis, and large
vessels vasculitis still represent a challenge for physicians.
Pathophysiological characteristics as vasodilation, exudation,
leukocytes infiltration, cell damage, and fibrosis are used by
CMR as diagnostic biomarkers. For this purpose, T2 weighted
images, early and late gadolinium enhancement, and parametric
mapping techniques are used. Future developments of CMR,
as the assessment of the specific immune cell infiltration
pathway, will provide deeper insight into cardiovascular
inflammatory diseases.
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Ectopic fat is associated with
cardiac remodeling—A
comprehensive assessment of
regional fat depots in type 2
diabetes using multi-parametric
MRI
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Markus Karlsson1,3,4,5, Eva Swahn1,6, Carl Johan Östgren3,7,
Jan Engvall1,3,8, Tino Ebbers1,3, Olof Dahlqvist Leinhard1,3,4,5,
Peter Lundberg1,3,5 and Carl-Johan Carlhäll1,3,8
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3Center for Medical Image Science and Visualization, Linköping University, Linköping, Sweden,
4AMRA Medical AB, Linköping University, Linköping, Sweden, 5Department of Radiation Physics and
Department of Health, Medicine and Caring Sciences, Linköping University, Linköping, Sweden,
6Department of Cardiology in Linköping and Department of Health, Medicine and Caring Sciences,
Linköping University, Linköping, Sweden, 7Division of Prevention, Rehabilitation and Community
Medicine, Department of Health, Medicine and Caring Sciences, Linköping University, Linköping,
Sweden, 8Department of Clinical Physiology in Linköping and Department of Health, Medicine and
Caring Sciences, Linköping University, Linköping, Sweden

Background:Di�erent regional depots of fat have distinctmetabolic properties

andmay relate di�erently to adverse cardiac remodeling.We sought to quantify

regional depots of body fat and to investigate their relationship to cardiac

structure and function in Type 2 Diabetes (T2D) and controls.

Methods: From the SCAPIS cohort in Linköping, Sweden, we recruited 92

subjects (35% female, mean age 59.5 ± 4.6 years): 46 with T2D and 46

matched controls. In addition to the core SCAPIS data collection, participants

underwent a comprehensivemagnetic resonance imaging examination at 1.5 T

for assessment of left ventricular (LV) structure and function (end-diastolic

volume, mass, concentricity, ejection fraction), as well as regional body

composition (liver proton density fat fraction, visceral adipose tissue,

abdominal subcutaneous adipose tissue, thigh muscle fat infiltration, fat

tissue-free thigh muscle volume and epicardial adipose tissue).

Results: Compared to the control group, the T2Dgroup had increased: visceral

adipose tissue volume index (P < 0.001), liver fat percentage (P < 0.001),

thigh muscle fat infiltration percentage (P = 0.02), LV concentricity (P < 0.001)

and LV E/e’-ratio (P < 0.001). In a multiple linear regression analysis, a

negative association between liver fat percentage and LV mass (St Beta −0.23,

P < 0.05) as well as LV end-diastolic volume (St Beta −0.27, P < 0.05)
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was found. Epicardial adipose tissue volume and abdominal subcutaneous

adipose tissue volume index were the only parameters of fat associated with LV

diastolic dysfunction (E/e’-ratio) (St Beta 0.24, P < 0.05; St Beta 0.34, P < 0.01,

respectively). In a multivariate logistic regression analysis, only visceral adipose

tissue volume index was significantly associated with T2D, with an odds ratio

for T2D of 3.01 (95% CI 1.28–7.05, P < 0.05) per L/m2 increase in visceral

adipose tissue volume.

Conclusions: Ectopic fat is predominantly associatedwith cardiac remodeling,

independently of type 2 diabetes. Intriguingly, liver fat appears to be related to

LV structure independently of VAT, while epicardial fat is linked to impaired LV

diastolic function. Visceral fat is associated with T2D independently of liver fat

and abdominal subcutaneous adipose tissue.

KEYWORDS

ectopic fat, left ventricular structure, left ventricular diastolic function, cardiac

remodeling, magnetic resonance imaging, type 2 diabetes, visceral fat

Introduction

Visceral adipose tissue (VAT) is associated with metabolic

cardiovascular disease risk factors (1, 2), above and beyond

the abdominal subcutaneous adipose tissue (ASAT). Data from

cardiovascular imaging studies also show that the volume of

VAT is associated with subclinical cardiac remodeling, in terms

of increased left ventricular (LV) concentricity and impaired

diastolic relaxation (3–5). Fat can also accumulate in and around

normally lean tissues, such as the heart, skeletal muscle and liver,

a process termed ’ectopic fat infiltration’ (6). In addition to VAT,

both hepatic and cardiac ectopic fat depots have previously been

linked to increased cardiovascular risk (7, 8), as well as adverse

LV structural remodeling and dysfunction (9–11).

How different fat depots affect cardiovascular risk factors

is still unclear. Ectopic and visceral fat depots are thought to

act through both local and systemic effects (6), and probably

affect the cardiovascular system differently. Based on data from

the Framingham Heart Study, Lee et al. demonstrated that VAT

and liver fat were more strongly associated with cardiometabolic

risk factors, compared to other sites for ectopic fat accumulation

Abbreviations: T2D, type 2 diabetes mellitus; VAT, visceral adipose tissue;

ASAT, abdominal subcutaneous adipose tissue; EAT, epicardial adipose

tissue; MFI, thigh muscle fat infiltration; FFMV, fat tissue-free muscle

volume; BMI, body mass index; LV, left ventricular; LVEDV, left ventricular

end-diastolic volume; LVM, left ventricular mass; LVC, left ventricular

concentricity; EF, ejection fraction; E, early diastolic velocity of mitral

inflow; A, late diastolic velocity of mitral inflow; e’, early diastolic mitral

annular velocity; NAFLD, non-alcoholic fatty liver disease; MRI, magnetic

resonance imaging; PDFF, proton density fat fraction; PRESS, Point-

RESolved Spectroscopy; SCAPIS, Swedish CArdioPulomonary bioImage

Study.

(12). In contrast, a recent analysis from the Multi-Ethnic Study

of Atherosclerosis found that the total amount of pericardial fat,

but not hepatic fat, was independently associated with risk of

atherosclerotic events over amedian of 12.2 years follow-up (13).

Since VAT is related to the overall burden of ectopic

fat (14), it might not constitute the primary mediator for

adverse cardiac remodeling. Given the close interrelationship

between VAT, ectopic fat and gluco-metabolic disease, the causal

pathways need to be explored in more detail. Thus, there is a

need for studies performing more comprehensive analyses of

regional fat depots. Magnetic resonance imaging (MRI) allows

for accurate assessment of whole-body adipose tissue, including

accurate assessment of liver fat, which can be challenging with

other imaging modalities (15). Further studies also need to

consider T2D in order to distinguish the characteristics of

separate fat depots, as diabetes per se is likely to affect cardiac

remodeling (16).

In the present study, advanced MRI techniques were utilized

to accurately assess whole-body adipose tissue, including liver

fat, epicardial fat, visceral fat, abdominal subcutaneous fat,

and skeletal muscle fat in participants with T2D and matched

controls. We sought to investigate the relationship between

these regional depots of fat to measures of LV structure and

function as well as to T2D. We hypothesized that regional

fat depots differ in their associations to cardiac remodeling

and T2D.

Materials and methods

Study design and population

We conducted an exploratory cross-sectional study that was

a sub-study within SCAPIS (17). We included 92 participants in
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the ages 50–64 years from the SCAPIS cohort in Linköping. We

first included 46 participants with T2D. They were identified as

having T2D according to health forms, fP-glucose ≥7.0 mmol/L

on two occasions or HbA1c ≥ 48 mmol/mol. Additionally,

46 control subjects were recruited, reported as not having

T2D according to the health forms, fP-glucose < 6.0 mmol/L

and HbA1c < 42 mmol/mol. The control subjects were

matched to the diabetes group on an individual basis with

regard to age, sex, and smoking. General exclusion criteria

were contraindications to MRI and significantly irregular

ventricular rhythm.

Ethics

All participants provided written informed consent to

participate. The study was performed in accordance with the

Declaration of Helsinki and approved by the Linköping Ethical

Review Board (Dnr 2016/229-31).

SCAPIS data

From the core SCAPIS data in Linköping, we had access to

the following data:

• Demographic variables (sex, age, alcohol consumption,

and smoking)

• Self-reported cardiovascular morbidity and drug use

• Anthropometric measurements (body weight, height,

and BMI)

• Routine clinical biochemistry (glucose status, lipid status,

highly sensitive CRP)

• Echocardiography (E/A-ratio, E/e’-ratio).

Echocardiography was performed using a GE Vivid

E95 rev 201 or E9 (GE Vingmed Ultrasound, Horten,

Norway) according to current guidelines from EACVI/ASE

(18) (see Supplementary material for details on data acquisition

and analysis).

Acquisition of MRI data

After inclusion, all 92 participants underwent a

comprehensive MRI examination at Linköping University

Hospital between November 2017 and July 2018. Data were

acquired in a single examination using a Philips Achieva

dStream 1.5 T MRI-scanner (Philips Healthcare, Best, The

Netherlands) and included a neck-to-knee four-echo mDixon

sequence, liver proton magnetic resonance spectroscopy

(1H-MRS) sequence, cardiac 3D cine balanced steady state-free

precession (bSSFP) sequence and cardiac 3D Dixon sequence.

Figure 1 shows example images from the whole-body and

cardiac Dixon sequences as well as the liver H-1 spectroscopy

sequence. See Supplementary material for details on the

magnetic resonance sequences.

Analysis of MRI data

Abdominal and thigh composition
Images from the neck-to-knee mDixon sequence were

analyzed and automatically segmented using the AMRA R©

Researcher (AMRA Medical AB, Linköping, Sweden) post-

processing software. Briefly, the image analysis consisted

of (1) image calibration, (2) fusion of image stacks, (3)

image segmentation, and (4) quantification of fat and muscle

volumes (15, 19, 20) and included manual quality control

by a blinded trained operator. The following parameters

were obtained:

• Abdominal subcutaneous adipose tissue (ASAT): the

subcutaneous adipose tissue volume in the abdomen from

the top of the femoral head to the top of the thoracic

vertebra T9.

• Visceral adipose tissue (VAT): the adipose tissue volume

within the abdominal cavity, excluding adipose tissue

outside the abdominal skeletal muscles and adipose tissue

and lipids within the cavity and posterior of the spine and

back muscles.

• Fat-tissue free muscle volume (FFMV): the volume of all

voxels with a fat fraction below 50%, i.e., “viable muscle

tissue”, in the thighs.

• Muscle fat infiltration (MFI): the mean fat fraction in the

FFMV of the right and left anterior thigh.

VAT, ASAT and FFMV were indexed to height squared (21)

and denoted with the suffix “-i”, e.g. VATi.

Liver fat infiltration
To quantify liver fat infiltration, we measured ’Proton

Density Fat Fraction’ (PDFF) using MRS, which provides

good precision on low fat concentrations and robustness

toward artifacts. PDFF was measured using a 1H-MRS PRESS-

sequence as described in previous publications (22, 23). Post-

processing of the MRS data was performed by quantifying

the integrals of water and fat resonances, respectively, using

jMRUI and the AMARES algorithm (24, 25). In analyzing

the spectra, we included all resonances representing different

lipid moieties. The integrals were also corrected for systematic

differences in T1 and T2 for fat and water, which were

assumed to be as follows T1: 236ms (fat) and 663ms

(water) and T2: 58.5ms (fat) and 43.4ms (water) (22, 26,

27).
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FIGURE 1

(A,B) example coronal slices of whole-body Dixon images. (A) Fat images with the VAT (red) and ASAT segmented (blue). (B) Water images with
the segmented thigh muscle groups: right posterior thigh (blue), right anterior thigh (yellow), left posterior thigh (green), and left anterior thigh
(pink). (C) Cardiac fat image in transversal view from the 3D Dixon sequence, showing the segmented region of interest (red) following the
epicardial border. (D) Liver H-1 MR spectrum obtained at 1.5 T, showing the water resonance at 4.76 ppm (green), and the major fatty-acyl chain
resonances at 1.21 ppm (methylene), as well as 0.9 ppm (methyl) and 2.2 ppm (alpha-olefinic etc) (blue). All lipid resonances were included in
the integration procedure.

Epicardial adipose tissue
The epicardial adipose tissue (EAT) volumes were

determined by analyzing the transversal image stacks from

the cardiac 3D Dixon sequence. ROI-drawing was performed

using the open-source software MITK (version 2018.04.2)

(28). Segmentation was performed in end-diastole from the

most caudal slice where myocardium was visible to the first

slice in the cranial direction where the lumen of right branch

of the pulmonary artery displayed continuity. The adipose

tissue volumes were then calculated using a separate script in

MATLAB (MathWorks, Natick, MA), as described by Homsi et

al. (29).

Left ventricular structure and function
Images from the cardiac 3D cine bSSFP sequence were

analyzed using software Segment CMR (version 3.2 R8452,

Medviso AB, Lund, Sweden) (30), to acquire structural (mass,

end-diastolic volume and concentricity) and functional (stroke

volume and ejection fraction) LV measures. To do this,

epicardial and endocardial borders of the LV myocardium were

segmented manually at end-diastole and end-systole using short

axis images. The papillary muscles were regarded as part of

the blood pool and LV mass (LVM) was acquired from the

end-diastolic segmentation.

Stroke volume (SV) was calculated as: stroke volume =

end-diastolic volume – end-systolic volume. Ejection fraction

(EF) was calculated as: ejection fraction = stroke volume /

end-diastolic volume. As a measure of concentricity, the ratio

between LV mass and LV end-diastolic volume (LVEDV) was

calculated for each participant, termed LV concentricity (LVC).

Where applicable, cardiac parameters (including epicardial

adipose tissue) were indexed to body surface area using the

Mosteller method (31): BSA (m2) = (height (cm) × weight

(kg)/3,600)1/2. Just as body composition variables, indexed

cardiac parameters were denoted with the suffix “-i”.

Statistics

For all statistical analyses, SPSS IBM version 26 was used.

A P-value of <0.05 was considered statistically significant.

Normality of distribution was assessed using the Kolmogorov-

Smirnoff test. For group comparisons of continuous variables,

independent sample T-test was used for parametric and

Mann-Whitney U test was used for non-parametric variables.
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TABLE 1 Group comparison of demographic and basic clinical data.

T2D Controls P-value

(n = 46) (n = 46)

Age (years) 59.6± 4.6 59.3± 4.7 0.77

Sex (women) 16 (34.8%) 16 (34.8%) –

Smoking 4 (8.7%) 4 (8.7%) –

Frequent alcohol consumption* 3 (6.5%) 5 (10.9%) 0.46

Self-reported cardiac disease** 8 (17.4%) 3 (6.5%) 0.11

Time since diabetes diagnosis (years) 6.4± 5.5 – –

Insulin use 10 (21.7%) – –

Anti-hypertensive medication 23 (50%) 5 (10.9 %) <0.001

Lipid-lowering medication 19 (41.3%) 3 (6.5%) <0.001

Weight (kg) 88.9± 13.7 80.7± 12.3 <0.01

Height (m) 1.73± 0.09 1.75± 0.09 0.21

BMI (kg/m2) 29.6± 3.3 26.2± 3.2 <0.001

Heart rate (BPM) 73± 13 66± 10 0.02

Systolic blood pressure (mm Hg) 144± 15 137± 17 0.07

Diastolic blood pressure (mm Hg) 86± 13 82± 10 0.07

Capillary P-glucose (mmol/L) 8.4± 2.3 5.3± 0.5 <0.001

HbA1c (mmol/mol) 54± 16 34± 3 <0.001

Total cholesterol (mmol/L) 4.3± 1.1 5.7± 1.2 <0.001

HDL cholesterol (mmol/L) 1.4± 0.5 1.6± 0.5 0.01

LDL cholestrol (mmol/L) 2.2± 1.0 3.6± 1.0 <0.001

Triglycerides (mmol/L) 1.7± 1.1 1.2± 0.6 0.02

hsCRP (mg/L) 2.0± 2.2 2.1± 2.8 0.99

Data shown as mean ± SD or n (%). T2D, type 2 diabetes; BP, blood pressure;

HDL, high density lipoprotein; LDL, low density lipoprotein; hsCRP, high-sensitivity

C-reactive protein.

*Regular consumption of more than three times weekly.

**History of coronary heart disease, atrial fibrillation, heart failure or valvular

heart disease.

Chi-square tests were used to compare categorical variables.

A Bonferroni correction was used for group comparison of

the MRI-derived body composition parameters as well as the

structural and functional LV parameters.

To test the associations between cardiac remodeling and

fat infiltration, linear regression analyses were performed.

Structural and functional LV variables were deployed as

dependent variables and the metrics of fat as independent

variables. Regression analysis was performed in three steps.

The crude regression model (Crude model) was a simple linear

regression between each fat parameter and each LV parameter.

Model 1 was a multiple linear regression with each fat parameter

deployed separately, adjusted for sex and diabetes. Model 2 was

a multiple linear regression with liver fat, epicardial fat and

visceral fat deployed simultaneously in a single model, adjusted

for sex and diabetes. MFI data were missing in 25% of the

participants and was therefore not used in Model 2. Liver fat

distribution was skewed despite stratifying for sex and diabetes,

and therefore logarithmically transformed for this analysis. For

TABLE 2 Group comparison of regional body composition

parameters.

T2D (n= 46) Controls (n= 46) P-value

EATi (mL/m2) 62.1± 21.0 51.6± 17.7 0.07

Liver fat (%) 11.7± 9.0 5.7± 6.8 <0.001

VATi (L/m2) 1.94± 0.74 1.35± 0.63 <0.001

ASATi (L/m2) 2.73± 1.03 2.33± 1.09 0.20

FFMVi (L/m2) 3.86± 0.67 3.78± 0.59 1.00

MFI (%) 9.4± 2.5 7.7± 2.3 0.02

Data shown as mean ± SD. EATi, epicardial adipose tissue index; VATi, visceral adipose

tissue index; ASATi, abdominal adipose tissue index; FFMVi, fat tissue-free muscle

volume index; MFI, muscle fat infiltration.

TABLE 3 Group comparison of LV structure and function.

T2D (n= 46) Controls (n= 46) P-value

LVMi (g/m2) 62.2± 12.5 59.0± 9.74 1.00

LVEDVi (mL/m2) 69.6± 15.2 76.0± 15.6 0.33

LVC (g/mL) 0.91± 0.12 0.79± 0.12 <0.001

LVSVi (mL/m2) 40.9± 9.1 44.2± 8.3 0.54

LV ejection fraction (%) 59.9± 9.2 58.6± 6.9 1.00

LV E/A-ratio 1.06± 0.49 1.09± 0.33 1.00

LV E/e’-ratio 13.4± 4.7 10.1± 2.3 <0.001

Data shown as mean ± SD. LVMi, left ventricular mass index; LVEDVi, left ventricular

end-diastolic volume index; LVC, left ventricular concentricity; LVSVi, left ventricular

stroke volume index; E, early diastolic velocity of mitral inflow; A, late diastolic velocity

of mitral inflow; e’, early diastolic mitral annular velocity.

every model we calculated the overall R2-value as well as P-value

and standardized beta coefficients for each independent variable.

A logistic regression analysis was performed with the

measures of body composition as predictors and the state

of T2D as outcome. In the univariate model, each variable

was deployed separately. We also performed a multivariate

model including liver fat, visceral and abdominal subcutaneous

fat simultaneously.

Results

Group comparison of demographic and
basic clinical data

Between the groups, there were no statistical differences in

age, sex, smoking, prevalence of frequent alcohol consumption

or self-reported cardiac disease. The T2D group displayed

significantly higher BMI (29.6 vs. 26.2 kg/m2, P < 0.001), higher

P-glucose (8.4 vs. 5.3 mmol/L, P < 0.001), higher HbA1c (54

vs. 34 mmol/mol, P < 0.001) compared to the normoglycemic

group. The T2D group also displayed significantly lower total

cholesterol (4.3 vs. 5.7 mmol/L, P < 0.001), lower LDL
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TABLE 4 Linear regression analyses using two di�erent models.

LVC (g/mL) LVMi (g/m2) LVEDVi (mL/m2) LV E/e’-ratio LV ejection fraction (%)

St Beta R
2

P-value St Beta R
2

P-value St Beta R
2

P-value St Beta R
2

P-value St Beta R
2

P-value

VATi (L/m2)

Model 1 0.19 0.22 0.11 −0.14 0.43 0.17 −0.27 0.30 < 0.05 0.23 0.24 0.06 0.15 0.07 0.24

Model 2 0.11 0.23 0.54 −0.03 0.46 0.85 −0.10 0.33 0.53 0.05 0.26 0.81 0.15 0.08 0.42

Liver fat (log%)

Model 1 0.23 0.24 < 0.05 −0.22 0.45 < 0.05 −0.33 0.36 < 0.01 0.19 0.20 0.11 0.13 0.08 0.25

Model 2 0.13 0.23 0.33 −0.23 0.46 < 0.05 −0.27 0.33 < 0.05 0.12 0.26 0.42 0.06 0.08 0.69

EATi (mL/m2)

Model 1 0.07 0.20 0.51 −0.04 0.41 0.63 −0.12 0.29 0.24 0.24 0.22 < 0.05 0.02 0.07 0.88

Model 2 −0.01 0.23 0.95 0.06 0.46 0.60 0.02 0.33 0.90 0.18 0.26 0.21 −0.06 0.08 0.68

MFI (%)

Model 1 0.20 0.27 0.13 0.03 0.44 0.76 −0.14 0.37 0.25 0.22 0.20 0.12 0.05 0.08 0.72

ASATi (L/m2)

Model 1 0.19 0.21 0.13 −0.18 0.43 0.10 −0.30 0.30 < 0.05 0.34 0.29 < 0.01 0.20 0.07 0.14

Model 1: included each fat predictor separately plus sex and diabetes. Model 2: included liver fat, VATi and EATi (in the same model) plus sex and diabetes. St Beta, standardized beta

coefficient; EATi, epicardial adipose tissue index; ASATi, abdominal subcutaneous adipose tissue index; VATi, visceral adipose tissue index; MFI, thigh muscle fat infiltration; LV, left

ventricular; LVC, left ventricular concentricity; LVMi, left ventricular mass index; LVEDVi, left ventricular end-diastolic volume index; E, early diastolic velocity of mitral inflow; e’, early

diastolic mitral annular velocity.

cholesterol (2.2 vs. 3.6 mmol/L, P < 0.001) and higher self-

reported usage of lipid-lowering medication (41.3 vs. 6.5 %, P

< 0.001) (see Table 1).

Group comparison of body composition
parameters

As compared to controls the T2D group had a significantly

higher VATi volume (1.94 vs. 1.35 L/m2, P < 0.001), higher liver

fat percentage (11.7 vs. 5.7 %, P < 0.001) and MFI percentage

(9.4 vs. 7.7 %, P= 0.02) (see Table 2).

Group comparison of LV parameters

The T2D group displayed a higher E/e’-ratio (13.4 vs. 10.1, P

< 0.001), indicating impaired diastolic function, and increased

LV concentricity, (0.91 vs. 0.79 g/mL, P < 0.001). There were no

significant differences in ejection fraction, LVEDVi or LVMi (see

Table 3).

Linear regression analyses

In general, liver fat was associated with structural LV

parameters. In the Crude model (not shown in tables), there was

a positive relationship between liver fat and LVC (standardized

beta=0.381, P < 0.001). The association was still significant

when including diabetes and sex (standardized beta= 0.229, P

< 0.05), but not when including VATi and EATi (Model 2). The

negative associations of liver fat to LVMi and LVEDVi were still

significant in Model 2, P < 0.05 for both. All parameters of

fat had a significant positive relationship with E/e’-ratio in the

Crude model. When adjusting for diabetes, only EATi and ASATi

were significantly related to E/e’, P < 0.05 for both. VATi was

positively associated with both LVC and E/e’ in the Crude model,

although these associations were non-significant when adjusting

for diabetes and sex (Model 1). Table 4 displays the results from

the linear regression analyzes in model 1 and 2. Figure 2 shows

scatterplots for the crude associations between liver fat, EATi

and VATi, and LV parameters.

For Model 1 and Model 2, results were consistent when
replacing diabetes status with BMI (not shown in tables). When
adding adjustment for self-reported cardiac disease to sex and
diabetes (not shown in tables), results in Model 1 and 2 were

overall directionally consistent. Results in Model 1 persisted.

Associations inModel 2 were slightly attenuated, as liver fat was

borderline significant as predictor for LVMi (standardized beta

= −0.20, P = 0.070) and LVEDVi (standardized beta = −0.25,
P= 0.053).

Logistic regression analysis

In the univariate analyses, EATi, VATi, liver fat and MFI
were significantly associated to T2D (P < 0.05 for all). In the

multivariate model (including ASATi, VATi and liver fat), only

VATi remained statistically significant (P < 0.05), with an odds

ratio (OR) increase for T2D of 3.01 for each L/m2 increment in

VATi (see Table 5).
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FIGURE 2

Scatterplots showing the correlations between fat depots (Y-axes) and left ventricular parameters (X-axes). Pearson’s correlation coe�cients (R)
and P-values are provided for each plot. VATi, visceral adipose tissue index; EATi, epicardial adipose tissue index; LV, left ventricular; EDVi,
end-diastolic volume index; E, early diastolic velocity of mitral inflow; e’, early diastolic mitral annular velocity.

Discussion

In our well-characterized study population, we found that

liver fat infiltration, but not visceral fat, was related to structural

LV parameters, including negative relationships to chamber

mass and end-diastolic volume. Among the visceral and ectopic

fat depots analyzed, the epicardial fat volume was the only

parameter associated with diastolic function when adjusting for

diabetes and sex. Visceral fat was significantly related to T2D,

independently of liver fat and abdominal subcutaneous fat.

Association between regional fat and LV
structure and function

Several large population-based studies have previously

reported significant associations between visceral adipose

tissue (VAT) and structural LV parameters. Neeland et al.

(4) demonstrated that VAT was linked to increased LV

concentricity and lower LVEDV. Other studies have reported

positive relationships between VAT and LV concentricity (5),

and negative relationships between VAT and LVEDV (32).

Noticeably, neither of these studies analyzed or accounted for

liver fat infiltration. A study that did analyze both VAT and

liver fat was published by Schlett et al. (3). The authors found

that both measures of fat were positively associated with LV

concentricity and negatively with LVEDV, independently of

diabetes. However, Schlett et al. did not analyze VAT and

liver fat in the same regression model, which is a possible

explanation for the discrepancy to our results. Our findings

could indicate that liver fat acts as an interlink for the

previously reported associations between VAT and LV structural

remodeling, possibly due to the potentially progressive and

inflammatory nature of fatty liver disease. For example, it has

been demonstrated that patients with non-alcoholic fatty liver

disease, especially non-alcoholic steatohepatitis, have increased

systemic levels of inflammatory cytokines (33). Individuals with

hepatic steatosis have also been shown to have altered LV
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TABLE 5 Logistic regression analyses.

Univariate models Multivariate model

OR for diabetes (95% CI) P-value OR for diabetes (95% CI) P-value

EATi (per mL/m2 increase) 1.03 (1.01–1.05) <0.05 –

ASATi (per L/m2 increase) 1.45 (0.94–2.24) 0.09 1.28 (0.82–2.01) 0.28

VATi (per L/m2 increase) 3.73 (1.75–7.95) <0.001 3.01 (1.28–7.05) <0.05

Liver fat (per % point increase) 1.11 (1.04–1.18) <0.01 1.03 (0.96–1.11) 0.46

MFI (per % point increase) 1.38 (1.09–1.75) <0.01 –

FFMVi (per L/m2 increase) 1.26 (0.63–2.50) 0.52 –

Univariate models show each predictor deployed separately. The multivariate models display ASATi, VATi and liver fat deployed simultaneously. OR, odds ratio; EATi, epicardial adipose

tissue index; ASATi, abdominal subcutaneous adipose tissue index; VATi, visceral adipose tissue index; MFI, thigh muscle fat infiltration; FFMVi, fat-tissue free muscle volume index.

metabolism in terms of reduced phosphocreatinine/adenosine

triphosphate ratio, while still having preserved LV function (34).

Interestingly, while liver fat was related to LV structural

parameters in our study, it was not significantly associated

with any functional LV measures after adjustment for sex

and diabetes. Among the visceral and ectopic fat depots, EAT

was the only parameter in model 1 that was significantly

positively associated with E/e’ ratio, an indicator of LV diastolic

dysfunction. Although this association was non-significant in

model 2, perhaps due to lack of power, our results support

previous findings that epicardial fat relates to LV function

without a significant association to structural remodeling. A

meta-analysis stated that EAT was associated with LV diastolic

dysfunction, but the associations between EAT and LV structure

were found to be largely inconsistent and uncertain (10). There

are several postulated ways through which EAT could impair

cardiac ventricular diastolic function. For example, through

paracrine inflammatory mechanisms, molecular lipotoxic effects

of free fatty acids (35, 36) as well as by physical obstructive

effects (37). Given the close relationship between cardiac fat

depots, epicardial fat may also act as a marker of intramyocardial

triglyceride content, which too has been linked to impairment

of LV function (36, 38–40). Finally, it is possible that altered

hemodynamic factors, such as heart rate and blood pressure,

influence the associations between ectopic fat infiltration and

cardiac remodeling.

Diastolic impairment was the main cardiac functional

abnormality found in this study population, related to both

diabetes and to increasing volumes of EAT (independently of

diabetes), while there were no significant findings regarding

ejection fraction between the groups or in the regression

analyses. Moreover, lower LVEDV, lower LVM and higher LV

concentricity in the left ventricle was associated with liver

fat. Taken together, these findings closely resemble the cardiac

phenotype seen in heart failure with preserved ejection fraction,

where patients are typically seen with preserved or increased

ejection fraction and low or normal LVEDV (41). The role of

ectopic fat in the development of heart failure with preserved

ejection fraction may warrant further research, especially since

previous studies have recognized obesity as a risk factor for this

type of heart failure (42).

Association between regional fat and
metabolic disease

The high proportion of individuals with T2D and matched

design makes our study well suited to assess the relationship

between individual regional fat depots and T2D using logistic

regression. In the univariate models we found VAT as well

as EAT, liver fat and MFI, but not ASAT, to be significant

predictors of T2D. This is in line with the generally held view

that ASAT and VAT have distinct metabolic and endocrine

properties (43). And again, since visceral fat is closely related to

the overall burden of ectopic fat (14), it is not surprising that

both VAT and liver fat were significant predictors of T2D in

our univariate analysis. In the multivariate analysis (including

ASAT, VAT, and liver fat) VAT was a significant predictor of

T2D while liver fat was non-significant. It is interesting that

VAT, but not liver fat, was a significant predictor since several

previous studies have demonstrated an independent role of

fatty liver disease in T2D development (44, 45). It should be

emphasized, however, that our analysis was employed to assess

associations to clinically manifest disease. More sensitive and

non-dichotomous measures of gluco-metabolic derangement,

such as insulin sensitivity index, could yield additional insight

into the roles of hepatic and visceral fat in development of

metabolic disease. Nonetheless, our findings do support the

hypothesis that different regional fat depots have dissimilar

effects on cardiovascular and metabolic health.

Limitations

Due to the relatively small sample size, our data may lack

statistical power to detect additional significant relationships
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between measures of fat, cardiac parameters and T2D. The

rather small sample size limited the number of variables in the

multiple linear regression analysis that could be adjusted for, in

order to avoid overfitting. Moreover, we purposively limited the

number of adjusting variables in the regression analyzes, in order

to avoid adjusting for factors that potentially lie in the causal

pathway between regional adiposity and cardiac remodeling.

Finally, participants with previous or present cardiovascular

disease were not excluded. As associations in model 2 were

slightly attenuated when adjusting for self-reported cardiac

disease, the observed associations between ectopic fat and LV

remodeling could possibly be linked indirectly through various

cardiac disorders.

Conclusions

In the present study, the application of advanced MR-

techniques permitted comprehensive characterizations of

whole-body fat depots including liver fat, epicardial fat, visceral

fat, abdominal subcutaneous fat, and skeletal muscle fat in

participants with T2D and matched controls. Our findings show

that epicardial fat is associated with LV diastolic dysfunction.

The findings also propose that previously reported relations

between visceral fat and LV structure could be interlinked by

the levels of liver fat infiltration. On the other hand, visceral fat

was associated with T2D independently of liver and abdominal

subcutaneous fat. Larger follow-up studies are needed to

establish these results.
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Clinical presentation and cardiac
imaging findings in patient cases
of perimyocarditis and
pericarditis with a temporal
association to SARS-CoV-2
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Aims: We aimed to investigate and present cases of perimyocarditis and

pericarditis verified by cardiovascular resonance (CMR) imaging in patients

with a strong temporal association to SARS-CoV-2 vaccination. We sought

to describe the clinical presentation including coronary artery angiography,

CMR, transthoracic echocardiography, blood samples, electrocardiography,

and symptoms.

Methods: We included 10 patients admitted with chest pain shortly

after vaccination for SARS-CoV-2, who were diagnosed with pericarditis

or perimyocarditis by CMR. We reviewed the CMR, echocardiography,

electrocardiography, blood samples, coronary artery angiography, vital signs

and medical history. The updated Lake Louise Criteria were used to determine

the diagnosis by CMR.

Results: Eight patients had perimyocarditis and two patients had pericarditis.

The mean age was 22 ± 5 years (range 16 to 31 years), 90% were male.

The median time from vaccination to hospital admission was 4 days (range

2 to 28 days). Admissions were seen after vaccination with three di�erent

SARS-CoV-2 vaccine manufacturers. Nine Patients had ST-elevation on the

initial electrocardiography. Peak troponins varied from 357 to 23,547 ng/l, with

a median of 4,304 ng/l. Two patients had an LVEF <50% on echocardiography

and four patients had left ventricular global longitudinal strain values <18%.

CMR revealed preserved left ventricular ejection fraction (LVEF), although one

patient had decreased LVEF on CMR. The T1 and T2 mapping values were

increased in all patients. Of the 8 patients with perimyocarditis, all patients had

signs of myocardial injury in the lateral segments of the left ventricle.

Conclusions: This case series of 10 patients supports the emerging evidence

of an association between vaccination for SARS-CoV-2 and perimyocarditis

and pericarditis, especially in young males. The temporal association was
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seen after vaccines from three di�erent manufacturers. Imaging data from

echocardiography and CMR displayed normal to mildly impaired cardiac

function, usually with a mild disease course.

KEYWORDS

perimyocarditis, pericarditis, COVID-19 vaccine, cardiovascular magnetic resonance

imaging, SARS-CoV-2, echocardiography

Introduction

Perimyocarditis is an inflammation of the pericardium and

the underlying myocardium, most commonly of viral etiology

(1). Non-infectious etiologies have been reported, although

these are less common. Recently perimyocarditis has been

reported as a possible side-effect to severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) vaccines. Emerging

evidence indicates an increased incidence of perimyocarditis

after vaccination for SARS-CoV-2, particularly when vaccinated

with a messenger RNA (mRNA) vaccine. Population-based data

from Israel reported an increased incidence of myocarditis

following mRNA vaccination, that in particular seems to

affect young men (2–4). However, the association between

the different vaccines available and pericarditis, myocarditis

or perimyocarditis has not been definitively established, as

the causality is based solely on the temporal association. To

investigate this possible association, we sought to elaborate the

presentation of these patients by systematic clinical assessment,

blood samples and detailed cardiac imaging.

When the SARS-CoV-2 vaccines were introduced for a

world-wide vaccination campaign in adults, the phase 3 trials

of the vaccines revealed an acceptable safety profile (5–7).

The reported side effects were generally mild to moderate,

and symptoms following all 4 European Union (EU) approved

vaccines usually disappeared within a few days. However, when

introducing a vaccination campaign in all adults in the EU, the

risk of unidentified side effects is likely to increase considerably.

Therefore, the use of passive surveillance systems such as the

EU EudraVigilance database of suspected adverse drug reaction

reports is essential for continuous safety profile assessment

of the vaccines (8). As of October 26th, 2021, 3,581 cases of

pericarditis (Pfizer-Biontech 2,667; Moderna 816; Janssen 98)

and 4,931 cases of myocarditis (Pfizer-Biontech 3,292; Moderna

1,540; Janssen 99) has been reported to the EudraVigilance

database. The EudraVigilance report system is limited by the

passive nature of reporting adverse events and does not provide

detailed descriptions of the clinical presentation, severity and

course of the disease. Although a few case reports have

been presented (9–11), more detailed information regarding

the clinical presentation, biochemistry, and cardiac imaging

findings of the presentation of perimyocarditis in patients with a

temporal association to vaccination for SARS-CoV-2 is needed.

In this study we present 10 cases of perimyocarditis

or pericarditis verified by cardiovascular magnetic resonance

imaging (CMR) in patients with a strong temporal association

to SARS-CoV-2 vaccination. We sought to provide a full clinical

presentation including coronary artery angiography when

available, CMR, transthoracic echocardiography (TTE), blood

samples, electrocardiography (ECG), and clinical symptoms.

Methods

During the period of June 1st to October 1st 2021, a

total of 22 patients from the central Denmark Region were

diagnosed with perimyocarditis, 2 with myocarditis and 9 with

pericarditis by CMR at Aarhus University Hospital, Denmark.

A total of 10 patients who fulfilled the diagnostic criteria of

perimyocarditis or pericarditis were included in the study since

they presented with symptoms <28 days after receiving the

vaccine and had no previous infection with SARS-CoV-2. All

10 patients were hospitalized due to chest pain or functional

dyspnea. All patients, or their legally authorized representative,

provided written consent for their participation. This study

complies with the declaration of Helsinki and was exempt from

formal approval by the institutional review board due to the

observational nature of the study.

Diagnostic criteria

The diagnosis of perimyocarditis was established based

on relevant clinical symptoms, ECG findings, troponin

measurement, echocardiographic examination, and the updated

Lake Louise Criteria by CMR (12). The CMR findings used for

determining diagnosis were the combination of myocardial

oedema together with other CMR markers of inflammatory

myocardial injury. Thus, the CMR diagnosis of perimyocarditis

was based on at least one T2-based criterion (increase of

myocardial T2 relaxation time or an increased signal intensity

in T2-weighted images) with at least one T1-based criterion

(increased myocardial T1, extracellular volume, or late

gadolinium enhancement). The diagnosis of pericarditis was

established with early and late gadolinium enhancement of

the pericardium without signs of myocardial oedema or injury
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assessed by T1 and T2-mapping. No endomyocardial biopsies

were obtained in these patients.

Transthoracic echocardiography

All patients underwent echocardiographic assessment

according to current guidelines (13), performed using the

GE Vivid E9 or E95 (GE healthcare, Horten, Norway) with

a standard phased array transducer. Offline analysis was

performed using Echopac version 203 (PC SW-only, GE

Healthcare, Milwaukee, Wisconsin, USA). Echocardiography

was performed during the initial admission.

Left ventricular (LV) ejection fraction (LV EF) was calculated

using the modified Simpsons biplane method of disks. LV global

longitudinal strain (GLS) was estimated using 2-dimensional

cine-loops with a frame rate >55 frames/s measured in the three

standard apical views. The automated function automatically

traced the endocardial border and was manually adjusted as

appropriate. The software automatically generated a 17-segment

bullseye plot with the presented values being an average of all

17 segments. Peak early (E) and late (A) diastolic mitral inflow

velocity were measured using pulsed-wave Doppler, placed at

the tip of the mitral valve leaflets in the apical 4-chamber view.

Lateral mitral annular diastolic velocity (e’) was measured using

tissue Doppler images in the apical 4-chamber view.

Cardiac magnetic resonance imaging

A standard CMR protocol was performed using a Philips

Achieva dStream 1.5 T whole bodyMR scanner (Philips Medical

Systems, Best, Netherlands). The clinical protocol to assess aortic

flow and ventricular volumes and mass was performed during

end expiratory breath hold according to consensus guidelines

(14). Tissue characterization was performed with T1 pre and

post contrast and T2 mapping to visualize myocardial injury

and oedema, respectively. A T2-weighted short tau inversion

recovery sequence was used to visualize edema (15).

Late Gadolinium Enhancement (LGE) imaging was

performed 10–15min after intravenous administration of

0.1 mmol/kg gadobutrol (Gadovist, Bayer HealthCare, Berlin,

Germany). Cardiac mass, volumes and strain of the left and right

ventricle were analyzed using Segment version 3.2 (Medviso

AB, Lund, Sweden). The extent of affected myocardium was

determined semi-automatically by software-based counting

of hyperenhanced pixels in the myocardium on each of the

short-axis LGE images. Hyperenhanced pixels were defined

as those with image intensities of 5 SDs above the mean of

image intensities in a remote myocardial region. The relative

affected volume was then calculated as a percentage of LV

volume, as the sum of hyperenhanced pixels from each of the

short-axis images divided by the total number of pixels within

the LV myocardium.

LV measurements were obtained using automated 3-

dimensional (3D) segmentation in the short axis view with

the possibility of subsequent manual adjustment. The right

ventricular (RV) measurements were obtained using a semi-

automated 3D tool and were subsequently adjusted manually

as appropriate. Radial strain of the left ventricle was estimated

by tracing the endo- and epicardial borders in diastole and

systole. LV longitudinal strain was estimated in 3D by tracing the

borders of the left ventricle in the 2-, 3- and 4-chamber views. RV

strain was assessed in the 4-chamber view. We have previously

published CMR derived strain values of healthy volunteers and

patients with perimyocarditis using the same CMR scanner and

the same analysis tool (16). We found CMR derived longitudinal

strain values of 15.1± 1.2 in healthy volunteers with a mean age

of 63 years and longitudinal strain values of 13.7± 3.0 in patients

with perimyocarditis with a mean age of 30 years.

Blood samples and electrocardiograms

All blood samples and ECGs were obtained on clinical

indication. Troponins were measured several times in all

patients during hospitalization, with the peak troponins being

reported in this study. A troponin I (TnI) <47 ng/l was

considered normal.

All patients had routine viral serology performed to rule

out parotitis, Borrelia Burgdorferi, Epstein Barr, influenza-virus,

parvovirus, adenovirus, cytomegalovirus and a blood-culture to

exclude other common etiologies of perimyocarditis.

Coronary artery imaging

Coronary computed tomography angiography (CCTA) and

invasive coronary angiogram (CAG) were performed on clinical

indication if the treating physicians deemed it necessary

to exclude acute ischemic pathology as the cause of the

clinical presentation.

Incidence of pericarditis and myocarditis

The incidence of pericarditis and myocarditis in the Central

Denmark Region was estimated using the Business Intelligence

(BI) database in the Central Denmark Region. The ICD-10

diagnosis codes used for the BI database were DI309 (acute

pericarditis) and DI409 (acute myocarditis). Unique patients

with either of the two diagnoses living in the central Denmark

Region between the ages 15 and 35 years were drawn from the

database from 1st of June to 31st of September in 2019, 2020

and 2021. Counts of citizens between 15 and 35 years of age
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living in the Central Denmark Region were extracted from the

Statistics Denmark database in the 3rd quarter of 2019, 2020,

and 2021.

Results

Patient characteristics

Ten patients were included with a mean age of 22 ±

5 years (range 16–31 years). All patients were referred for

hospital admission due to chest pain and/or dyspnea. Nine

patients (90 %) were male. Seven patients (78 %) received

the BNT162b2 mRNA vaccine from Pfizer-Biontech and two

(20 %) received the mRNA1273 vaccine from Moderna and

one (10 %) received the Ad26.COV2.S vaccine from Janssen.

Four patients (44 %) developed perimyocarditis after the 1st

dose and five (56 %) developed symptoms after the 2nd dose.

One patient developed pericarditis after the 1st dose and

one developed pericarditis after the 2nd dose. No patients

had previously been infected with SARS-CoV-2. Eight patients

were considered to have perimyocarditis and two patient were

diagnosed with pericarditis. An example of perimyocarditis

is presented in Figure 1 and an example of pericarditis is

presented in Figure 2. The median time from receiving the

vaccine to hospital admission was 4 days [interquartile range

(IQR) 3 to 17 days] with 2 days being the shortest time and

28 days being the longest. Seventy percentage of the patients

were admitted to the hospital within 6 days after receiving

the vaccine dose. The mean duration of hospitalization was

3.6 ± 1.5 days. One patient had previously been diagnosed

with perimyocarditis 5 years prior to admission. One patient

had recurrent chest pain leading to rehospitalization 2 months

after the initial admission and received intensified anti-

inflammatory treatment. Two patients (20%) were diagnosed

with attention deficit hyperactivity disorder (ADHD) and

one patient was diagnosed with attention deficit disorder

(ADD). All patients with ADHD or ADD were previously

or currently under treatment with methylphenidate, with all

three patients having received methylphenidate for at least

3 years.

Symptoms, electrocardiography, and
biochemistry

All patients presented with chest pain. Palpitations and

dyspnea were lesser common symptoms at presentation (n

= 2 and n = 3, respectively). Demography, vital signs and

electrocardiograms are presented in Table 1. Seven of the

FIGURE 1

Perimyocarditis in a patient (case 3). (A) Late gadolinium enhancement in the epicardium at the lateral segments in 4-chamber view; (B) CMR,
short axis T2-weigthed image showing hyper-intensive signal in the epicardium along the lateral segments indicative of oedema; (C) T1-map in
short axis showing increased T1 values up to 1,191ms at the lateral segments reflecting myocardial injury; (D) electrocardiogram showing
ST-elevations in lead V2-V6 and aVL; (E) 17-segment plot of global longitudinal strain on echocardiography with decreased values
antero-laterally.
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FIGURE 2

Pericarditis in a patient (case 9). (A) CMR, late gadolinium enhancement in the pericardium in 4-chamber view; (B) CMR, short axis T2-weigthed
image showing hyper-intensive signal in the pericardium indicative of oedema; (C) CMR, T1-map in short axis showing increased T1 values up
to 1,231ms in the pericardium; (D) electrocardiogram showing ST-elevations in lead I, II, III, aVF and V4-V6; (E) 17-segment plot of global
longitudinal strain on echocardiography with decreased values in the basal segments anteriorly.

patients had fever (temperature ≥ 37.5 degree Celsius) at the

time of admission.

Nine (90%) of the patients had ST segment elevation on

ECG. Peak cardiac Troponin I varied from 357 to 23,547 ng/l

with a median of 4,304 ng/l (IQR 2,024 to 11,878 ng/l) for

patients with perimyocarditis. The median CRP was 60 mg/l

(IQR 33 to 88 mg/l) at admission and the mean leucocyte count

was 9.2± 2.5 ∗ 109/l.

Echocardiography

Results from echocardiography and CMR are presented in

Table 2. The mean LV ejection fraction (EF) was 55 ± 7%. Two

patients (20%) had an LVEF<50%. Themean LVGLSwas−17.2

± 2 %, with n = 4 (40%) having an absolute LV GLS < 18%.

The mean E/A ratio was 1.6 ± 0.3 and the mean E/e’ ratio

was 5.5 ± 1.2. No patients had signs of pericardial effusion

on echocardiography.

Cardiac magnetic resonance imaging

The median time from admission to CMR was 7 days (IQR

3 to 14 days). The mean LVEF was 57 ± 5 %, the mean LV

longitudinal strain was−15.9 ± 2 % and the mean radial LV

strain was−18.2 ± 2.8 %. The mean RV EF was 61 ± 5 % and

the mean longitudinal strain of the right ventricle was−18.8± 2

%. The median native T1 mapping value was 1,066 (IQR 1,020

to 1,098) [a native T1 value of 1,003± 46 was considered normal

(17)]. The median T2 mapping value was 53 (IQR 51 to 55) and

the maximum and minimum T2 values are presented for each

patient in Table 2. The normal range of myocardial T2 relaxation

times has been reported to be within 50–62ms (17). The most

common localization of myocardial injury, assessed using LGE,

was in the lateral segments of the LV (n = 10, 83%), although

one patient with pericarditis had oedema anteriorly in the LV

and the other patient with pericarditis had oedema in the lateral

segments of the left ventricle.

Incidence of pericarditis and
perimyocarditis in the central denmark
region

From June 1st to September 31st in 2019, 29 (of 361.849)

patients between 15 and 35 years of age were diagnosed with

pericarditis and/or myocarditis in the Central Denmark Region.

In 2020 the number was 25 (of 363.611) and in 2021 the number
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TABLE 1 Demography, vital signs, and electrocardiography.

Case number

1 2 3 4 5 6 7 8 9 10

Age, years 16 24 22 21 23 16 28 17 24 31

Sex Male Female Male Male Male Male Male Male Male Male

Vaccine (dose) Pfizer (2nd) Moderna (1st) Pfizer (1st) Pfizer (2nd) Pfizer (2nd) Pfizer (2nd) Moderna (1st) Pfizer (1st) Jannsen (1st) Pfizer (2nd)

Diagnosis PM PM PM PM P PM PM PM P PM

Treatment – – – Col. – – – Col. Steroid – Morphine

Days from vaccination to adm. 3 21 28 17 2 2 6 5 3 3

Duration of hospital adm., days 5 5 5 4 3 3 5 4 1 1

Previous SARS-CoV-2 (days prior to vax) No No No No No No No No No No

Vital signs on admission

Temp., C 36.6 38.9 38.5 37.6 37.3 37.4 37.5 36.9 37.9 38

Heartrate beats/min. 89 125 86 97 86 113 97 57 78 84

BP, mmHG 122/75 111/68 102/62 121/80 151/86 106/66 115/64 120/57 142/90 131/80

RR 16 24 14 16 12 16 28 20 14 18

Electrocardiogram on admission

Rhytm SR SR SR SR SR SR SR SR SR SR

Leads with ST-elevation I, II, V4-V6 Normal V2-V6, aVL I, II, aVF, V2-V6 I, II, III, aVF, V2-V4 I, II, III, aVF, V5-V6 I, aVF, V2-V6 II, III, aVF, I, II, III, aVF, V4-V6 II, III, aVF

Biochemistry

TnI - peak 357 (TnT) 2,535 23,547 10,748 1,512 (TnT) 13,007 3,653 4,954

CRP 7 271 99 88 72 52 68 40 <4 33

Adm., admission; BP, blood pressure; Col, Colchicin; CRP, c-reactive protein; min, minute; P, pericarditis; PM, perimyocarditis; RR, respiratory rate; SR, sinus rhytm; temp, temperature; TnI, troponin I; TnT, troponin T; vax, vaccination.
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TABLE 2 Cardiovascular magnetic resonance and echocardiographic parameters.

1 2 3 4 5 6 7 8 9 10

Cardiovascular magnetic resonance

Days from admission to CMR 14 11 7 2 7 7 1 17 55 3

LV EF, % 54 63 63 48 56 51 52 60 58 61

LV EDV, ml 201 168 62.3 154.5 133 175.5 172.1 192.6 165.5 112.4

LV ESV, ml 103 62.1 23.0 80.3 58.4 86.5 81.8 77.2 68.8 43.4

Strain radial, % −15.0 −19.3 −21.3 −12.9 −19.5 −17.1 −16.7 −20.1 −18.6 −21.7

Strain, longitudinal, % −13.2 −17.0 −18.0 −11.7 −15.3 −17.2 −15.3 −19.3 −14.4 −17.2

RV EF, % 60 64 67 58 65 62 48 59 62 64

RV strain, % −18.1 −19.0 −20.6 −14.6 −15.2 −19.4 −19.4 −19.5 −20.3 −21.7

LV mass, g 133.2 88.4 62.5 125.2 101.2 77.4 109.2 113.8 118.5 102.9

Median T1 1,029 1,099 1,020 1,143 999 1,074 1,058 1,098 1,020 1,098

T1Min 997 1,062 980 1,069 959 1,026 1,028 1,062 980 1,052

T1 max 1,067 1,168 1,191 1,332 1,023 1,120 1,119 1,141 1,051 1,238

Median T2 48 54 51 55 51 57 52 53 51 55

T2 min/max 42/56 49/62 46/70 41/63 45/56 51/64 47/60 50/63 46/61 46/67

LGE, % 1.7 0.6 7.6 15.8 1.2 1.3 14.7 0.3 0.6

Echocardiography at admission

LV EF, % 52 55 60 43 55 45 60 65 60 53

LV GLS, % −19.8 −19.6 −16.7 −13.6 −16.4 −18.0 −18.1 - −14.1 −18.2

E/A-ratio 1.59 1.29 2.21 1.52 1.63 1.58 1.58 - 1.05 2.16

E/e’-ratio 7.53 4.35 7.73 6.06 4.89 5.54 5.54 - 3.86 5.90

CAG/HCT

- - CCTA - CCTA - ICA - ICA

ICA, invasive coronary angiogram; CMR, cardiovascular magnetic resonance; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; GLS, global longitudinal strain;

CCTA, coronary computed tomography angiography; LGE, late gadolinium enhancement; LV, left ventricle; RV, right ventricle.

was 38 (of 367.212) patients between 15 and 35 years who were

diagnosed with pericarditis and/or myocarditis between 1st of

June and 31st of September.

Discussion

In this study we present patients diagnosed with

perimyocarditis and pericarditis who all had a temporal

association to three different types of vaccines for SARS-CoV-2.

All patients had relatively mild presentation of disease, with

short symptom duration and hospitalization ranging from 1 to

5 days.

Clinical presentation

This series of cases supports the emerging evidence

suggesting that the typical patient suffering from

perimyocarditis following vaccination for SARS-CoV-2 is

predominantly male, with an age between 15 and 35 years,

presenting with chest pain. ECG changes with ST elevation

is often identified on admission, however the ECG may

be normal in some cases. Blood samples will often show

increased cardiac biomarkers such as troponins if there is

myocardial involvement but can be normal if the inflammation

is confined to the pericardium. Echocardiography will often

reveal preserved systolic and diastolic function, although some

patients may present with slightly decreased longitudinal

LV systolic function (18). CMR will show late gadolinium

enhancement in the pericardium and in the majority of

patients in the subepicardial myocardium, reflecting ongoing

tissue inflammation. Myocardial edema depicted by increased

myocardial T2 values is present in those with perimyocarditis.

The inflammation visualized by CMR is often located in the

lateral segments of the LV (18).

Pathophysiology

The pathophysiological mechanisms behind the potential

association between the immune response from SARS-

CoV-2 vaccines and perimyocarditis are poorly understood.

Myocarditis after vaccination is not a new phenomenon and

has previously been reported after smallpox- and influenza
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vaccination (19). We know from the vaccine trials, that younger

adults develop a stronger immune response to the vaccines

which provide a stronger protection against SARS-CoV-2,

however this may simultaneously increase their risk of adverse

immunological side effects. Molecular mimicry, whereby there

is antigenic cross reactivity between the cardiac tissue and the

resulting antibodies from the vaccines, has been suggested

as a potential mechanism of action. Vojdani and Kharrazian

(20) have investigated the reaction between SARS-CoV-2 spike

protein antibodies and various tissue proteins. Of particular

interest, cross reactivity was found to be strong between

SARS-CoV-2 spike protein antibodies and transglutaminase

2, alpha-myosin and collagen which are proteins expressed

in the cardiac atria, ventricles and the pericardium (21–23).

This cross reactivity could lead to an autoimmune reaction

against myocytes and the pericardium, which would cause

the inflammation seen in myocarditis, pericarditis and

perimyocarditis. Furthermore, this mechanism would explain

why there are more reports of myocarditis and perimyocarditis

after the 2nd dose, and primarily with mRNA vaccines, as

these are likely to trigger a larger immune response. This is

particularly the case in young adults.

Incidence of myocarditis after
vaccination

During the 4 month period from 1st of June to 31st

of September we found an incidence of pericarditis and/or

myocarditis of 1 in 12.478 in citizens aged 15–35 years in the

Central Denmark Region in 2019, 1 in 14.544 in 2020 and 1

in 9.663 in 2021, based on reports from the regional database.

Even though register data should be assessed with caution,

these data suggest an overall increased incidence of pericarditis

and myocarditis in citizens between 15 and 35 years of age

in the period where the vaccination program was initiated in

this age-group. Retrospective studies report increased incidences

of myocarditis in young males vaccinated with the BNT162b

mRNA vaccine from Pfizer-Biontech. Witberg et al. (2) report

an incidence of 10.69 cases of myocarditis after vaccination per

100.000 persons in male patients between 16 and 29 years of

age. Furthermore, Barda et al. (4) reported a risk difference of

13.73 per 100.000 persons between the 1st and 2nd dose in males

between 16 and 19 years.

This risk needs to be balanced against the incidences of

myocarditis after infection with SARS-CoV-2. The overall risk

ratio of myocarditis after vaccination for SARS-CoV-2 has been

estimated to be 3.24 (risk difference 2.7 events per 100.000

persons) across all ages and sex, compared to a matched

unvaccinated control group (4). The risk of myocarditis after

infection with SARS-CoV-2 was estimated to a risk ratio of

18.28 (risk difference 11.0 events per 100.000 person years) (4).

This retrospective analysis suggests that there is an increased

risk of myocarditis after vaccination for SARS-CoV-2 with

mRNA vaccines, but the risk of myocarditis seems substantially

larger after infection with SARS-CoV-2. However, these data

are limited by their retrospective nature, with a substantial risk

of bias. Furthermore, in these study reports authors have not

systematically used CMR or endomyocardial biopsies to validate

the diagnosis of myocarditis. The risk profile of the SARS-CoV-2

vaccines still favors vaccination, even in young male individuals,

as the risk of perimyocarditis is relatively modest and with amild

disease course, especially when compared to the risk profile of

infection with SARS-CoV-2. The remaining question clinicians

face is, whether to recommend another dose, either the 2nd or

3rd dose of the vaccines, in individuals who have already suffered

from perimyocarditis shortly after a previous dose of the vaccine.

Short- and long-term e�ects

The short-term effects of perimyocarditis following

vaccination for SARS-CoV-2 seem to be relatively mild

even though all patients experienced chest pain requiring

hospitalization. The disease often resulted in a relatively short

hospitalization and rapid clinical improvement. Discharge

occurred within seven days with relatively modest effects on

echocardiographic and CMR parameters. The most common

complaint from the patients after discharge was the advised

abstinence from intense physical training. However, currently

the long-term prognosis of perimyocarditis in these young

patients with SARS-CoV-2 vaccine related myocarditis remains

unknown. One case report demonstrated full functional

recovery at 3 months in a young patient with SARS-CoV-2

vaccine related myocarditis (24). This is in accordance with

studies showing that in approximately 50% of patients with

myocarditis there is resolution within 2–4 weeks, however the

prognosis depends on the etiology (25, 26).

Limitations

This study has several limitations. The presumed association

between vaccination and perimyocarditis is based on the

temporal association, and not validation with viral mRNA

diagnostics using endomyocardial biopsies. However, the

findings are in line with other case reports and studies suggesting

the possible link, and due to the relatively mild nature of the

disease courses, there were no indications for endomyocardial

biopsies. We do not have long-term follow-up in these patients

yet, as younger citizens (age below 35 years) were offered

vaccination from May-July 2021 in Denmark, but a follow-

up program is planned. We aimed to perform CMR within 7

days after admission, but in one case the CMRI was performed

after 55 days. We used data from a single center, and as such
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the number of patients is limited. However, this study is the

largest detailed report of cases, and the results are in line with

data presented in large retrospective studies. Since we could

only diagnose patients who were admitted to the hospital, it

is possible that the true incidence of perimyocarditis following

vaccination for SARS-CoV-2 is higher. It could be speculated

that subclinical cases have not been diagnosed.

Conclusion

This case series of 10 patients supports the emerging

evidence of an association between vaccination for SARS-

CoV-2 and perimyocarditis, especially in young males. The

temporal association was seen after vaccines from three

different manufacturers, both mRNA vaccines and vector-based

vaccines. The main clinical symptom was chest pain leading to

hospitalization. Imaging data from echocardiography and CMR

displayed normal to mildly impaired cardiac function. Further

studies are needed to investigate the long-term clinical and

prognostic consequences of this assumed vaccine related entity.
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Objective: To investigate the feasibility of 3D left ventricular global and

regional strain by using one breath-hold (BH) compressed sensing cine (CSC)

protocol and determine the agreement between CSC and conventional cine

(CC) protocols.

Methods: A total of 30 volunteers were enrolled in this study. Cardiovascular

magnetic resonance (CMR) images were acquired using a 1.436 T magnetic

resonance imaging (MRI) system. The CSC protocols included one BH CSC

and the shortest BH CSC protocols with different parameters and were only

performed in short-axis (SA) view following CC protocols. Left ventricular

(LV) end-diastole volume (EDV), end-systole volume (ESV), stroke volume

(SV), and ejection fraction (EF) global and regional strain were calculated by

CC, one BH CSC, and shortest BH CSC protocols. The intraclass correlation

coefficient (ICC) and coefficient of variance (CV) of these parameters were

used to determine the agreement between different acquisitions.

Results: The agreement of all volumetric variables and EF between the CC

protocol and one BH CSC protocol was excellent (ICC > 0.9). EDV, ESV, and SV

between CC and shortest BH CSC protocols also had a remarkable coherence

(ICC > 0.9). The agreement of 3D LV global strain assessment between CC

protocol and one BH CSC protocol was good (ICC > 0.8). Most CVs of

variables were also good (CV < 15%). ICCs of all variables were lower than

0.8. CVs of all parameters were higher than 15% except global longitudinal

strain (GLS) between CC and shortest BH CSC protocols. The agreement

of regional strain between CC and BH CSC protocols was heterogeneous

(-0.2 < ICC < 0.7). Many variables of CVs were poor.
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Conclusion: Notably, one BH CSC protocol can be used for 3D global strain

analysis, along with a good correlation with the CC protocol. The regional

strain should continue to be computed by the CC protocol due to poor

agreement and a remarkable variation between the protocols. The shortest

BH CSC protocol was insufficient to replace the CC protocol for 3D global

and regional strain.

KEYWORDS

compressed sensing, cardiovascular magnetic resonance, myocardial strain,
ventricular function, agreement assessment

Introduction

Assessing myocardial function is one of the most
important steps in the management of cardiovascular
diseases. Left ventricular (LV) ejection fraction (EF) is
the key parameter for assessing clinical, normal, mildly
reduced, or reduced cardiac function that can be confirmed
by different EF ranges (1). Echocardiography, contrast-
enhanced cardiac computed tomography, cardiac magnetic
resonance (CMR), and single-photon emission computed
tomography can be used to obtain the EF value. Among
these techniques, CMR is considered as the gold standard
method to obtain the EF value owing to its excellent
tissue resolution, good spatial and temporal resolution,
large field of view, and remarkable inter- and intra-
observer agreement (1). CMR short-axis (SA) cine has
been recommended and is routinely used for EF calculation.
CMR is time-consuming and requires multiple breath-
holds (BHs), which lower patients’ compliance and induce
involuntary motions. Long scan times can also increase
the probability of premature occurrence in patients
with arrhythmia, resulting in motion artifacts and space
blurring (2).

Myocardial strain is an emerging concept that represents
deformation of the myocardium, which is also a parameter
for myocardial motion (3). Recent studies (4–6) have reported
that feature tracking is reproducible and reliable for strain
analysis. The myocardial strain was considered superior in EF-
preserved patients and played an important role in patients
with subclinical LV dysfunction (7). SA along with long-axis
view cines can be used to compute 3D global and regional
strains, including radial, circumferential, and longitudinal.
SA cine is important for circumferential strain and 3D
strain analyses.

Multiple BHs and a long scan time are necessary for
both EF and strain analyses. Reduced BHs and scan time
would improve patients’ compliance, and accelerated SA cine
acquisition can be an acceptable approach. Accelerated CMR
cine techniques [such as k-t blast, parallel imaging, and
compressed sensing (CS)] have been used in the quantitative

assessment of ventricular volume and function (8–10). Both
scan time and BHs were reduced drastically when parallel
imaging or CS techniques were used.

Compressed sensing has been used to accelerate CMR
imaging under the assumption that the k-space data are
randomly under-sampled. A non-linear reconstruction was
performed to enforce the sparsity of the image and consistency
with the acquired magnetic resonance imaging (MRI) data (11).
Recent studies (10–12) have reported that the CS techniques
have been used in accelerated CMR acquisition, including
3D whole heart late gadolinium enhancement, whole heart
contrast-enhanced magnetic resonance angiography, and SA
cine. The studies (13–16) on CS cine (CSC) have reported that
SA cine can be acquired in one BH without compromising
image quality. The EF calculated by CSC acquisition is well
correlated with the EF computed using conventional multiple
BH cines. CSC significantly reduced the scan time, indicating
that it can potentially replace conventional cine (CC) in EF
analysis. Recent studies (10, 17) have reported no significant
difference in global circumferential strain (GCS) and the GCS
rate between one BH CSC and CC protocols, and excellent
agreement has been reported between both types of cines. These
findings initially indicated that accelerated CS cine CMR can
be used in strain analysis. However, the importance of global
radial strain (GRS) and global longitudinal strain (GLS) by
using the CSC protocol remains unknown. Three-dimensional
strain with SA and long-axis cines is considered superior to
2D strain using SA cine for global strain analysis, which could
provide GCS, GLS, and GRS. The reliability of 3D global
and regional strains by CSC is unknown to date. In the
United Imaging MRI system, united compressed sensing (uCS)
comprehensively combines all the benefits of partial Fourier,
parallel imaging, and CS strategies and thus provides the
advantages of conjugated symmetry of k-space for multichannel
parallel acquisition. Image compressibility facilitates complete
use of signal redundancy and optimizes the scanning sequences.
In this study, the feasibility of assessing left ventricular systolic
function and 3D LV global and regional strain by using the uCS
technique was investigated, and the agreement between CSC and
CC protocols was determined.

Frontiers in Cardiovascular Medicine 02 frontiersin.org

48

https://doi.org/10.3389/fcvm.2022.903203
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-903203 August 8, 2022 Time: 14:2 # 3

Chen et al. 10.3389/fcvm.2022.903203

Materials and methods

Patient population

A total of 37 consecutive volunteers were enrolled from
February 2021 to April 2021. Of the total participants, seven
volunteers who were unable to hold their breath for 30 s
were excluded. Volunteers with cardiovascular diseases, diabetes
mellitus, and systemic disorders were included. Finally, 30
volunteers were enrolled in this study. The study was conducted
in accordance with the Declaration of Helsinki (as revised
in 2013). The study was approved by the ethics committee
of our institute, and written informed consent was obtained
from each volunteer.

Cardiac magnetic resonance protocol

Cardiac magnetic resonance images were acquired using
the 1.436 T MRI system (uMR586, United Imaging, Shanghai,
China) equipped with a maximum gradient field strength of
33 mT/m, a gradient slew rate of 125 T/m/s, and a 12-channel
body phased-array coil. All volunteers were trained to hold their
breath before the examination to ensure that they could hold
their breath as long as possible during the examination. The
training goal of BH was set above 30 s. All volunteers underwent
a non-contrast CMR examination. CMR cine was performed
using the balanced steady-state free precession sequence type.
In the uMR586 MRI system, the k-space sampling model of
uCS is specially designed for different scenarios. In dynamic
imaging, randomized sampling is performed in the phase
encoding direction (2D), as well as along the temporal
dimension. Parallel acquisition is also performed along with
randomized sampling. uCS reconstruction is performed by
solving an optimization problem via the iterative method. The
conventional technologies (partial Fourier, parallel imaging, and
CS) are individual regularization items that are integrated by
properly determined weightings. In the uCS reconstruction, the
features of partial Fourier, parallel imaging, and compressed
sensing are integrated and simultaneously contributed to the
solution. Errors introduced by one technique will be suppressed
or balanced by the others. Iterations continue until the
reconstruction errors have reached an acceptable threshold. The
CMR protocol included CC and CSC, with LV two-, three-,
and four-chamber and SA views. The coverage of LV SA view
cine was from apex to base, comprising a stack of nearly 8–
12 slices. All CMR cines were performed with ECG gating
and BH. CSC protocols were performed only on the SA view,
following the CC protocol. CSC protocols included one BH CSC
and the shortest BH CSC protocols with different parameters
(Table 1). The scanning time of different SA cine sequences was
recorded manually.

Cardiac magnetic resonance analysis

The post-processing analysis of CMR images was performed
using a dedicated software (CVI 42, version 5.13.5, Circle,
Calgary, Canada). Imaging analysis included the following three
components: visual assessment of SA cine image quality between
protocols; LV volume and EF evaluations; and LV global and
regional strain analyses.

Image quality assessment

For the visual assessment of SA cine image quality, the
image quality was graded on a 5-point scale (non-diagnostic = 1,
poor = 2, adequate = 3, good = 4, and excellent = 5). An
experienced radiologist with more than 10 years in CMR
assessed the image quality, which included myocardial-blood
contrast, endocardial border definition, and determining the
presence of artifacts. Artifacts included those that were caused
by respiration, mitigation, parallel imaging reconstruction, and
residual motion, as well as CS-related staircase artifacts and
radial streak artifacts (16, 18).

Left ventricular volume evaluation

Short-axis view cines were subjected to post-processing for
the evaluation of LV volume and EF. CC, one BH CSC, and
shortest BH CSC images were analyzed sequentially every other
month. LV end-diastole volume (EDV), end-systole volume
(ESV), stroke volume (SV), and EF were calculated using the
Simpson method in the function SAX module. The LV volume
was covered from the apex to the annulus of the mitral valve and
included papillary muscles. The endomyocardium was reviewed
and corrected manually after LV automatic segmentation. For
basal descent, slices were considered to be within the LV if the
chamber was surrounded by at least 50% of the LV myocardium.
The LV outflow tract was included in the LV blood volume. The
endomyocardial contour was detected to include the LV outflow
tract to aortic valve cusps on the basal slices (19).

Strain analysis

For LV global and regional strain assessments, the strain
module of CVI software was used to assess myocardial
deformation. To perform LV 3D strain analysis, SA, two-,
three-, and four-chamber view cines were added to this module.
An auto contour detection using artificial intelligence was
performed first, which was followed by a manual check. If
the automatic segmentation of SA or long-axis view series was
not satisfactory, the definitions of the mitral valve and apex,
LV endo-, and epicardial contours at end-diastole phase on
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TABLE 1 Typical cardiovascular magnetic resonance (CMR) sequence parameters for conventional and compressed sensing short-axis cines.

Sequences parameters CC One BH CSC Shortest BH CSC

ECG gating Retrospective gating Retrospective gating Retrospective gating

uCS factor – 3.0 3.0

FOV (280–320) × (280–320) (280–320) × (280–320) (280–320) × (280–320)

Slice numbers 8–12 8–12 8–12

Slice thickness/gap(mm) 8/2 8/2 8/2

Flip angle(◦) 70 70 70

TE/TR (ms) 1.58/3.36 1.58/3.36 1.58/3.36

Bandwidth(HZ/pixel) 1200 1200 1200

Image matrix(mm2) 192 × 100 192 × 100 192 × 100

Spatial resolution(mm2) 1.67 × 1.67 1.67 × 1.67 1.67 × 1.67

Cardiac phases 25 25 25

Views per segment 20 30–40 50–56

Breath holds(n) 7–11 1 1

Acquisition time(s) 72.97 ± 16.13(55.8–
120.08)

20.84 ± 3.204(17–29.7) 14.22 ± 2.369(11–19.8)

CC, conventional cine; one BH CSC, one breath-hold compressed sensing cine; shortest BH CSC, shortest breath-hold compressed sensing cine; ECG, electrocardiograph; uCS, United
Imaging compressed sensing; FOV, field of view; VPS, views per segment.

SA and long-axis cines were corrected. We then performed
the strain analysis, and another adjustment was made if the
strain borders were not satisfactory. Finally, 3D LV strain results
were generated after the calculation was rerun (Figure 1). The
LV global strain included GRS, GCS, and GLS. LV regional
strain included basal, mid, and apical strains at each level.
The strain consisted of regional radial strain (RRS), regional
circumferential strain (RCS), and regional longitudinal strain
(RLS). Similar to LV volume and EF evaluations, strain analysis
for CC, one BH CSC, and shortest BH CSC images was
performed sequentially every other month.

Reproducibility

To test the reproducibility of strain analysis, CC images
were used to assess intra- and inter-observer agreement in all
volunteers. The strain analysis was performed separately by
two observers with more than 8 years of CMR experience in
post-processing. For inter-observer reliability, each observer
performed the strain analysis, recorded the results, and reset
the workspace, while ensuring that the first observer remained
blinded to the results obtained by the second observer. One
observer repeated the analysis after 1 month to determine the
inter-observer agreement.

Statistical analysis

The categorical data are presented as frequency and
percentage. The quantitative data are presented as mean ± SD.
The Shapiro–Wilk test was performed to assess the distribution

of data. For normally distributed data, independent-sample
Student’s t-test was performed for comparison. The Mann–
Whitney U-test was performed for data with a non-normal
distribution. To test the reproducibility of strain parameters,
interclass correlation coefficient (ICC) was used for determining
the inter- and intra-observer agreements. The Wilcoxon test was
performed to compare image quality scores between different
scan protocols. The Kendall correlation analysis was performed
to test the agreement between the scores obtained by each
protocol. For the agreement of LV volume, EF, global strain, and
regional strain between different acquisitions, ICC, coefficient of
variance (CV), and Bland–Altman plot were used. SPSS (version
20.0; IBM Corp., Armonk, NY, United States), MedCalc (version
18.2.1; MedCalc Software Ltd., Ostend, Belgium), and MS Excel
(version 2019; Microsoft Corp., United States) were used for
statistical analyses and plotting of graphs. All parameters with
a p value of <0.05 were considered to be statistically significant.

Results

Baseline characteristics

Among the 30 enrolled volunteers, 10 were men and 20 were
women. Notably, two volunteers had ventricular premature
beat, one volunteer had breast cancer after chemotherapy
and radiotherapy, and the remaining volunteers were healthy.
The seven volunteers who were excluded had cardiovascular
diseases, with three having coronary heart disease, two having
cardiomyopathy, and two having heart failure. The age of the
volunteers ranged from 21 to 60 years, with an average of
30.57 ± 11.26 years. The average heart rate was 73.67 ± 10.38
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FIGURE 1

Comparison of SA images and strain analysis by different protocols. The images in left column (a,d,g,j), middle column (b,e,h,k), and right
column (c,f,i,l) were acquired by CC protocols. The original SA images (a,b,c) are shown in the first row, strain color images (d,e,f) are shown in
the second row, global strain curve (g,h,i) are shown in the third row, and regional strain polar maps (j,k,l) are shown in the fourth row.

beats per minute, with a range from 59 to 92 beats per
minute. The mean body mass index was 22.35 ± 3.95 kg/m2.
The scanning time of SA cine using both CSC protocols was
significantly shorter than that using the CC (72.97 ± 16.13 s)
protocol. Moreover, the shortest BH CSC (14.22 ± 2.37 s)
protocol was faster than one BH CSC (20.84 ± 3.20 s) protocol,
and the difference was statistically significant.

Image quality assessment

The scores of SA view cine image quality for CC, one
BH CSC, and shortest BH CSC protocols were 4.73 ± 0.45,
4.67 ± 0.55, and 4.27 ± 0.58, respectively. The difference
in image quality scores between the CC and one BH CSC
protocols was not statistically significant (p = 0.16). However,
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FIGURE 2

Cumulative frequency distribution of EF calculated by CC, one
BH CSC, and shortest BH CSC acquisitions. EF calculated by
both one BH CSC and shortest BH CSC acquisitions correlated
well with that calculated by CC acquisition (ICC = 0.955 and
0.836, respectively).

the difference in scores between CC and shortest BH CSC
protocols (p < 0.01) and between one BH CC and shortest BH
CSC protocols was statistically significant (p < 0.01).

Left ventricular systolic function

Discrepancies in the LV volume and EF are shown between
different acquisitions. Parameters such as EDV, SV, and EF
were slightly lower and ESV was slightly higher with one
BH CSC protocol compared with those obtained using the
CC protocol; however, the differences were not statistically
significant. The agreement of all variables between the CC
and one BH CSC protocols was excellent (Figure 2). The
differences between the CC and shortest BH CSC protocols
were statistically significant, although the differences in SV and
EF were not statistically significant (p = 0.03 and p < 0.01,
respectively). Volumetric variables (EDV, ESV, and SV) between
the CC and shortest BH CSC protocols also had a remarkable
coherence (ICC > 0.9). The ICC of EF for the CC and
shortest BH CSC protocols was also high (0.836), although
it was lower than the ICCs for EDV, ESV, and SV. When
CV was used to assess the agreement, CV results indicated
a low variance between the CC and one BH CSC protocols.
Most variables (EDV, ESV, and EF), except SV (CV = 15.57%),
between the CC and shortest BH CSC protocols had a high
but acceptable CV.

Agreement of the global strain

The averages of GRS, GCS, and GLS were 37.72% ± 9.69%,
-18.75% ± 2.18%, and -14.00% ± 2.28%, respectively, with the

CC protocol. The global strain values by CSC sequences were
lower than those by the CC protocol, as shown in Table 2
(p < 0.05). The values of GRS and GCS were higher with one
BH CSC protocol (p > 0.05 for both) among the two CSC
protocols (Figure 3). The agreement of 3D LV global strain
assessment between the CC and one BH CSC protocols was
good, as shown in Table 3. The Bland–Altman plot indicated
that 95% or more dots were located in a 95% confidence interval
(Figure 4). Between the CC and one BH CSC protocol, the ICCs
of GRS, GCS, and GLS were greater than 0.8, and the CVs of
GCS and GLS were lower than 15%. The ICCs of all variables
were lower than 0.8, and the CVs of all parameters were higher
than 15%, except for GLS, in both the CC and shortest BH CSC
protocols. The differences in global strain were not statistically
significant, except for GCS, between the protocols.

Agreement of the regional strain

Three-dimensional LV regional strain assessment between
the protocols showed an apparent discrepancy for basal, mid,
and apical RRS (Table 4). The differences in apical-RCS and
mid-RRS between one BH CSC and CC protocols were not
statistically significant (p > 0.05). The regional strain values
using CC acquisition were not always higher than those
calculated by CSC acquisitions at the LV base and apex. The
values of basal RRS and apical RLS with CC acquisitions were
lower than those with one BH CSC and shortest BH CSC
acquisitions, and the values with one BH CSC acquisition were
greater than those with the shortest BH CSC acquisition. Unlike
the global strain that showed good agreement between different
protocols, the agreement of the regional strain between the CC
and one BH CSC protocols was heterogeneous (Table 5). For
the mid-regional strain and most basal regional strain variables,
ICCs were moderate (0.6 < ICC < 0.8); ICCs of mid-regional
strain variables were close to 0.8, and CVs were more than 15%
(Figure 3). The agreement for regional strain variables at the
base was mild, and CVs were also more than 15%, except for
basal RCS. The ICCs of apical regional strain variables were mild
or poor (-0.2 < ICC < 0.4) with heterogeneous CVs. The Bland–
Altman plot indicated that 95% or more dots were located
in a 95% confidence interval for mid-regional strain variables
between the CC and one BH CSC protocols (Figure 5).

Reproducibility

The performance of CC images for strain analysis was
excellent. Both intra- and inter-observer agreements were good.
The ICCs of the intra-observer agreement for GRS, GCS, and
GLS were 0.962, 0.963, and 0.938, respectively, whereas the ICCs
of the inter-observer agreement for GRS, GCS, and GLS were
0.923, 0.924, and 0.931, respectively.
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TABLE 2 3D left ventricular global strain assessment between different acquisitions.

Variables CC One BH CSC Shortest BH CSC p-value1 p-value2

GRS(%) 37.72 l’ 9.69 32.03 ± 12.92 28.89 ± 14.55 0.36 0.07

GCS(%) -18.75 l’ 2.18 −17.08 ± 1.99 −15.20 ± 1.72 < 0.01 < 0.01

GLS(%) -14.00 l’ 2.28 −13.37 ± 1.88 −13.38 ± 2.81 0.25 0.35

CC, conventional cine; one BH CSC, one breath-hold compressed sensing cine; shortest BH CSC, shortest breath-hold compressed sensing cine; ICC, intraclass correlation coefficient; CI,
confidence interval; CV, coefficient of variance; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; p-value1, CC group vs. one BH CSC group;
p-value2, CC group vs. shortest BH CSC group.

FIGURE 3

3D global strain and mid-regional strain computed by CC and one BH CSC protocols. ICCs of GRS, GCS, and GLS were greater than 0.8, and
CVs of GCS and GLS were lower than 15%. ICCs were moderate (0.6 < ICC < 0.8) for mid-regional strain, but CVs were more than 15%.

TABLE 3 Agreement of 3D left ventricular global strain assessment between different acquisitions.

Variables CC - one BH CSC CC - shortest BH CSC

ICC 95%CI CV (%) 95%CI (%) ICC 95%CI CV (%) 95%CI (%)

GRS 0.872 0.730–0.939 17.166 12.366–22.171 0.736 0.446–0.875 29.297 20.816–38.374

GCS 0.864 0.715–0.935 8.976 6.531–11.478 0.647 0.258–0.832 18.388 13.228–23.784

GLS 0.846 0.676–0.927 8.391 6.109–10.721 0.689 0.346–0.852 13.525 9.786–17.392

CC, conventional cine; one BH CSC, one breath-hold compressed sensing cine; shortest BH CSC, shortest breath-hold compressed sensing cine; ICC, intraclass correlation coefficient; CI,
confidence interval; CV, coefficient of variance; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain.

FIGURE 4

Bland–Altman plot indicating that 95% or more dots were located in 95% confidence interval for GCS, GRS, and GLS between CC and one BH
CSC protocols.
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TABLE 4 3D left ventricular regional strain assessment between cines.

Variables CC One BH CSC Shortest BH CSC p-value1 p-value2

Basal
RRS(%) 27.98 ± 8.28 59.80 ± 21.10 47.60 ± 20.65 < 0.01 < 0.01

RCS(%) −18.77 ± 2.66 −18.11 ± 1.88 −17.68 ± 1.93 < 0.01 0.07

RLS(%) −13.68 ± 2.81 −12.35 ± 2.84 −10.33 ± 7.46 0.03 0.01

Mid

RRS(%) 33.32 ± 20.53 25.47 ± 10.27 22.75 ± 11.62 0.06 0.01

RCS(%) −20.10 ± 2.73 −16.61 ± 2.19 −14.56 ± 2.05 < 0.01 < 0.01

RLS(%) −16.55 ± 5.33 −13.59 ± 2.88 −12.95 ± 2.77 0.01 < 0.01

Apical

RRS(%) 59.80 ± 21.10 45.40 ± 77.98 30.62 ± 32.07 < 0.01 < 0.01

RCS(%) −18.11 ± 1.88 −17.50 ± 3.31 −15.46 ± 2.63 0.39 < 0.01

RLS(%) −12.35 ± 2.84 −15.57 ± 6.54 −14.31 ± 3.16 < 0.01 0.02

CC, conventional cine; one BH CSC, one breath-hold compressed sensing cine; shortest BH CSC, shortest breath-hold compressed sensing cine; RRS, regional radial strain; RCS, regional
circumferential strain; RLS, regional longitudinal strain; p-value1, CC group vs. one BH CSC group; p-value2, CC group vs. shortest BH CSC group.

FIGURE 5

Bland–Altman plot indicating that 95% or more dots were located in 95% confidence interval for mid-RCS, mid-RRS, and mid-RLS between CC
and one BH CSC protocols.

Discussion

Compressed sensing cine sequence cardiovascular MRI
could shorten the SA cine acquisition time to one or two BHs
(10, 14, 15). The acquisitions in different studies have been
shown to be inconsistent, and this applies not only to different
CS acceleration factors but also to spatial, temporal resolution,
flip angle, bandwidth, ECG gating, and cardiac phases. In our
study, most of the 30 recruited volunteers were healthy, and BH
for 30 s could be achieved after breath training. Therefore, we
modified the one BH CSC protocol with the highest acceleration
factor and increased views per segment to ensure that SA cine
could be done in one BH. We only modified views per segment
because we considered that the effect would be minimal if
fewer parameters were changed, although the reduced temporal
resolution was decreased. However, other protocols used a high
CS factor and other parameters changed. One BH CS SA cine
acquisition needs to be solved to keep all other parameters
unchanged in the future.

Decreased scan time and the number of BHs are the
advantages of CSC CMR (10, 15, 16). In our study, the duration
of BHs for CC was longer than those for the one BH CSC and
the shortest BH CSC protocols. SA cine acquisition includes a
stack of 8–12 slices, and the CC protocol needs 7–11 intervals,
which can extend the whole scan time to approximately 35–
110 s, if each interval is set to 5 s. Long SA cine acquisition would
increase the chance of arrhythmia occurrence or breathing
motion during acquisition. Both the one BH CSC and the
shortest BH CSC protocols involve one BH and markedly
reduced scan time. For patients with premature beats, the CSC
protocol is suitable for obtaining good image quality and EF
analysis. Further studies (2, 20) have shown that the CSC
protocol was feasible even in patients with tachycardia and atrial
fibrillation, thus indicating a promising prospect for patients
with arrhythmia. In this study, the duration of the BH CSC
protocol was the shortest (11–19.8 s), which is still unsuitable
for patients with arrythmia.

Image quality assessment indicated a slight difference
between the one BH CSC and CC protocols. However, in
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TABLE 5 Agreement of 3D left ventricular regional strain
assessment between cines.

Variables CC - one BH CSC

ICC 95%CI CV (%) 95%CI (%)

Basal

RRS 0.713 0.397–0.863 38.985 27.414–51.606

RCS 0.593 0.144–.806 14.632 10.573–18.841

RLS 0.691 0.350–0.853 22.862 16.361–29.726

Mid

RRS 0.746 0.467–0.879 33.882 23.955–44.605

RCS 0.775 0.527–0.893 16.805 12.143–21.755

RLS 0.777 0.532–0.894 20.437 14.666–26.497

Apical

RRS -0.221 -1.565–0.419 122.054 79.879–174.118

RCS 0.435 -0.188–0.731 13.817 9.993–17.773

RLS 0.439 -0.178–0.733 30.390 21.567–39.853

CC, conventional cine; one BH CSC, one breath-hold compressed sensing cine; shortest
BH CSC, shortest breath-hold compressed sensing cine; ICC, intraclass correlation
coefficient; CI, confidence interval; CV, coefficient of variance; RRS, regional radial strain;
RCS, regional circumferential strain; RLS, regional longitudinal strain.

the shortest BH CSC acquisition, more spatial and temporal
blurring was observed by spatial domain pseudorandom
sampling, especially in patients with a heart rate higher than
80 beats per minute. The main reason for the lower image
quality could be inadequate views per segment. In overweight
patients with a body mass index of >24 kg/m2, a few fold-
over artifacts were found at the edges of images, although only
a few involved the heart. Therefore, one BH CSC protocol
with a lower view per segment would be a more feasible
approach. A previous study (9) indicated that sensitivity-
encoding sequences produced lower-quality diagnostic images
and moderate artifact and noise than that produced by the
gold standard 2D BH balanced steady-state free precession
cine (8). CS could remove the artifacts in the image and
improve the image quality as much as possible. The incoherent
under-sampling acquisition makes artifacts irregularly scattered.
Therefore, the consistency between the reconstructed image and
the original image could be ensured using non-linear iterative
reconstruction (21). In our study, the image quality score for
one BH CSC protocol was slightly lower than that for the CC
protocol, although the difference was not statistically significant.
This result indicated an excellent consistency between the two
sequences. This finding has been confirmed in other studies (10)
using the signal-to-noise ratio to assess image quality.

Previous studies (9, 13, 14) on compressed sensing
acquisition have reported an excellent agreement of the LV
volume and EF value between the CSC and CC protocols.
In our study, both the CSC protocols performed well in the
LV volume and EF assessments. Specifically, one BH CSC
protocol yielded an excellent agreement with CC acquisition,
and the differences in all LV volumes and EF between the

two acquisitions were small. This may improve examination
efficiency and compliance of patients with mild disease capable
of holding breath for >20 s. The agreement between the
shortest BH CSC and CC protocols was also acceptable,
with good ICC and CV values. The results indicated a
potential value for patients with arrhythmia and reduced breath-
holding performance. For patients with congenital heart disease,
ischemic heart disease, cardiomyopathy, and heart failure,
accurate LV volume and EF assessments are important for
patient management. An alternative for patients who cannot
hold breath for long could be the multiple BHs CSC protocol,
in which the single BH time could also be decreased to an
acceptable range. In an alternative CSC protocol, we could
reduce the one BH duration to 3 s when breath holds
were set at 8–12.

An incremental decrease in temporal under-sampling with
increasing acceleration factors would lead to volumetric and
functional parameter biases compared with fully sampled
balanced steady-state free precession cine acquisition (22).
Another study (23) indicated that BH CSC with high spatial
resolution yielded a better image quality than that with CC
acquisition; however, the LV volume and EF of BH CSC
with high temporal resolution correlated well with those
using CC acquisition. The parameter agreement was excellent
between the one BH CSC and CC protocols, although we
used a reduced temporal resolution. For the shortest BH CSC
protocol, the image quality was reduced more for the worse
temporal resolution, but the agreement was still acceptable.
The underlying reason may be the fixed spatial resolution,
bandwidth, and flip angle, which can affect both image
quality and parameter agreement. Additionally, the majority of
volunteers (24 volunteers) had a heart rate of <80 beats per
minute, and the impact of reduced temporal resolution may
be limited, especially in one BH CSC protocol. However, for
volunteers who had a heart rate of >80 beats per minute using
the shortest BH CSC protocol, the temporal resolution was too
low to obtain good image quality, and this would also result in
statistically significant biases. We believe that adequate temporal
resolution is important for LV functional analysis, and reduced
temporal resolution would also help shorten the scan time.
Functional bias may also be related to different ECG gating
protocols. Some studies (8, 24) have reported that CSC using
prospective ECG triggering could be related to underestimated
EDV and overestimated ESV. By contrast, another study (15)
reported that adaptive ECG triggering and retrospective gating
could provide the full cardiac cycle to overcome this limitation.
Our study used retrospective gating for one BH CSC acquisition,
and the acquired EDV and ESV were slightly different from
those obtained with the CC protocol. Furthermore, we believe
that retrospective gating could reduce the bias; however, the
artifacts would also have affected the LV volume analysis. In
addition, the heart rate may vary between the protocols, which
is also related to volume biases.
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For 3D global strain analysis, the performance of one BH
CSC protocol was good but that of the shortest BH CSC protocol
was not satisfactory. This indicates that the CC protocol may
be replaced by one BH CSC protocol for 3D global strain
analysis in some patients. A preliminary study (17) indicated
that GCS was highly consistent between the CC and accelerated
protocols (ICC = 0.884); however, the performance for GRS was
unsatisfactory. The radial strain reflects wall thickness changes
and is highly heterogeneous and sensitive to small differences.
In another study (10) using the CS technique, the GCS obtained
using the CSC and CC methods showed an excellent agreement
(r = 0.95), and the mean difference was 0.1% with the limits of
agreement between -2.8% and 3.0%. However, the global strain
used in these studies was a 2D strain, which was calculated
by SA view cine (10, 17). Additionally, GLS is an important
index with a promising prognostic value in cardiovascular
diseases (25–27). The findings of this study proved that not
only GCS and GRS were consistent between one BH CSC and
CC protocols but GLS was also potentially valuable. The global
strain was calculated by short- and long-axis view cines and
was a 3D global strain, with the whole left ventricle covered.
The 3D strain included radial, circumferential, and longitudinal
strains, whereas only radial and circumferential strains were
acquired by 2D SA cine. The findings of our study further
enhance the feasibility of the high-speed CSC technique in
strain assessment.

Myocardial strain varies with changes in the spatial,
temporal resolution, or cardiac phases. Variations in the spatial
resolution may lead to GLS bias, as confirmed in a study on the
effect of spatial resolution on myocardial strain using feature
tracking (28). In recent studies (10, 13), the spatial resolution
was reduced to acquire SA cine in one BH, and the global
strain in these studies was variable because of differences in
spatial resolutions. The low temporal resolution and decreased
cardiac phases would also have affected the myocardial strain.
For patients with a high heart rate, the reduced temporal
resolution resulted in increased blurring, and this would have
affected myocardial segmentation to make myocardial strain
inconsistent. Similarly, decreased cardiac phases may miss the
phases of the cardiac cycle, thus affecting the global strain and
strain rates. Recent studies (10, 14, 15) have used fixed temporal
resolution and alterable cardiac phases to assess the performance
of the LV function, although the LV volume and EF using the
CSC protocol were correlated with those obtained using the
CC protocol. However, the cardiac phases were varying (19–31
phases), and the strain value may be non-negligible when the
number of cardiac phases was <20 compared with the standard
25 cardiac phases. In addition, prospective ECG triggering could
miss the very end of diastole, which may also cause a bias.
In our study, we fixed the spatial resolution, cardiac phases,
and ECG triggering; 3D global strain analyzed by one BH CSC
protocol was consistent with the strain evaluated using the
CC protocol, although the views per segment were increased.

This finding would provide a practicable solution for global
strain analysis using CSC acquisition. GLS has been used for
evaluating prognosis in recent years (25–27). In this study, we
found that GLS by one BH CSC protocol correlated with the
index by the CC protocol. Of note, the CS technique was not
used in the acquisition of long-axis view cines. We believe
that the CS technique was meaningless in long-axis view cines
because all these cines covered only one slice but not a stack
of slices as SA cine and can be acquired in one BH using
the CC protocol.

The regional strain analysis is also important in cardiac
function assessment, especially in regional motion. Recent
studies (29, 30) have indicated that regional circumferential
and longitudinal strain impairment in patients with myocardial
infarction could help in differentiating between damaged
and normal myocardium. Another study (7) reported
that subclinical LV dysfunction was correlated to the
impaired regional strain for the lateral wall in myocarditis
with a normal EF. In hypertrophic cardiomyopathy, the
regional strain using speckle tracking echocardiography,
CMR tagging, or feature tracking showed segmental
dysfunction, and regional strain for hypertrophic segments
or late gadolinium enhancement segments was worse
(31–33).

To the best of our knowledge, this study is the first
to assess the reliability of regional strain using the CS
technique. Compared with the excellent reproducibility for
the global strain analysis, the performance of regional strain
analysis may not be robust enough. In healthy volunteers,
the reproducibility showed that the ICCs for GRS, GCS,
and GLS were excellent, but the apical-septal segment and
basal anteroseptal segment showed increased CVs (4). In
this study, the agreement of regional strain between one BH
CSC and standard protocols was further explored, but the
agreement assessment for regional strain between the shortest
BH CSC and CC protocols was not assessed because the
global strain agreement was not good enough. The findings
showed a moderate-to-poor agreement between the protocols.
Although the regional strain for the AHA 16 myocardial
segments was not computed, the regional strain for apical,
mid, and basal segments exhibited a varied consistency,
whereas the regional strain for smaller segments exhibited a
greater variation.

Most ICCs of <0.8 and CVs of >15% indicated that one
BH CSC protocol cannot be used as an alternative to the CC
protocol for regional strain analysis. However, the ICCs for mid-
regional strain were close to 0.8, and CVs for mid-RCS and
mid-RLS were close to 15%, indicating a promising efficacy
of one BH CSC protocol. The agreement assessment results
indicated worse regional strain for apical and basal segments.
The underlying reason might be the variation of segmentation
for basal and apical segments. At the basal level, the mitral
annular increase and decrease would involve two or three
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SA slices, which may increase the difficulty of differentiation
between the LV and atrial myocardium. At the apical level,
the motion of the apex may also change the definition of
apex at one or two SA slices. Moreover, the trabecular zone of
the myocardium may affect the accuracy of endocardium and
epimyocardium at the apex.

Another possible reason for the good performance of the
regional strain analysis may be the image quality; additionally,
reduced blood-myocardium contrast and focal artifacts may
affect myocardial segmentation, spatial and temporal blurring,
motion artifact, and interslice misalignment caused by the
inconsistent breathing amplitude that may affect myocardial
contouring and lead to inaccuracy of strain. In our study, both
CS technique and increased views per segment could have
contributed to the reduced image quality, but unfortunately,
blood-myocardium contrast was not assessed. To date, one BH
CSC has not been used for the feature tracking regional strain
analysis. We believe that the regional strain analysis might
be more sensitive to image consistency and details. Therefore,
to improve the agreement of regional strain, further studies
should focus on image quality improvement with adequate
accelerated factors.

This study also has some limitations. First, we used a 1.436
T scanner whose signal-to-noise ratio is lower than that of 3.0T
MRI, although artifact would be less. The second limitation is
that most volunteers were healthy, some of whom could not
hold their breath for 30 s, and two or three BHs CSC may
be feasible in the clinical setting. The third limitation is that
the image quality was graded visually, the blood-myocardium
contrast ratio was not utilized, and the quantitative index was
objective, indicating that the image quality assessment may not
be accurate. Scanning time could be shortened with a decreased
spatial flip angle and increased bandwidth, and acceleration
could have been improved if these factors were involved in
our study; however, these factors could affect the image quality.
Therefore, further studies should focus on balancing image
quality, functional parameter agreement, and acceleration.

The future of the CS technique is promising not only in
highly accelerated SA cine acquisition but also in higher spatial
and temporal resolutions that could improve the image quality
(23). Moreover, the application in children and severely ill
patients who cannot cooperate or hold breath well has been
initially confirmed (13). Furthermore, the accelerated CS CMR
protocol, especially in combination with the free-breathing
protocol, may improve patients’ compliance (34, 35).

Conclusion

The CS CMR technique may be useful in accelerated cine
acquisition and cardiac volume and EF assessments. Our one BH
CSC protocol further enhanced the clinical applicability of 3D

global strain analysis; however, the one BH CS CMR protocol
may still be unsuitable for regional strain assessment.
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Background: Early-stage amyloidosis of the heart is prone to be

underdiagnosed or misdiagnosed, increasing the risk of early heart failure

and even death of the patient. To ensure timely intervention for cardiac

light-chain amyloidosis (AL CA), it is vital to develop an effective tool for

early identification of the disease. Recently, multiparameter cardiovascular

magnetic resonance (CMR) has been used as a comprehensive tool to assess

myocardial tissue characterization. We aimed to investigate the difference

in left ventricular (LV) strain, native T1, extracellular volume (ECV), and

late gadolinium enhancement (LGE) between AL CA patients, hypertrophic

cardiomyopathy patients (HCM), and healthy control subjects (HA). Moreover,

we explored the value of multiparameter CMR for differential diagnosis of the

early-stage AL CA patients from HCM patients, who shared similar imaging

characteristics under LGE imaging.

Methods: A total of 38 AL CA patients, 16 HCM patients, and 17 HA

people were prospectively recruited. All subjects underwent LGE imaging,

Cine images, and T1 mapping on a 3T scanner. The LV LGE pattern was

recorded as none, patchy or global. LV strain, native T1, and ECV were

measured semi-automatically using dedicated CMR software. According to

clinical and biochemical markers, all patients were classified as Mayo stage

I/II and Mayo stage IIIa/IIIb. Univariable and multivariable logistic regression

models were utilized to identify independent predictors of early-stage AL CA

from HCM patients. Receiver operator characteristic (ROC) curve analysis and

Youden’s test were done to determine the accuracy of multiparameter CMR

in diagnosing Mayo stage I/II AL CA and establish a cut-off value.
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Results: For Mayo stage I/II AL CA patients, the global longitudinal strain

(GLS) absolute value (11.9 ± 3.0 vs. 9.5 ± 1.8, P < 0.001) and the global

circumferential strain (GCS) absolute value (19.0 ± 3.6 vs. 9.5 ± 1.8, P < 0.001)

were significantly higher than in HCM patients. The native T1 (1334.9 ± 49.9

vs. 1318.2 ± 32.4 ms, P < 0.0001) and ECV values (37.8 ± 5.7 vs. 31.3 ± 2.5%,

P < 0.0001) were higher than that of HCM patients. In multiparameter CMR

models, GCS (2.097, 95% CI: 1.292–3.403, P = 0.003), GLS (1.468, 95% CI:

1.078–1.998, P = 0.015), and ECV (0.727, 95% CI: 0.569–0.929, P = 0.011)

were the significant variables for the discrimination of the early-stage AL CA

patients from HCM patients. ROC curve analysis and Youden’s test were used

on GCS, GLS, ECV, and pairwise parameters for differentiating between Mayo

stage I/II AL CA and HCM patients, respectively. The combination of GLS, GCS,

and ECV mapping could distinguish Mayo stage I/II AL amyloidosis patients

from hypertrophic cardiomyopathy with excellent performance (AUC = 0.969,

Youden index = 0.813).

Conclusion: In early-stage AL CA patients with atypical LGE, who had

similar imaging features as HCM patients, ECV mapping, GCS, and GLS were

correlated with the clinical classification of the patients. The combination of

GCS, GLS, and ECV could differentiate early-stage AL CA from HCM patients.

Multiparameter CMR has the potential to provide an effective and quantitative

tool for the early diagnosis of myocardial amyloidosis.

KEYWORDS

cardiomyopathies cardiac, cardiac amyloidosis (CA), LGE CMR, strain, T1 mapping
MRI, ECV

Background

Primary cardiac light chain amyloidosis (AL CA), the most
common form of systemic amyloid disease, is characterized by
the extracellular deposition of misfolded proteins overproduced
plasma cell dyscrasia (1). Early-stage amyloidosis of the heart
may be underdiagnosed and misdiagnosed (2, 3) which is
a significant factor in patient mortality. The current clinical
approach to identifying AL CA follows a multimodality imaging
strategy, which includes echocardiography, cardiac magnetic
resonance (CMR), and nuclear imaging (4). Early-stage AL
CA patients and hypertrophic cardiomyopathy (HCM) patients
share similar CMR imaging features such as the absence of patch

Abbreviations: MR, magnetic resonance; 2D, two-dimensional; AL CA,
cardiac light-chain amyloidosis; AL, light-chain; ANOVA, one-way
analysis of variance; bSSFP, balanced steady-state free precession;
CI, confidence intervals; CMR, cardiovascular magnetic resonance;
cTnI, Cardiac Troponin I; ECG, electrocardiogram; ECV, extracellular
volume fraction; FA, flip angle; LGE, late gadolinium enhancement;
LV, left ventricle/left ventricular; LVEDV, left ventricle end-diastolic
volume index; LVEF, left ventricular ejection fraction; MOLLI, modified
look-locker inversion-recovery; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; PSIR, phase-sensitive inversion-recovery; TE, echo
time; TR, repetition time; NYHA New York Heart Association.

LGE pattern, elevated left ventricular (LV) wall thickness, etc.
This similarity brings difficulty in distinguishing early-stage AL
CA from HCM. Hence, it is crucial to develop a feasible and
non-invasive tool to discriminate against early-stage AL CA
patients without typical LGE patterns in clinical practices.

Cardiovascular magnetic resonance could provide high
resolution, robust functional assessment, and superior tissue
characterization for the diagnosis of AL CA. In several
publications, it had been demonstrated that typical AL CA
patients had thickened LV walls associated with global, diffuse
subendocardial late gadolinium enhancement (LGE) pattern (5,
6). A systematic review with meta-analysis (5 studies, n = 257)
demonstrated a pooled sensitivity and specificity of 85 and
92% for the diagnosis of cardiac amyloidosis by LGE (7).
Recently, myocardial feature tracking CMR and quantitative
CMR T1 mapping methods have attracted more attention for
the detection and differentiation of AL CA. Previous studies
have demonstrated the potential of native T1 and extracellular
volume (ECV) values combined with hematocrit measurements
in detecting and differentiating CA. ECV can be used for
predicting mortality for AL CA patients during short-term
follow-up (8–10). The strain analysis based on cine image
has emerged as a feasible tool for assessing the myocardial
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deformation in AL CA patients, and global longitudinal strain
(GLS) could be the new promising indicator, even in patients
without LV LGE or abnormal ejection fraction (EF) (11, 12).

Cardiovascular magnetic resonance has proven to be an
important tool for assessing cardiac amyloidosis since it offers
a variety of imaging versatility and dimensions (10, 11, 13).
Recent advances have focused on tracking disease progression
and monitoring response to therapy. However, previous CMR
studies have predominantly included patients at later stage of AL
CA. The early-stage AL CA is still prone to be underdiagnosed or
misdiagnosed, leading to early heart failure or death. Therefore,
effective identification of early-stage AL CA, especially with
atypical LGE patterns, is critical for clinical practice to ensure
timely treatment for the disease. Until now, only one case report
has demonstrated that using CMR in conjunction with other
modalities is valid for the early detection of cardiac transthyretin
(ATTR) in carriers of transthyretin mutation (14) rather than
AL CA. To the best of our knowledge, there has been no study
using multiparameter CMR for the early detection of AL CA
published so far. In the present study, we examined a Chinese
population with different stages of AL amyloidosis using a 3T
scanner with T1 mapping and cine sequences and compared
their early diagnostic value of T1 mapping, ECV, and strain
with LGE.

Materials and methods

Study subjects

This research was approved by the ethics committee and
Institutional Review Board of the People’s Hospital of Ningxia
Hui Autonomous Region (Institutional Review Board No. 2020-
LL-022). All subjects have consented to participate in this
study. AL CA patients who were referred for CMR imaging
at the People’s Hospital of Ningxia Hui Autonomous Region
between 1 January 2019, and 1 March 2022, were included in the
study. Approximately 20% of the patients with contraindications
either to CMR imaging (i.e., CMR-incompatible devices) or
contrast administration (i.e., estimated glomerular filtration
rate < 30 ml/min) were excluded.

Thirty-eight AL CA patients (61.9 ± 8.4 years; 28 male)
were consecutively recruited (Figure 1). All patients had
biopsy evidence of light-chain amyloidosis (AL) with positive
Congo red stain and light chain deposition confirmed by
immunohistochemistry. Representative images are given in
Figure 2. The assays were performed in the tissues: skin and fat
(n = 16), labial gland (n = 11), liver (n = 6), salivary gland (n = 4),
muscle (n = 4), kidney (n = 4), peripheral nerve (n = 4), and bone
marrow (n = 4). All patients underwent laboratory examination
of the cardiac biomarkers Troponin I (cTnI, cut-off = 0.1 ng/ml)
and N-terminal pro-B-type natriuretic peptide (NT-proBNP,
cut-off = 332 ng/L) at baseline and were categorized into

three groups based on a four-stage system proposed by the
European collaborative studies, which uses high NT-proBNP
(NT-proBNP, cut-off = 8,500 ng/L) levels to identify high-risk
patients (Mayo2004/European) (15–17): Stage I: both variables
below cut-offs; Stage II: one variable above the cut-off; Stage
IIIa: both variables above the cut-offs and NT-proBNP below
the cut-off (8,500 ng/L); Stage IIIb: both variables above the
cut-offs and NT-proBNP above the cut-off (8,500 ng/L). The
reason for choosing this four-stage system is its ability to assess
eligibility for clinical practices. It is powerful, simple (based
on only two markers), and less influenced by confounding
factors (18). A hematologist (YW, 8 years) was blinded to the
results of CMR imaging and recorded the results of Mayo stage.
Sixteen HCM patients (49.2 ± 13.7, 14 males) and seventeen
healthy volunteer subjects (HA) (57.4 ± 7.3 years; 10 male,
P = 0.212). Inclusion criteria for HCM group: patients with a
clear family history or genetic testing confirmed hypertrophic
cardiomyopathy, CMR showed typical asymmetric thickening
of the ventricular septum, normal cardiac function, and
normal or positive LGE. Exclusion criteria: ischemic heart
disease, structural heart disease, valvular heart disease, and
other cardiomyopathy causing myocardial hypertrophy (such
as metabolic cardiomyopathy, Fabry disease, etc.). Inclusion
criteria for HA group: neither history nor symptoms of
cardiovascular disease, negative CMR examination, age between
57 and 70 years. The HCM groups and healthy control group
(HA) with all CMR imaging results were recruited.

Cardiovascular magnetic resonance
scanning protocol

Cardiovascular magnetic resonance was performed on a
3.0 Tesla whole-body scanner (Ingenia CX, Philips Healthcare,
Best, Netherlands) equipped with a 16-element phased-array
torso-cardiac coil. The system can operate at a maximum
slew rate of 200 mT/m/ms and a maximum gradient strength
of 80 mT/m. A four-lead vector cardiogram was used for
electrocardiogram (ECG) gating. To assess left ventricular (LV)
myocardial function and mass, 10 consecutive 8 mm short-
axis images and 2-, 3-, and 4-chamber long-axis images of
the LV were acquired using a cine balanced steady-state free
precession sequence (bSSFP). Image parameters were: field of
view (FOV): 350 mm × 322 mm, slice thickness 8 mm, slice
gap 1 mm, flip angle (FA) 45◦, repetition time (TR): 2.2 ms,
echo time (TE) 1.08 ms, matrix 196 × 173 resulting in a
resolution of 1.79 × 1.87 mm, SENSE factor 1.5, trigger delay
end-diastole, native and 15–20 min post-contrast T1 mapping
were acquired using a modified look-locker inversion-recovery
(MOLLI) images in identical imaging locations, including
three short-axis slices (apex, mid-ventricular, and basic) (19).
Acquisition schemes 5(3)3 and 4(1)3(1)2 were used for pre-
contrast and post-contrast T1 mapping, respectively. The key
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FIGURE 1

Representative images of different stages of light chain amyloidosis patients. (A) Congo red stain fluorescence staining of deltoid muscle of a
Mayo I stage patient showing red fluorescent bright of amyloid deposit (×400). (B) Congo red stain birefringence of (A) under polarized light
showing amyloid (×400). (C) Immunohistochemistry stains for lambda (+) and kappa (–) light chains in the deltoid muscle of a Mayo I stage
patient show amyloid deposits (×400). (D) Congo red stain fluorescence staining of the liver of a Mayo III stage patient showing red fluorescent
bright of amyloid deposit (×400). (E) Congo red stain fluorescence staining of bone marrow stroma of a Mayo III stage patient showing red
fluorescent bright of amyloid deposit (×400). (F) Congo red stain fluorescence staining of the vascular wall of a Mayo III stage patient showing
red fluorescent bright of amyloid deposit (×400).

parameters were as follows: TR/TE: 3.3/1.43 ms; FA 20◦, FOV
172 × 150 mm, pixel size 1.42 × 2.6 mm.

Then, a total dose of 0.3 ml/kg gadodiamide (OMNISCAN,
GE Healthcare AS) was injected in a 2-phase protocol: 8 ml
gadodiamide was infused as a bolus pushed by a 20 ml saline
at 4 ml/s. A total of 90 s later, the remaining contrast doses
followed by 20 ml saline were infused at a slower rate of 2 ml/s.
LGE images were collected ten minutes after contrast injection
using a 2D phase-sensitive inversion-recovery (PSIR) gradient-
echo pulse sequence with multiple breath-hold. The sequence
parameters were as follows: TR/TE/FA, 5.2 ms/1.96 ms/20◦;
voxel size, 1.4 × 1.4 × 8.0 mm.

Cardiovascular magnetic resonance
image analysis

Two experienced radiologists (FW with 5 years of CMR
experience; YY with 3 years of CMR experience) independently
analyzed CMR images blinded to clinical data. The LV LGE
pattern was classified into three categories according to Boynton
et al. (20) and Fontana et al. (21): no LGE, when there were
no areas of LGE; patchy LGE, when there were discrete areas
of LGE, or there were diffuse areas of LGE in less than half

FIGURE 2

The flowchart of light chain amyloidosis patient selection.

of the short axis images; global LGE, when there was diffuse,
transmural LGE in more than half of the short axis images. To
exclude artifacts, the LGE was deemed present only if visible
in two orthogonal views. Discrepancies were resolved in the
consensus during a joint evaluation with a third radiologist
(10 years of experience).
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TABLE 1 Baseline characteristics of the healthy control, HCM patients, and AL CA patients.

Characteristics HA (n = 17) HCM (n = 16) AL CA patients (n = 38) P (HA vs. HCM\HA vs. CA\HCM vs. CA)

Male/female 9¥8 14/2 28¥10 –

Age (years) 58.4 ± 7.3 49.2 ± 13.7 61.9 ± 8.4 0.017*¥0.389¥0.016*

Mayo stage (I/II/IIIa + IIIb) – – 20/4/14 –

cTnI (µg/L) 0.000 (0.000–0.001) 0.062 (0.008–0.117) 0.038 (0.005–0.055) <0.001**¥<0.001**¥0.02*

NT-proBNP (g/ml) 0 (0–8) 525 (75–847) 1,758 (45–2,755) <0.001**¥<0.001**¥<0.001**

HTN¥DM¥CHD – 5/0/0 18/6/8 –

CMR

LV EF (%) 62.2 ± 5.8 71.4 ± 8.0 64.2 ± 11.0 0.014*¥0.203¥0.152

Index LVEDV (ml/m2) 74.2 ± 9.6 64.6 ± 14.3 66.6 ± 21.3 0.001*¥0.057¥0.216

Index LVESV (ml/m2) 28.6 ± 6.9 19.0 ± 8.8 26.8 ± 15.0 0.045*¥0.551¥0.138

LV MI (g/m2) 37.4 ± 5.5 72.7 ± 22.5 59.4 ± 16.5 0.001**¥0.004**¥0.359

LVMWT (mm) 6.1 ± 0.7 18.8 ± 3.3 14.9 ± 2.7 <0.001**¥<0.001**¥0.297

LVLGE (none/patchy/extensive) – 1/15/0 10/12/16 –

LV GRS (%) 45.2 ± 9.4 38.3 ± 12.0 32.8 ± 11.7 0.563¥0.405¥0.891

LV GCS (%) −21.2 ± 1.8 −15.0 ± 3.2 −18.0 ± 3.3 <0.001**¥0.057¥0.567

LVGLS (%) −16.8 ± 1.2 −9.5 ± 1.8 −11.2 ± 3.3 <0.001**¥<0.001**¥<0.001**

Native T1 (ms) 1,243.5 ± 29.5 1,318.2 ± 32.4 1,374.6 ± 79.4 <0.001**¥<0.001**¥0.006*

ECV (%) 30.1 ± 2.5 31.3 ± 3.4 42.8 ± 11.5 <0.001**¥<0.001**¥<0.001**

All continuous variables are presented as mean ± SD, except for cTnI, NT-proBNP, which are presented as medians (quartiles 1 to quartiles 3). *P < 0.05, **P < 0.001, statistically
significant difference. AL CA, cardiac light-chain amyloidosis; HCM, hypertrophic cardiomyopathy patients; HA, healthy control subjects; cTnI, Cardiac Troponin I; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; HTN, hypertension; CHD, coronary artery heart disease; DM, diabetes mellitus; MR, magnetic resonance; LVEF, left ventricle ejection fraction;
LVEDV, left ventricle end-diastolic volume index; LVESV, left ventricle end-systolic volume index; LV MI, left ventricle mass index; LGMWT, left ventricle maximum wall thickness; LGE,
late gadolinium enhancement; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; ECV, extracellular volume.

TABLE 2 Clinical and CMR parameters correlation with hypertrophic cardiomyopathy patient and clinical stage in AL amyloidosis patients.

HCM AL CA Correlation

(n = 16) I/II (n = 24) IIIa/IIIb (n = 14) ρ or r P

cTnI (ng/L) 0.062 (0.008–0.117) 0.045 (0.038–0.056)# 0.060 (0.045–0.106) 0.64 <0.0001**

NT-proBNP (ng/ml) 525 (75–847) 1,949 (215–5,418)# 3,575 (767–7,585) 0.82 <0.0001**

CMR

LV EF (%) 71.4 ± 8.0 66.2 ± 11.0 60.9 ± 10.4 −0.23 0.786

LV EDVI (ml/m2) 64.8 ± 14.8 71.2 ± 20.1 58.6 ± 21.5 −0.39 <0.05

LVESVI (ml/m2) 19.0 ± 8.8 26.4 ± 15.7 27.6 ± 14.1 0.06 0.216

LV MI (g/m2) 72.7 ± 22.5 54.2 ± 17.1# 68.3 ± 10.8 0.61 <0.0001**

LVMWT (mm) 18.8 ± 3.3 14.3 ± 2.9# 15.9 ± 2.3 0.64 <0.0001**

LVLGE (none/patchy/extensive) 1/15/0 10/12/16

LV GRS (%) 38.3 ± 12.0 36.5 ± 10.9 26.4 ± 10.7 −0.76 <0.0001**

LVGCS (%) −15.0 ± 3.2 −19.0 ± 3.6#
−16.2 ± 1.7 0.64 <0.0001**

LVGLS (%) −9.5 ± 1.8 −11.9 ± 3.0#
−9.9 ± 3.5 0.70 <0.0001**

Native T1 (ms) 1,318.2 ± 32.4 1,334.9 ± 49.9 1,442.7 ± 74.9 0.93 <0.0001**

ECV (%) 31.3 ± 3.4 37.8 ± 5.7# 54.1 ± 9.9 0.93 <0.0001**

All continuous variables are presented as mean ± SD, except for cTnI, NT-proBNP, which are presented as medians (quartiles 1 to quartiles 3). Compared between Mayo I¥II and the HCM
patients, #P < 0.05. **P < 0.001, statistically significant difference. AL CA, cardiac light-chain amyloidosis; HCM, hypertrophic cardiomyopathy patients; HA, healthy control subjects;
cTnI, Cardiac Troponin I; NT-proBNP, N-terminal pro-B-type natriuretic peptide; MR, magnetic resonance; LVEF, left ventricle ejection fraction; LV EDV, left ventricle end-diastolic
volume index; LVESV, left ventricle end-systolic volume index; LVMI, left ventricle mess index; LVMWT, left ventricle maximum wall thickness; LGE, late gadolinium enhancement; GCS,
global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain;, ECV, extracellular volume.

Cardiac structure, function, and myocardial deformation
were measured semi-automatically using dedicated CMR
software (cvi42, version 5.3, Circle Cardiovascular Imaging,

Calgary, AB, Canada). The endocardium and epicardium of the
left ventricle were automatically contoured on all phases and
were checked and corrected manually when needed. Standard
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parameters of cardiac structure (i.e., inter-ventricular septum
thickness, ventricle volume, LV mass, and left atrium area with
indexing for body surface area) and EF were measured by
contouring the endocardial, epicardial borders on long-axis and
short-axis cine images at end-systolic and end-diastolic phase
(22). The contouring was checked and corrected manually when
needed. Left ventricular maximum wall thickness (LVMWT)
was measured at end-diastole in the short-axis orientation
of Cine images. Myocardial deformations in longitudinal,
radial, and circumferential directions were measured by semi-
automatically contouring the endocardial and epicardial borders
on 2-, 3-, and 4-chamber long-axis and short-axis cine images
at the end-diastolic phase. Three directions of global peak
strain were recorded for further analysis. Native T1 and ECV
of the 16 American Heart Association (AHA) segments and
global LV were measured by semi-automatically contouring the
endocardium and epicardium on pre-contrast and post-contrast
T1 mapping images combined with the index of hematocrit. LV
native T1 and ECV were used for further analysis. The average
values of three different global strains, native T1, and ECV
measured by the two radiologists were used.

Statistical analysis

The data were summarized and analyzed using SPSS
Statistics (version 26.0 International Business Machines, Inc.,
Armonk, NY, USA) and R programming language for statistical
computing (version 4.2.0, the R Foundation for Statistical
Computing). R package [“ggstatsplot,” 0.9.1.9000 (23) and
“ggcor” (24)] were used. Continuous variables were expressed
as mean ± SD or medians with complete and interquartile
ranges (25th to 75th percentile) depending upon the normality
of the data. Data were tested for normality using the Shapiro–
Wilk test. ANOVA with Bonferroni correction was used for
normally distributed data and the Mann–Whitney U test
for non-normally distributed data comparison between the
groups. Correlation between continuous variables, such as
native T1 mapping, GLS, etc., or categorical variables, such
as Mayo stage, were assessed using Pearson’s correlation or
Spearman P correlation. The agreement in CMR parameters
between two observers was considered using the interclass
correlation coefficient (ICC). Univariable and multivariable
logistic regression models were utilized to identify independent
predictors of early-stage AL CA from HCM patients. Receiver
operator characteristic (ROC) curve analysis and Youden’s test
were done to determine the accuracy of multiparameter CMR
in diagnosing Mayo stage I/II of AL CA patients and establish
a cut-off value. The Power analysis was used to demonstrate
that the sample size of HA, CA patients, and HCM patients
in this experiment can meet the statistical difference. All
tests were two-sided, and P-values of <0.05 were considered
statistically significant.

Results

Study population and clinical stages

Table 1 showed the characteristics of AL CA patients,
HCM patients, and healthy controls at baseline. All continuous
variables, except for cTnI and NT-proBNP, were normally
distributed (Shapiro–Wilk test) and presented as the
mean ± SD. cTnI and NT-proBNP were presented as medians
(quartiles 1 to quartiles 3). Sixteen HCM patients (14 males)
and 38 AL CA patients (28 males) were included in this study.
There were 20 (52.6%), 4 (10.6%), and 14 (36.8%) AL CA
patients in Mayo stage I (M I), Mayo stage II (M II), and Mayo
stage IIIa/IIIb (M III), respectively. Among 16 HCM patients,
5 (31%) patients had hypertension. Among the 24 Mayo stage
I/II patients, 16 (67%) patients had hypertension, 4 (17%)
patients had diabetes, 6 (25%) patients had coronary heart
disease, and 2 (8%) patients had cardiovascular symptoms on
admission; among the 14 Mayo stage IIIa/IIIb patients, there
was no hypertension, 1 (7%) patient had diabetes, and 3 (21.4%)
patients had coronary artery disease, and 7 (50%) patients had
cardiovascular-related symptoms on admission. AL CA patients
showed lower cTnI [0.038 (0.005–0.055) vs. 0.062 (0.008–0.117),
P = 0.02] and higher NT-proBNP [1,758 (45–2,755) vs. 525
(75–847), P < 0.001] compared to HCM patients. In HCM
patients, there were 1 (6.25%), and 15 (93.75%) with no LGE
and patchy LGE, respectively. In CA patients, there were 10
(26.3%), 12 (31.6%), and 16 (42.1%) patients with no LGE,
patchy LGE, and global LGE, respectively.

Baseline characteristics of health
control, hypertrophic cardiomyopathy
patients, and cardiac light-chain
amyloidosis patients

All continuous variables were shown in Tables 1, 2, except
for cTnI and NT-proBNP, were normally distributed (Shapiro–
Wilk test) and presented as the mean ± SD. cTnI and NT-
proBNP were presented as medians (quartiles 1 to quartiles 3).
Compared to healthy controls, AL CA patients had apparent
higher left ventricle mass index (LV MI) (59.4 ± 16.5 vs.
37.4 ± 5.5 g/m2, P < 0.001) and left maximum wall thickness
(LVMWT) (14.9 + 2.7 vs. 6.1 ± 0.7 mm, P < 0.001), as
well as moderately lower left ventricular end-diastolic volume
index (LVEDV) and left ventricle end-systolic volume index
(LVESV). Compared with HCM patients, AL CA patients had
lower LV MI (59.4 ± 16.5 vs. 72.7 ± 22.5 g/m2, P = 0.359)
and LVMWT (14.9 + 2.7 vs. 18.8 ± 3.3 mm, P = 0.297).
Among all AL CA patients, Mayo stage I/II AL CA patients
had less LV MI (54.2 ± 17.1 vs. 72.7 ± 22.5 g/m2, P < 0.05)
and LVMWT (14.3 ± 2.9 vs. 18.8 ± 3.3 mm, P < 0.05) than
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FIGURE 3

A healthy control subject, an HCM patient and three different stages of AL amyloid patients were shown from left to right and index top to
bottom (4CH, SA, GRS, GCS, GLS, native T1, ECV, and ECV bullseye, respectively. (Column 1) A healthy control subject without negative LGE and
GRS (47.55%), GCS (–21.47%), GLS (–17.95%), normal T1 (1,251 ± 5 ms) and ECV (30.1 ± 2.1%) for the left ventricular. (Column 2) An HCM patient
showed patch LGE and GRS (59.03%), GCS (–15.31%), GLS (–5.61), increased native T1 (1331 ± 8.1 ms) and ECV (31.1 ± 3.2%) for the left
ventricular. (Column 3) An AL patient of Mayo I showed patchy LGE and GRS (31.82%), GCS (–18.31%), GLS (–10.67), increased native T1
(1,324 ± 21 ms) and ECV (36.4 ± 3.1%) for the left ventricular. (Column 4) An AL patient of Mayo II showed slightly diffuse LGE at the
myocardium and GRS (25.79%), GCS (–15.84%), GLS (–7.13%), increased native T1 (1,422 ± 3 ms) and ECV (38.9 ± 3.5%) for the left ventricular.
(Column 5) An AL patient of Mayo III showed global extensive LGE at the myocardium and GRS (10.13%), GCS (–8,88%), GLS (–7.09%), increased
native T1 (1,421 ± 57 ms) and ECV (57.0 ± 4.6%) for the left ventricular. 4CH, four-chamber; SA, short axis; LV, left ventricular; LGE, late
gadolinium enhancement; HCM, hypertrophic cardiomyopathy patients; GRS, global radial strain; GCS, global circumferential strain; GLS, global
longitudinal strain; ECV, extracellular volume.

Frontiers in Cardiovascular Medicine 07 frontiersin.org

65

https://doi.org/10.3389/fcvm.2022.1017097
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1017097 October 14, 2022 Time: 7:33 # 8

Yue et al. 10.3389/fcvm.2022.1017097

that of HCM patients. There was no significant difference in
the left ventricle ejection fraction (LVEF), the left ventricular
end-diastolic volume index (LVESV), and the left ventricular
end-systolic volume index (LVESV) between AL CA patients
and HCM patients.

Cardiovascular magnetic resonance
structural and functional parameters

Representative examples of LGE images and LV strain
from healthy control, an HCM patient, and AL CA patients
with different Mayo stages are in Figure 3. Healthy controls
displayed no LGE. HCM patients and Mayo stage I/II AL CA
patients could show no LGE or present atypical LGE, such
as patchy or slightly diffuse LGE, in the septal mid-wall of
the LV. Mayo stage IIIa/IIIb patients showed extensive LGE.
The LV strain values of healthy controls, HCM patients, and
different Mayo stage patients showed in Tables 1, 2 as a point
spread diagram. HCM patients and AL CA patients showed
impaired GLS (−16.8 ± 1.2 vs. −9.5 ± 1.8 vs. −11.2 ± 3.3%,
all P < 0.001), respectively, compared to healthy controls. HCM
patients showed the higher global circumferential strain (GCS)
(−15.0 ± 3.2 vs. −21.2 ± 1.8%, P < 0.001) compared to healthy
controls. Especially, Mayo stage I/II AL CA patients showed
impaired LV GCS (−19.0 ± 3.6 vs. −15.0 ± 3.2%, P < 0.05)
and LV GLS (−11.9 ± 3.0 vs. −9.5 ± 1.8%, P < 0.05) compared
to HCM patients. Intra- and inter-observer reproducibility of
myocardial deformation parameters (including GRS, GCS, and
GLS) showed in Table 3.

Late gadolinium enhancement, native
T1, and extracellular volume mapping

Examples of short axis-and four-chamber LGE images,
native T1, and ECV values from a healthy control subject, an
HCM patient, and AL CA patients with different Mayo stages
showed in Figure 3. The native T1 and ECV values of all
AL CA patients and healthy controls showed in Figure 4 as
a point spread diagram and Table 2. AL amyloidosis patients
showed significantly higher native T1 values (1,374.6 ± 79.4
vs. 1,318.2 ± 32.4 vs. 1,243.5 ± 29.5, all P < 0.001) and ECV
values (42.8 ± 11.5 vs. 31.3 ± 3.4 vs. 30.1 ± 2.5, P < 0.001)
than HCM patients and health control subjects. Meanwhile,
AL amyloidosis patients at Mayo stage IIIa/IIIb had significant
higher native T1 values than patients at Mayo I/II stage or HCM
patients (HCM: 1,318.2 ± 32.4 ms, M I/II: 1,334.9 ± 49.9 ms,
M III: 1,442.7 ± 74.9 ms, HCM vs. M III, Mayo I/II vs. Mayo
III, P < 0.001, respectively). ECV values were the lowest in
HCM patients, median in Mayo I/II stage AL CA patients, and
the highest in Mayo stage III patients (HCM: 31.3 ± 3.4%, M
I/II: 37.8 ± 5.7%, M III: 54.1 ± 9.9%, HCM vs. M I/II, HCM

vs. M III, Mayo I/II vs. Mayo III, P < 0.001, respectively).
Reader reproducibility of native T1 and ECV was tested using
the intraclass correlation coefficient (ICC). The results showed
in Table 3.

Association between cardiovascular
magnetic resonance parameters and
clinical stage

Table 2 and Figure 5 summarize the correlation of CMR
parameters with disease classification, including the AL CA
patients (Mayo stage I/II, Mayo stage IIIa/IIIb), and HCM
patients. The LVMWT and MI of LV correlated significantly
with the disease classification (r = 0.64 and 0.61, respectively,
all P < 0.001). LV strain and native T1, as well as ECV, showed
a significant correlation with disease classifications of patients
(GRS, GCS, GLS, native T1, ECV, r = −0.76, 0.64, 0.70, 0.93, and
0.93, respectively, all P < 0.001). Compared to HCM patients,
the CMR parameters (Native T1 mapping and ECV mapping)
of Mayo stage III AL CA patients have significant differences (all
P < 0.001). For Mayo stage I/II patients, the GLS absolute value
(11.9 ± 3.0 vs. 9.5 ± 1.8, P < 0.001) and GCS absolute value
(19.0 ± 3.6 vs. 15.0 ± 3.2, P = 0.02) were significantly higher
than that of HCM patients. In addition, ECV values (37.8 ± 5.7
vs. 31.3 ± 3.4%, P < 0.0001) of Mayo stage I/II patients were
higher than that of HCM patients.

Multi-parameters cardiovascular
magnetic resonance for identifying
cardiac light-chain amyloidosis
patients of Mayo stage I/II

Tables 2, 4 and Figure 4 showed that LV MI, LVMWT,
LV GLS, LV GCS, and ECV (all P < 0.001) have significant
differences between Mayo stage I/II and HCM patients.
Univariate binary logistic regression analysis showed that GCS
global (HR = 2.097, 95% CI: 1.292–3.403, P = 0.003), GLS
global (HR = 1.468, 95% CI: 1.078–1.998, P = 0.015) and
ECV (HR = 0.727, 95% CI: 0.569–0.929, P = 0.011) could
significantly discriminate for Mayo stage I/II and HCM patients
dependently. Figure 6 and Table 5 show that a GCS < −16.4%,
GLS < −11.6% or ECV > 33.2% could predict Mayo stage

TABLE 3 Intra-observer and inter-observer intraclass correlation
coefficient of variabilities.

LV GRS LV GCS LV GLS Native T1 ECV

Intra 0.978 0.989 0.982 0.932 0.917

Inter 0.931 0.923 0.918 0.872 0.863

LV, left ventricle; GRS, global radial strain; GCS, global circumferential strain; GLS, global
longitudinal strain; ECV, extracellular volume.
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FIGURE 4

Multiparameter CMR (GRS, GCS, GLS of left ventricular, LVMT, native Tl, ECV values) in HA, HCM, AL amyloidosis patients with different Mayo
stages. (A) AL CA patients showed a decrease in LV GRS strain (H: 45.2 ± 9.4%, HCM: 38.3 ± 12.0%, M I/II: 36.5 ± 10.9%, M III: 26.4 ± 10.7%; H vs.
Mayo III, P < 0.001) as compared to healthy controls. (B) AL CA patients showed an increase in LV GCS strain (H: –21.2 ± 1.8%, HCM:
–15.0 ± 3.2%, M I/II: –19.0 ± 3.6%, M III: –16.2 ± 1.7, HCM vs. M I/II, M I/II vs. M III, P = 0.02), as compared between them. (C) Mayo stage I/II AL
patients showed an increase in the absolute value of LV GLS strain (H: –16.8 ± 1.2%, HCM: –9.5 ± 1.8%, M I/II: –11.9 ± 3.0%, M III: –9.9 ± 3.5,
HCM vs. M I/II, P = 0.02), as compared to HCM. (D) HCM patients showed an increase in LVMWT (H: 6.1 ± 0.7 mm, HCM: 18.8 ± 3.3 mm, M I/II:
14.3 ± 2.9 mm, M III: 15.9 ± 2.3 mm, HCM vs. M I/II, P < 0.001), as compared to Mayo I/II AL patients. (E) AL patients showed an increase in
native Tl mapping (H: 1,243.5 ± 29.85 ms, HCM: 1,318.2 ± 32.4 ms, M I/II: 1,334.9 ± 49.9 ms, M III: 1,442.7 ± 74.9 ms, H vs. M I/II, HCM vs. M III,
Mayo I/II vs. Mayo III, P < 0.001, respectively), as compared between them. (F) AL CA patients showed an increase in ECV mapping (H:
30.1 ± 2.5%, HCM: 31.3 ± 3.4%, M I/II: 37.8 ± 5.7%, M III: 54.1 ± 9.9%, H vs. M I/II, Mayo I/II vs. Mayo III, P < 0.001, respectively, HCM vs. M I/II,
P = 0.02), as compared between them. All CMR parameter values of AL patients and healthy control objects were shown as a point spread
diagram; pairs with significant differences (P < 0.001) are connected with lines. CMR, cardiovascular magnetic resonance; HA, healthy control
subjects; HCM, hypertrophic cardiomyopathy patients; M I/II, Mayo I/II AL amyloidosis patients; M III, Mayo IIIa/IIIb AL amyloidosis patients; LGE,
late gadolinium GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; LVMT, left ventricular maximum wall
thickness; ECV, extracellular volume.

I/II amyloidosis (AUC = 0.893, 0.753, and 0.777, respectively;
Youden index, P = 0.708, 0.521, and 0.48, respectively).

Multivariate binary logistic regression analyses GLS, GCS,
and ECV. GCS, GLS, and ECV were put in pairs and
combinations of three. In the GLS + GCS model, GCS (1.994,
95% CI: 1.213–3.280, P = 0.007) was the only significant
variable. In the GLS + ECV model, GLS (0.571, 95% CI:
0.369–0.884, P = 0.012) and ECV (2.094, 95% CI: 1.175–3.370,
P = 0.012) were the significant variable. In the GCS + ECV
model, GCS (2.097, 95% CI: 1.263–3.482, P = 0.004) and
ECV (0.657, 95% CI: 0.429–1.006, P = 0.053) were the
significant variable. The combinations of the three showed
the best performance for identifying AL CA patients of
Mayo stage I/II from HCM patients (AUC: 0.969, Youden
index: 0.813). GCS (2.368, 95% CI: 1.160–4.832, P = 0.018)

and ECV (0.360, 95% CI: 0.139–4.832, P = 0.035) were the
significant variable.

Discussion

As demonstrated in selected patient populations with AL
CA, we found that GCS and GLS in combination with
ECV could effectively discriminate Mayo stage I/II patients
from HCM patients. First, we comprehensively assessed the
differences in CINE, LGE, T1 mapping value, ECV value, and LV
myocardial strain between the myocardium of AL CA patients
with Mayo stage I/II, IIIa/IIIb stages, HCM patients, and healthy
controls. Second, GCS, GLS, and ECV correlate highly with
clinical classification. Furthermore, Mayo stage I/II AL CA
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FIGURE 5

Correlation between the Mayo stage, biochemical markers (cTnI and NT-proBNP), and all CMR-related parameters, including EF, EDVI, ESVI,
EDMMI, LVMWT, Native Tl mapping, ECV mapping, GLS, GRS, and GCS). Both native Tl mapping, ECV mapping, GLS, GRS, and GCS were
strongly correlated to the Mayo stages (r = 0.93, 0.93, 0.70, 0.76, 0.64, respectively). However, EF, EDVI, and ESVI showed no significant
correlation. Correlation between continuous variables was assessed using Pearson’s r correlation, such as native Tl, ECV mapping and strain
values, etc., and with categorical variables using Spearman P correlation, such as Mayo stage. cTnI, Cardiac Troponin I; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; EF, left ventricle ejection fraction; EDVI, left ventricle end-diastolic volume index; ESVI, left ventricle end-systolic
volume index; EDMMI, left ventricle end-diastolic maximum mass index; LVMWT, left ventricle maximum wall thickness; ECV, extracellular
volume; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain. Symbols: P, Spearman correlation
coefficient; r, Pearson correlation coefficient; blue, positive correlation; red, negative correlation; circle size, the degree of the correlation.

patients, who had atypical LGE, GCS, GLS, and ECV can be used
as independent diagnostic factors compared to HCM patients.
To the best of our knowledge, this is the first study to assess
the diagnostic value of multi-parameter CMR concurrently
with detecting light-chain amyloidosis with earlier stages. This
important finding may provide a basis for the development of a
novel tool for the diagnosis of early-stage AL CA.

Due to the increased interstitial volume, extracellular
gadolinium-containing contrast media (CM), which is
commonly used in CMR, exhibits a correspondingly increased
volume of distribution in the heart with amyloidosis (25, 26). In

the classic or Mayo stage III AL CA patients, CM accumulates
in all infiltrated myocardial segments. The LGE method is
particularly effective at visualizing the extensive signals of
CM. Based upon a meta-analysis of five studies (n = 257)
it was concluded that the LGE method has an estimated
sensitivity and specificity of 85 and 92%, respectively, for the
diagnosis of cardiac amyloidosis (7). In the workup of cardiac
amyloidosis, CMR has developed into a versatile tool with
superior tissue characterization, high-resolution imaging, and
precise cardiac assessment. The presence of these features
allows us to confirm cardiac involvement, differentiate AL CA
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from other cardiomyopathies, and assess the morphological
and functional status of the heart. Takeda et al. highlighted
the capability of CMR in differentiating AL CA (n = 6) from
hypertrophic cardiomyopathies (HCM, n = 9) and hypertensive
heart disease (HHD, n = 11). In several subsequent studies,
co-localized endocardial biopsy confirmed the high diagnostic
accuracy of LGE patterns in AL CA; however, in patients with
early-stage AL CA, mild amyloid deposition in the myocardium
may contribute to atypical features of LGE (4, 27).

In AL CA patients, subendocardial delayed enhancement
occurs primarily in the early stages, while transmural delayed
enhancement occurs mostly in the middle and late stages (7).
Hence, patients with the early-stage or Mayo stage I/II AL
CA always had preclinical myocardial damage, which is not
diffuse and homogeneous as typical LGE patterns of AL CA
patients (28). For atypical LGE patterns, it is challenging to
indicate that amyloidosis has occurred (29, 30). In addition, the
symptoms of AL CA patients in the early stages are similar to
those of HCM patients. The typical manifestations of AL CA
are diffuse thickening of the LV wall, mainly with thickening
of the ventricular septum, while hypertrophic cardiomyopathy
is mostly asymmetric thickening. In addition to limitations in
diastolic and large function, typical LGE delayed enhancement
can be used for differential diagnosis (31–34). Still, in patients
with early myocardial amyloidosis without visible thickening
of the ventricular wall and hypertrophic heart patients without
significant fibrosis, it is difficult to distinguish between the two
based on morphology and function (27). And conventional
CMR images and electrocardiograms are often overlapping and
confusing, making it difficult to diagnose early-stage AL CA
patients precisely. In addition, hypertension was not listed as
an exclusion criterion in our study. It is acknowledged that
hypertension can affect wall thickness even if the hypertension
is well controlled (35). Nevertheless, due to the high prevalence
of hypertension, this is a real-world situation. Meanwhile, a
frequently raised concern is the administration of gadolinium-
containing CM to patients with impaired renal function. Hence,
contrast-free multi-parameter CMR emerges as a non-invasive
and comprehensive tool to detect early-stage AL CA from HCM
patients and monitor its progression have dominated the current
research efforts related to CA (4).

Amyloid deposition in the heart would impair cardiac
function. The LVEF has been the cornerstone of measuring
cardiac function. LVEF, however, is not able to detect slight
diastolic dysfunction in the early-stage (Mayo stage I/II) AL
CA patients (36). Our results also indicated no difference in
EF between HCM patients and early-stage AL CA patients.
The LV strain has been proven to be a sensitive and robust
indicator of cardiac dysfunction. CMR Strain analysis allows
a more direct assessment of the left ventricle function than
conventional LVEF (28). GLS, GCS and GRS are caused by
the involvement of subendocardial fibers, the involvement of
subepicardial fibers, and transmural involvement, respectively.
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FIGURE 6

Receiver operating characteristics curve for GLS, GCS, and ECV
mapping and pairwise parameter for differentiating between
Mayo I/II AL amyloidosis and HCM patients. As shown, a
GCS < –16.4%, GLS < –11.6%, or ECV > 33.2% could predict
Mayo I/II amyloidosis from HCM patients. Among them, the
combined diagnostic performance of GLS, GCS, and ECV
mapping can well distinguish Mayo I/II AL amyloidosis patients
from hypertrophic cardiomyopathy (AUC = 0.969, Youden
index = 0.813). HCM, hypertrophic cardiomyopathy patients;
ECV, extracellular volume; GLS, global longitudinal strain; GRS,
global radial strain; AUC, area under the curve.

In this study, the strain capacity of the different groups was
analyzed using magnetic resonance tissue tracking technology.
The results showed that, compared to healthy controls, the
myocardial strain rates of LV GRS, GCS, and GLS in patients
with myocardial amyloidosis and the hypertrophic heart group
were decreased to varying degrees. We and others (12, 37)
demonstrated that LV GLS is an independent predictor for
AL CA when differentiating AL CA patients from HCM
patients. There was no significant difference in the GLS strain

capacity between the HCM group and the Mayo III group
(P > 0.05); however, the GLS of the HCM group is higher
than that of Mayo I/II groups (−9.5 ± 1.8 vs. −11.9 ± 3.0%,
P < 0.05). In both HCM and Mayo III groups, the significant
decrease in GLS, compared to that of healthy controls, was
due to local or diffuse myocardial fibrosis, amyloid deposition,
and secondary coronary microcirculation dysfunction. The
pathological changes can result in ischemia of corresponding
myocardial segments, reduced myocardial contractility and
compliance, and abnormal myocardial movement (38). For
Mayo stage I/II patients, even though the extracellular matrix
of the myocardium had not been invaded by the amyloid
protein and the LV function was generally normal in the
early-stage AL CA, the thickening of the myocardium also
reduced myocardial compliance. Thus, in this study, their
GLS value is different from HCM patients, which makes
it more sensitive to identify the early-stage of AL CA.
Similar to Wan et al. (39) study, we found that GCS has
a statistically significant difference between different Mayo
staging groups (P < 0.001). The study found that HCM patients,
Mayo stage I/II patients, and Mayo stage IIIa/IIIb patients
had different degrees of thickening of the ventricular wall,
reduced cardiac function, and diastolic function limitations.
Given that GCS and LVMWT have a strong correlation
(r = 0.77, P < 0.001), we believe that when the myocardial
thickness is deformed, GCS can more accurately reflect the
changes in myocardial function. Therefore, GCS can provide
a reference value for the differential diagnosis of HCM and
Mayo staging. The GLS and GCS were significantly correlated
with the Mayo stage (r = 0.70, 0.64). The best cut-off value
of GLS is −11.6%, and GCS is −16.4%, which may be a
diagnostic factor for Mayo stage I/II AL CA patients from
HCM patients.

Quantitative T1 mapping has also demonstrated great
potential in the detection, differentiation, and stratification of
AL CA. Previous studies have demonstrated the diagnostic
value of native T1 and ECV for mortality using a 1.5T or 3.0T
scanner with a MOLLI sequence (10, 40), but these studies
did not include patients with early-stage AL CA. And HCM

TABLE 5 The diagnostic value of cardiovascular magnetic resonance to differentiate between Mayo stage I/II AL CA and HCM patients.

Multi-parameters of CMR for differentiating between Mayo stage I/II AL CA patients and HCM subjects

AUC Cut-off Youden index Sensitivity Specificity

GCS (%) 0.893 −16.4 0.708 0.875 0.833

GLS (%) 0.753 −11.6 0.521 0.938 0.583

ECV (%) 0.777 33.2 0.48 0.938 0.542

GLS + GCS 0.896 0.75 0.875 0.875

GLS + ECV 0.893 0.708 0.875 0.844

GCS + ECV 0.943 0.771 0.813 0.958

GLS + GCS + ECV 0.969 0.813 0.813 1

AL CA, cardiac light-chain amyloidosis; HCM, hypertrophic cardiomyopathy patients; GCS, global circumferential strain; GLS, global longitudinal strain; ECV, extracellular volume.
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is characterized by an increase in the ECV as the earliest
pathological change, which is similar to early-stage AL CA
patients. Here, we included HCM patients in the group setting to
make a comprehensive study. The pairwise comparison between
the Mayo stage I/II/III groups, HCM patients, and the healthy
control group was used. The T1 mapping and ECV values of
HCM and AL CA were higher than those of the normal control
group (1243.5 ± 29.5 vs. 1318.2 ± 32.4 vs. 1374.6 ± 74.9 ms,
both P < 0.001; 30.1 ± 2.5 vs. 31.3 ± 3.4 vs. 42.8 ± 11.5%,
P < 0.001, respectively). This study had similar results, which
is consistent with other studies (10, 41). And the ECV values of
Mayo stage I/II AL CA were significantly higher than those of
HCM, and the difference was statistically significant (31.3 ± 3.4
vs. 37.8 ± 5.7%, P < 0.05). T1 mapping and ECV significantly
correlated with the Mayo stage (r = 0.93, 0.93). Based on
the findings of this study, T1 mapping values can be used to
differentiate Mayo staging from healthy people. For patients
with early-stage myocardial amyloidosis (Mayo stage I/II) who
did not show LGE or atypical patchy enhancement of the
LV muscle wall or atypical subendocardial enhancement, both
native T1 mapping and ECV values were increased, indicating
that T1 mapping and ECV value are more sensitive than LGE
in detecting early myocardial involvement in patients with
AL. However, there was no statistically significant difference
between the Mayo stage I/II groups and the HCM group. This
may be due to focal fibrosis in both HCM and early-stage AL CA
patients resulting in similar T1 mapping values. Importantly,
the ECV value of the Mayo I/II group was higher than that of
the HCM group and significantly lower than the Mayo IIIa/IIIb
group (HCM: 31.3 ± 3.4% vs. Mayo I/II: 37.8 ± 5.7% vs.
Mayo IIIa/IIIb: 54.1 ± 9.9%, P < 0.001). Our results showed
that the best cut-off value of ECV is 33.2%. This value is
lower than the value of Lin et al. study (ECV > 44%) (10).
The area under the ROC curve of ECV was 0.777 (Youden
index = 0.48). The difference between Mayo stage patients may
partially explain the discrepancy. The relatively lower AUC of
ECV could be explained by the absence of extensive fibrosis in
Mayo I/II patients who just had amyloid deposits. Extracellular
spaces are expanded by fibrosis, not just by amyloid deposits, as
demonstrated by Pucci et al. (42).

N-terminal pro-B-type natriuretic peptide and cTnI have
established biomarkers for evaluating the severity of myocardial
involvement and are associated with patient prognosis (43).
The elevation of BNP correlates closely with the accumulation
of myocardial amyloid. It can be increased in the early
period of amyloidosis and before the onset of abnormal
electrocardiogram, including in asymptomatic patients (44). In
this study, 2 of 38 patients with Mayo stage I/II had elevated NT-
proBNP and cTnI. These patients have typical or atypical CMR
LGE, elevated T1 mapping, and ECV values, and diminished
GCS and GLS. NT-proBNP was significantly elevated in all
Mayo IIIa/IIIb patients, NT-proBNP was significantly elevated,
whereas LGE showed typical enhancement. Moreover, T1

mapping and ECV values were enriched significantly while GLS
and GCS were considerably reduced in these patients. These
results supported that GCS, GLS, and ECV could detect early
myocardial involvement correlates with NT-proBNP, which
indicated the value of GCS, GLS, and ECV for evaluating
the severity of myocardial amyloidosis. In this study, the
combination of GLS, GCS, and ECV yielded excellent diagnostic
performance in differentiating patients with early myocardial
involvement (AUC = 0.969, sensitivity = 0.813, specificity = 1,
respectively) from HCM patients.

There are a few inherent drawbacks of this study. The
main limitation is that this is a single-center study. Despite the
success of the internal validation using clinical parameters and
biomarkers to verify the performance of the multi-parameters
CMR in recognizing early-stage AL CA, a multi-center
prospective study with different vendors is still necessary to
validate our findings. Second, some high prevalence conditions,
such as hypertension, diabetes, etc., were not listed as exclusion
criteria in our study. We acknowledged that hypertension
can influence the wall thickness (35). Compared to the HCM
patients, however, they have different LGE patterns, GCS, GLS,
and ECV values. Also, the classification of AL CA patients
is based on biochemical blood parameters in the clinical
guidelines (16, 17). The rare cardiac transthyretin amyloidosis
(ATTR CA) type was not included, and those without contrast
CMR scans were excluded. More male patients were included,
and patient selection bias may exist. Third, echocardiography
retains its superiority in clinical practices, but it is limited
by productivity and operator independence. Furthermore, it
is necessary to verify whether the diagnostic value can be
interchangeable between CMR and echocardiography. Fourth,
in our study, the sample size of the Mayo-stage AL CA
patients is small. Here we set Mayo stage I and Mayo stage
II AL CA patients together as early-stage AL CA patients.
The confirmation of early myocardial amyloidosis requires a
myocardial biopsy to differentiate between amyloid deposition
and myocardial fibrosis. However, due to the invasiveness
of myocardial biopsy, the lack of pathological evidence for
cardiac involvement is rarely presented in studies related
to AL CA.

Conclusion

Left ventricular GCS and LV GLS parameters have good
diagnostic values at different stages of myocardial amyloidosis.
In early-stage AL CA patients, who have atypical LGE,
GCS, GLS, and ECV are highly correlated with their clinical
classification and have been altered when compared with HCM
patients and typical amyloidosis. The combination of GCS,
GLS, and ECV could accurately differentiate early-stage AL CA
from healthy controls or HCM patients. It could be as a novel
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approach to monitoring the CMR characteristics of early-stage
AL CA patients with multiple follow-ups.
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Background: Chronic kidney disease patients have increased risk of

cardiovascular abnormalities. This study investigated the relationship between

cardiovascular abnormalities and the severity of chronic kidney disease using

cardiac magnetic resonance imaging.

Methods: We enrolled 84 participants with various stages of chronic kidney

disease (group I: stages 1–3, n = 23; group II: stages 4–5, n = 20; group III:

hemodialysis patients, n = 41) and 32 healthy subjects. The demographics

and biochemical parameters of the study subjects were evaluated. All subjects

underwent non-contrast cardiacmagnetic resonance scans. Myocardial strain,

native T1, and T2 values were calculated from the scanning results. Analysis of

covariance was used to compare the imaging parameters between group I-III

and the controls.

Results: The left ventricular ejection fraction (49 vs. 56%, p = 0.021), global

radial strain (29 vs. 37, p = 0.019) and global circumferential strain (-17.4 vs.

−20.6, p < 0.001) were significantly worse in group III patients compared

with the controls. Furthermore, the global longitudinal strain had a significant

decline in group II and III patients compared with the controls (-13.7 and−12.9

vs. −16.2, p < 0.05). Compared with the controls, the native T1 values were

significantly higher in group II and III patients (1,041 ± 7 and 1,053 ± 6 vs.

1,009± 6, p < 0.05), and T2 values were obviously higher in group I-III patients

(49.9 ± 0.6 and 53.2 ± 0.7 and 50.1 ± 0.5 vs. 46.6 ± 0.5, p < 0.001). The

advanced chronic kidney disease stage showed significant positive correlation

with global radial strain (r = 0.436, p < 0.001), global circumferential strain

(r= 0.386, p< 0.001), native T1 (r= 0.5, p< 0.001) and T2 (r= 0.467, p< 0.001)

values. In comparison with the group II patients, hemodialysis patients showed
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significantly lower T2 values (53.2 ± 0.7 vs. 50.1 ± 0.5, p = 0.002), but no

significant di�erence in T1 values (1,041 ± 7 vs. 1,053 ± 6).

Conclusions: Our study showed that myocardial strain, native T1, and T2

values progressively got worse with advancing chronic kidney disease stage.

The increased T1 values and decreased T2 values of hemodialysis patients

might be due to increasing myocardial fibrosis but with reduction in oedema

following e�ective fluid management.

Trial registration number: ChiCTR2100053561 (http://www.chictr.org.cn/

edit.aspx?pid=139737&htm=4).

KEYWORDS

chronic kidney disease, cardiac magnetic resonance, hemodialysis, myocardial

abnormalities, fibrosis, oedema

Introduction

Chronic kidney disease (CKD) is a major health problem

worldwide with the rates of morbidity and mortality increasing

by 29.3 and 41.5%, respectively, between 1990 and 2017 (1).

The risk of cardiovascular disease (CVD) has been shown

to be higher in CKD patients compared with the general

population (2). CVD is also the leading cause of mortality

in the CKD patients (3, 4). Izamura et al. (5) reported

that lower estimated glomerular filtration rates (eGFRs) in

CKD patients were associated with increased cardiac cell

enlargement, cardiac hypertrophy, and fibrosis of the left

ventricle. Therefore, CKD patients should be regarded as a high-

risk group for CVD and need close medical attention at an

individual level (6).

Non-contrast cardiac magnetic resonance (CMR) imaging

can be used to monitor changes in myocardial mass and

Abbreviations: CKD, chronic kidney disease; CMR, cardiac magnetic

resonance; ANCOVA, analysis of covariance; LVEF, left ventricular ejection

fraction; GRS, global radial strain; GCS, global circumferential strain; GLS,

global longitudinal strain; CVD, cardiovascular disease; eGFRs, estimated

glomerular filtration rates; HD, hemodialysis; LV, left ventricular; ESRD,

end-stage renal disease; BMI, body mass index; MDRD, Modification of

Diet in Renal Disease; HR, heart rate; SBP, systolic blood pressure; DBP,

diastolic blood pressure; AKP, alkaline phosphatase; PTH, parathyroid

hormone; ESR, erythrocyte sedimentation rate; TSH, thyroid-stimulating

hormone; FT3, free triiodothyronine; FT4, free tetraiodothyronine; TG,

triglycerides; TC, total cholesterol; LDH, lactate dehydrogenase; SSFP,

steady-state free precession; MOLLI, modified look-locker inversion

recovery; EDVI, end-diastolic volumes index; ESVI, end-systolic volume

index; SVI, stroke volume index; EF, ejection fraction; LVMI, LVmass index;

CI, cardiac index; LAVI, The left atrial volume index; LA, left atrial; BSA,

body surface area; ROIs, the regions of interest; IQR, interquartile range;

ANOVA, analysis of variance; LGE, late gadolinium enhancement; MRI,

magnetic resonance imaging.

biventricular volumes in CKD patients undergoing long-term

hemodialysis (HD) (7). CMR is also used to directly and

non-invasively estimate the pathologic changes in the cardiac

structure and function based on myocardial T1 and T2 mapping

(8). Left ventricular (LV) strain parameters are more sensitive

than left ventricular ejection fraction (LVEF) in detecting

early cardiac dysfunction because they directly estimate the

movement of myocardial fibers (9).

Previous CMR studies (10, 11) reported myocardial

abnormalities in patients with early and advanced CKD or

end-stage renal disease (ESRD) patients. These results showed

that cardiac abnormalities could occur in both early-stage and

advanced-stage CKD patients. Furthermore, study by Hayer

et al. (12) showed that myocardial fibrosis evaluated by native T1

timewas inversely associated with kidney function. However, the

stage of CKD at which obvious myocardial abnormalities appear

is not well-defined. Furthermore, the majority of the ESRD

patients undergo HD (13, 14). However, it is not clear about

the relative contributions of myocardial fibrosis to the change

of native T1 times in HD patients. Therefore, in this study,

we investigated the association between obvious myocardial

abnormalities and CKD stages by comparing the non-contrast

CMR parameters. Furthermore, we analyzed the alterations of

CMR parameters in patients following HD.

Materials and methods

Study subjects

In this prospective longitudinal observational study, 84

participants with different stages of CKD were enrolled from

the Department of Nephrology, Wuhan Union Hospital,

between March 2021 to October 2021. We also enrolled

32 healthy subjects of similar age, gender, and body mass

index (BMI) from the Wuhan community between March

2021 to October 2021. This study was approved by the
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Ethics committee of the Tongji Medical College of Huazhong

University of Science and Technology. It was first registered on

24/11/2021 with the registration number ChiCTR2100053561,

and was conducted in accordance with the Helsinki Declaration.

The written informed consent was obtained from all the

study subjects.

The inclusion criteria for participants with CKD were as

follows: (1) clinically confirmed CKD at different stages; (2) age

between 30 and 80 years; (3) absence of chest pain, dyspnea,

and palpitations; (4) absence of history for cardiovascular

diseases such as congenital heart disease, coronary artery disease,

valvular heart disease, or cardiomyopathy; and (5) normal

electrocardiographic manifestations. All dialysis patients had

maintained hemodialysis for 4 hours, 3 times a week for at least

3 months. The inclusion criteria for the healthy controls were as

follows: (1) age between 30 and 80 years; (2) absence of history

for cardiovascular diseases, hypertension, hyperlipidemia, and

diabetes; (3) normal physical examination; and (4) normal

electrocardiographic manifestations. The exclusion criteria for

the participants with CKD were as follows: (1) history of

known specific cardiomyopathies, valvular heart disease or

myocarditis; and (2) standard contraindications to CMR

(e.g., metal implants, severe claustrophobia, and inability to

hold breath).

Participants with CKD were divided into the following

three groups: group I (CKD stage 1–3 patients, eGFR 30

to 120 ml/min/1.73 m2; n = 23), group II (CKD stage 4–

5 patients without undergoing HD, eGFR <30 ml/min/1.73

m2; n = 20), and group III (CKD stage 4–5 patients with

stable HD; n = 41). The estimated GFR was calculated

using the four-variable Modification of Diet in Renal Disease

(MDRD) formula (15) (GFR = 175 × standardized S−1.154
cr

× age−0.203 × 1.212 [if black] × 0.742 [if female]).

Additionally, group II (CKD 4–5 non-HD patients) had very

advanced CKD as evident by creatinine >500, hemoglobin 79

and calcium 1.9.

Anthropometric and biochemical
assessments

We collected data regarding sex, age, BMI, and heart rate

(HR) of all the study subjects. We also extracted the values

of systolic blood pressure (SBP), diastolic blood pressure

(DBP), and serum biochemical parameters such as creatinine,

hemoglobin, albumin, alkaline phosphatase (AKP), parathyroid

hormone (PTH), urea nitrogen, uric acid, erythrocyte

sedimentation rate (ESR), thyroid-stimulating hormone

(TSH), free triiodothyronine (FT3), free tetraiodothyronine

(FT4), triglycerides (TG), total cholesterol (TC), lactate

dehydrogenase (LDH), calcium, and phosphorus for all patients

from the electronic records before CMR scanning (Table 1).

Study subjects were diagnosed with hypertension when the

average SBP value was >140 mmHg. BMI was calculated by

dividing dry weight (kg) by body height (m)2.

CMR scanning protocol

The CMR scans were performed in a 1.5 T MAGNETOM

Aera MRI scanner (Siemens Healthcare, Erlangen, Germany)

equipped with 18-channel phased-array surface coils using

the vector electrocardiogram gating. Participants with CKD

were all scanned on the next day after confirmation of CKD

by nephrologists. Dialysis patients were all scanned on non-

dialysis days but not after a long break; thus, all scans

were performed within 18 to 24 h after the most recent

dialysis session (16). Cine imaging of the LV long axis and

sequential short-axis planes was performed using the balanced

steady-state free precession (SSFP) sequence. Cine imaging

parameters were as follows: repetition time, 2.93ms; echo

time, 1.16ms; slice thickness, 6mm; flip angle, 80◦; field of

view, 340 × 255mm; matrix, 256 × 205; and 25 calculated

cardiac phases.

Native T1 mapping at the base, mid, and apical levels of

the LV short axis were performed using the modified look-

locker inversion recovery (MOLLI) sequence. The T1 mapping

parameters were as follows: repetition time, 3.89ms; echo

time, 1.12ms; slice thickness, 8mm; flip angle, 35◦; field of

view, 360 × 270mm; and matrix, 256 × 192. T2 values

of the LV myocardium were estimated from the T2 map

that was generated using the T2-prepared single-shot SSFP

sequence. T2 mapping parameters were as follows: repetition

time, 3.244ms; echo time, 1.35ms; slice thickness, 8mm; flip

angle, 70◦; field of view, 360 × 75mm; and matrix, 192

× 83.

Analysis of cardiac volume index and
function

CMR image analysis was performed using the commercially

available CVI42 software (Circle Cardiovascular, Calgary,

Canada), and the analyst were blinded to the CKD group of

study populations. The volumetric and functional parameters

of the left ventricle were measured using the continuous short-

axis slice cine images by manually tracing the endocardial and

epicardial borders. The papillary muscles and trabeculations

were excluded as part of the ventricular mass. CMR parameters

such as LV end-diastolic volumes index (EDVI), end-systolic

volume index (ESVI), stroke volume index (SVI), ejection

fraction (EF), LV mass index (LVMI) and cardiac index

(CI) were measured by the commercial CVI42 software

(Circle Cardiovascular, Calgary, Canada) automatically. The

left atrial volume index (LAVI) was calculated manually
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TABLE 1 Clinicopathologic characteristics of the study subjects.

Variables Healthy subjects

(n = 32)

Participants with CKD (n = 84) p-values◦

Group I (CKD

1–3, n = 23)

Group II (CKD

4–5, n = 20)

Group III

(HD, n = 41)

Age (years) 55± 11 48± 14c 49± 8c 54± 12a,b 0.336

Male (%) 15 (46.9%) 13(56.5%) 12(60%) 25(61%) 0.220

BMI (kg/m2) 23.7± 2.3 23.8± 2.7c 22.3± 2.9 22.1± 2.8a 0.064

HR (bpm) 68± 12 62± 13b,c 72± 13a 74± 10a 0.205

SBP (mmHg) - 137± 21c 143± 19c 154± 21a,b -

DBP (mmHg) - 86± 14 94± 14c 81± 13b -

Hypertension (n, %) - 13(56.5%) 16(80%) 24(58.5%) -

Diabetes (n, %) - 6(26.1%) 2(10%) 9(22.0%) -

Serum biochemistry

Creatinine (µmol/L) - 152± 130b,c 527± 269a,c 752± 273a,b -

Hemoglobin (g/l) - 115± 25b,c 79± 15a,c 96± 19a,b -

Albumin (g/l) - 31± 9b,c 35± 5a 38± 8a -

ALK (U/L) - 68± 24 62± 24c 86± 48b -

PTH (pg/ml) - 91± 55b,c 311± 258a 411± 159a -

Urea nitrogen (mmol/l) - 9± 5b,c 27± 11a,c 18± 7a,b -

Uric acid (µmol/l) - 398± 128 488± 166c 345± 123b -

ESR (mm/h) - 30± 28 35± 27 35± 36 -

FT4 (pmol/L) - 11.1± 2.0c 12.3± 7.0 13.0± 1.4a -

FT3 (pmol/L) - 3.5± 0.8 3.0± 0.6 3.2± 0.5 -

TSH (µlU/ml) - 4± 3 4± 4 5± 6 -

TC (mmol/L) - 5.1± 1.7b 3.9± 0.8a 4.2± 1.0 -

TG (mmol/L) - 1.6± 0.9 1.4± 0.7 1.5± 1.0 -

LDH (U/L) - 226± 41 264± 97 265± 103 -

Calcium (mmol/L) - 2.1± 0.2c 1.9± 0.3c 2.2± 0.2a,b -

Phosphorus (mmol/L) - 1.1± 0.2b,c 1.6± 0.4a 1.4± 0.4a -

◦p-values for comparison between CKD patients and controls.
ap < 0.05 vs. CKD1-3 patients.
bp < 0.05 vs. CKD4-5 patients.
cp < 0.05 vs. HD patients.

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALK, alkaline phosphatase; PTH, parathyroid hormone; ESR, erythrocyte sedimentation rate; TSH,

thyroid stimulating hormone; TC, total cholesterol; TG, triglycerides; LDH, lactose dehydrogenase.

by tracing the endocardial left atrial (LA) borders in the

two long-axis cine images (2 and 4-chamber views). The

values were adjusted for the body surface area using the

Mosteller formula (2) (BSA (m2) =
√

((weight (kg) ×

height (cm)/3600)).

Estimation of the native T1 and T2 values

The regions of interest (ROIs) were manually delineated

in the mid-layer of the myocardium among the basal,

middle, and apical LV segments to measure native T1 and

T2 values. Sixteen ROIs were drawn for each participant

based on the American Heart Association 16-segment

model (Figures 1A–F). The image artifacts and coronary

artery were eliminated from the ROIs. The average

native T1 and T2 values were calculated from the three

short-axis slices.

Estimation of the myocardial systolic
strain

The peak systolic LV strain parameters were calculated using

the CVI42 software (Circle Cardiovascular, Calgary, Canada).

Multiple long-axis cine images (2, 3, and 4-chamber views) and

short-axis cine images were imported into the software. Then,

the endocardial and epicardial borders of the LV were delineated

in the end-diastolic frame (including papillary muscles and
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FIGURE 1

Examples of end-diastolic cine images and corresponding
measurement of native T1 and T2 in 1 chronic kidney disease
(CKD) patient and 1 healthy control. (A) Image shows the left
ventricular middle short-axis segment. (B,C) Images are the
measurement of native T1 and T2 mapping, respectively, at the
same slice position in the same patient. (A-C) Images
correspond to a 49-year-old CKD male patient. The mean
global T1 value is 1,061ms, and the mean global T2 value is
52ms. (D) Image shows the left ventricular middle short-axis
segment. (E,F) Images are the measurement of native T1 and T2
mapping, respectively, at the same slice position in the same
person. (D-F) Images correspond to a 32-year-old healthy
volunteer. The mean global T1 value is 1,003ms, and the mean
global T2 value is 45 ms.

trabeculations) and automatically propagated throughout the

cardiac cycle. The global longitudinal strain (GLS), global

circumferential strain (GCS), and global radial strain (GRS)

of the LV were obtained manually from the cine images

(Figures 2A–I).

Statistical analysis

Statistical analysis was performed using the SPSS version

26.0 software (SPSS Inc., Chicago, Illinois, USA). Kolmogorov–

Smirnov test was used to analyze the normal distribution of

continuous data. The normally and non-normally distributed

data were summarized as means ± standard deviation and

median (interquartile range, IQR), respectively. Differences

between the normally distributed variables were analyzed using

the independent-sample Student’s t-test. Differences between

the categorical variables were analyzed using the chi-square

test. Differences in the clinical and CMR parameters between

the three CKD patient groups and healthy subjects were

compared by analysis of variance (ANOVA). Differences in

the CMR variables after adjusting for age, BMI, and HR

were assessed by analysis of covariance (ANCOVA). The

relationships between CMR parameters and CKD stages of CKD

patients without hemodialysis were examined using Spearman’s

correlation tests. P-value < 0.05 (two-tailed) was considered

statistically significant.

Results

Basic clinical characteristics of the study
groups

In this study, 84 participants with CKD and 32 healthy

controls were enrolled. Table 1 shows the demographics of all

the study subjects and the biochemical indices of the CKD

patients. The basic characteristics including age (p = 0.336),

sex (p = 0.220), BMI (p = 0.064) and HR (p = 0.205)

were similar between the group of participants with CKD

and healthy subjects. However, significant differences in age

(p < 0.001), BMI (p = 0.023), and HR (p = 0.001) were

observed among the healthy subjects and the three groups

of participants with CKD, namely, CKD 1–3, CKD 4–5,

and HD (Table 1). The healthy subjects did not show any

history of cardiovascular diseases, hypertension, hyperlipidemia,

and diabetes.

Non-HD participants with CKD show
significant alterations in left ventricular
mass, volume, and function

Table 2 shows the LV mass, volume, and functional

characteristics for the three CKD groups (I-III) and the

healthy subjects. Table 3 shows the LV mass, volume, and

functional parameters for the CKD patients without HD (groups

I and II) and the healthy subjects after adjusting for age,

BMI, and HR. The CMR-derived parameters LVEDVI, LVSVI,

LVMI, and CI values were significantly increased starting

from later stages (LVEDVI: 80 vs. 57 ml/m2; LVSVI: 42 vs.

32 ml/m2; LVMI: 57 vs. 36 g/m2; CI: 2.9 vs. 2.2 l/min/m2,

p < 0.05 between group II and healthy subjects for all).

Furthermore, the CMR-derived parameters LVESVI, LVEF and

maximum LAVI values never had significant change in patients

without HD.

Non-HD participants with CKD show
significant alterations in the left
ventricular strain

Table 3 summarizes the values for the LV strain parameters

in the three groups after adjusting for age, BMI, and HR. The

CMR-derived parameters GRS and GCS never had significant

change in patients without HD (Figures 3A,B). However, the

CMR-derived parameter GLS values were significantly reduced

starting from later stages (group II vs. healthy subjects:−13.7±

0.7 vs.−16.2± 0.5, p= 0.024) (Figure 3C).
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FIGURE 2

Diagram of the peak systolic strain analysis of the left ventricular myocardium in a healthy control by CVI42 software. The left shows the
endocardial and epicardial borders of di�erent short-axis slice cine images (A,B) and long-axis cine image (C). In the middle is the 16-segment
model of the radial (D), circumferential (E), and longitudinal (F) values in a cardiac cycle. On the right are the strain–time curves of the radial (G),
circumferential (H), and longitudinal (I) values in a cardiac cycle.

Non-HD participants with CKD show
significant alterations in myocardial
native T1 and T2 values

Table 3 shows the differences in the native T1 and T2 values

between the three groups after adjusting for age, BMI, and HR.

The global cardiac native T1 values were higher in the CKD

groups compared with the healthy subjects; the values showed

an incremental increase with CKD severity (healthy subjects:

1,009 ± 6; CKD group I: 1,027 ± 7; CKD group II: 1,041 ±

7). The CMR-derived parameter global native T1 values were

significantly increased starting from later stages (group II vs.

control: p = 0.003) (Figure 4A). Furthermore, the global T2

values were significantly increased starting from early stages

(group I vs. healthy subjects: 49.9± 0.6 vs. 46.6± 0.5, p< 0.001)

(Figure 4B). The septal and midseptal T1 and T2 values and the

inter-group differences showed similar trends as observed with

the global T1 and T2 values, respectively (Table 3).

Left ventricular CMRI parameters and
native T1 and T2 values correlate with
advanced CKD stage (stages 1–5)

As shown in Table 4, CKD stages showed inverse correlation

with BMI (r = −0.246, p = 0.008) and positive correlation with

HR (r = 0.29, p = 0.002). After adjusting for BMI and HR,

CKD stages of patients without HD showed positive correlation

with the LVEDVI (r = 0.425, p < 0.001), LVESVI (r = 0.405,

p < 0.001), LVMI (r = 0.535, p < 0.001), CI (r = 0.293, p

= 0.002), GLS (r = 0.436, p < 0.001), and GCS (r = 0.386, p

< 0.001) (Figures 5A,B). Furthermore, CKD stages of patients

without HD showed weak negative correlation with LVEF (r

= −0.255, p = 0.006) and GRS (r = −0.32, p = 0.001)

(Figure 5C). Furthermore, CKD stages of patients without HD

showed significant positive correlation with the global native

T1 (r = 0.5, p < 0.001) and T2 values (r = 0.467, p < 0.001)

(Figures 5D,E).
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TABLE 2 MRI characteristics of the study subjects.

Variables Healthy subjects

(n = 32)

Participants with CKD (n = 84) p-values

Group I (CKD

1-3, n = 23)

Group II (CKD

4-5, n = 20)

Group III

(HD, n = 41)

LVEDV index (ml/m2) 57± 12 65± 16 81± 23 81± 29 <0.001

LVESV index (ml/m2) 26± 8 29± 10 39± 16 42± 23 <0.001

LVSV index (ml/m2) 32± 7 36± 10 42± 10 39± 12 0.001

LVEF (%) 55± 7 56± 10 54± 10 50± 10 0.047

LVM index (ml/m2) 36± 10 48± 19 58± 15 60± 21 <0.001

CI (l/min/m2) 2.1± 0.5 2.2± 0.7 3.0± 0.9 2.8± 0.9 <0.001

Max LAV index (ml/m2) 35± 12 34± 9 42± 12 45± 19 0.002

Min LAV index (ml/m2) 14± 8 13± 6 14± 4 21± 16 0.006

GRS (%) 37± 9 37± 15 30± 9 30± 11 0.012

GCS (%) −21± 3 −20± 3 −19± 3 −18± 4 0.001

GLS (%) −17± 3 −15± 3 −14± 3 −14± 4 <0.001

Global T1 (ms) 1006± 22 1024± 34 1045± 38 1055± 33 <0.001

Septal T1 (ms) 1005± 42 1030± 39 1054± 34 1065± 39 <0.001

Midseptal T1 (ms) 1014± 26 1034± 45 1058± 41 1068± 47 <0.001

Global T2 (ms) 47± 3 50± 3 53± 4 51± 3 <0.001

Septal T2 (ms) 46± 3 50± 3 53± 5 50± 3 <0.001

Midseptal T2 (ms) 46± 3 50± 4 54± 5 50± 4 <0.001

p-values for comparison among the four groups.

LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular systolic volume; LVM, left ventricular mass; CI, cardiac index; Max LAV

index, maximum left atrial volume index; Min LAV index, minimum left atrial volume index; GRS, global radial strain; GCS, global circumferential strain; GLA, global longitudinal strain.

The bold values represent that p < 0.05 between groups.

Comparison of CMR parameters between
HD patients and each other groups

Table 5 shows comparison of CMR parameters between HD

patients and each other groups (healthy subjects, group I and

group II). All CMR parameters in HD patients were significantly

worse than those in healthy subjects. In addition, LVEF and LV

strain parameters of HD patients were worse than those of CKD

patients in group II (stages 4–5 without HD) (LVEF: 49 vs. 54%;

GRS: 29± 2 vs. 30± 3; GCS:−17.4± 0.5 vs.−18.9± 0.7; GLS:

−12.9 ± 0.5 vs. −13.7 ± 0.7), however, the above parameters

comparison were not significant. Furthermore, the global native

T1 values were higher in the HD patients compared with group

II patients (1,053 ± 6 vs. 1,041 ± 7, p > 0.05). In contrast, T2

values in the HD patients were significantly lower compared

with those non-HD patients with CKD stages 4-5 (50.1± 0.5 vs.

53.2 ± 0.7, p = 0.002) (Figures 4A,B). The septal and midseptal

T1 and T2 values and the inter-group differences for these values

were similar to the trends observed for the global T1 and T2

values, respectively.

Discussion

This study shows that CMR parameters reflecting LV

myocardial structure and function get worsen with advancing

CKD stages. Participants with CKD stages 4–5 were more

likely to occur significantly increased T1 values, which may

reflect myocardial fibrosis. The increased native T1 values and

decreased T2 values of HD patients might be due to increasing

myocardial fibrosis in the HD group but with reduction in

oedema following effective fluid management on dialysis.

In this prospective study, changes in the myocardial strain

parameters like GLS, GCS, and GRS were associated with

advanced CKD stage. This suggested significant alterations in

the myocardial wall remodeling among patients with advanced

or severe CKD. Furthermore, this study showed that GLS of

participants with CKD decreased significantly from stages 4–

5 onwards when compared with the healthy subjects, whereas

LVEF values were reduced in the CKD patients undergoing

hemodialysis. These results were in agreement with previous

reports demonstrating GLS as a more sensitive parameter

than LVEF in detecting subclinical LV dysfunction because

GLS directly measures the movement of myocardial fibers

(9, 17). The prognostic value of GLS was also higher than

the values for LVEF in predicting mortality and adverse

cardiovascular outcomes (18, 19). Therefore, CKD patients with

reduced GLS require close monitoring for early detection of

cardiac abnormalities.

A previous report (9) suggested that aberrant GLS was

secondary to myocyte hypertrophy caused by myocardial

fibrosis. Our study shows higher native T1 and T2 values in
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TABLE 3 MRI characteristics of the study subjects after adjustments for age, BMI, and HR.

Variables Healthy subjects

(n = 32)

CKD patients without HD (n = 43) Start from which

stage(s)

p-values

Group I (CKD

1–3, n = 23)

Group II (CKD

4–5, n = 20)

LVEDV index (ml/m2) 57± 4 60± 5 80± 5 Later 0.004

LVESV index (ml/m2) 26± 3 26± 4 38± 4 Never /

LVSV index (ml/m2) 32± 2 35± 3 42± 3 Later 0.004

LVEF (%) 56± 2 58± 2 54± 2 Never /

LVM index (g/m2) 36± 3 44± 4 57± 4 Later <0.001

CI (l/min/m2) 2.2± 0.1 2.4± 0.2 2.9± 0.2 Later 0.006

Max LAV index (ml/m2) 35± 3 33± 4 43± 4 Never /

GRS (%) 37± 2 38± 3 30± 3 Never /

GCS (%) −20.6± 0.5 −20.2± 0.7 −18.9± 0.7 Never /

GLS (%) −16.2± 0.5 −15.1± 0.6 −13.7± 0.7 Later 0.024

Global T1 (ms) 1009± 6 1027± 7 1041± 7 Later 0.003

Septal T1 (ms) 1006± 7 1033± 9 1052± 9 Later 0.001

Midseptal T1 (ms) 1017± 8 1037± 9 1053± 10 Later 0.017

Global T2 (ms) 46.6± 0.5 49.9± 0.6 53.2± 0.7 Early <0.001

Septal T2 (ms) 46.1± 0.6 49.5± 0.7 52.6± 0.7 Early 0.002

Midseptal T2 (ms) 46.1± 0.6 50.3± 0.8 53.3± 0.8 Early <0.001

The column named “start from which stage(s)” represents the stage(s) of CKD in patients who developed significant abnormalities compared to healthy subjects: “early” meaning p < 0.05

between control and group I; “later” meaning p only <0.05 between control and group II, in the other words, p ≥ 0.05 between control and group I; and “never” meaning p ≥ 0.05 among

all groups.

p-values for comparison between patients who developed significant abnormalities and healthy subjects.

BMI, body mass index; HR, heart rate; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular systolic volume; LVM, left

ventricular mass; CI, cardiac index; Max LAV index, maximum left atrial volume index; Min LAV index, minimum left atrial volume index; GRS, global radial strain; GCS, global

circumferential strain; GLA, global longitudinal strain.

FIGURE 3

Comparison of the mean peak global radial strain (A), peak global circumferential strain (B) and peak global longitudinal strain (C) among the
controls and groups I-III.

CKD patients compared with healthy subjects, and increasing

native T1 and T2 values with the advancing CKD stages,

which are consistent with previous studies (8, 18). In addition,

a negative correlation between T2 values and GFR was also

found in patients with heart failure (20), supporting the

finding of our trial. Other previous studies demonstrated

that native T1 mapping improved the diagnostic accuracy

of CMR in estimating myocardial fibrosis (16, 21). In

addition, myocardial native T1 values were also associated

with myocardial edema, infiltration of immune cells (22),

acute myocardial infarction or amyloidosis (23). Participants

enrolled in our study had no history of heart disease

or amyloidosis, suggesting that the elevated T1 values in

participants with advanced CKD were irrelevant to based

heart disease or amyloidosis. However, we cannot rule out

the effect of myocardial edema on the changes of T1 values.
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FIGURE 4

Comparison of the native T1 (A) and T2 values (B) among the controls and groups I-III (*means that p < 0.05 between the two groups).

TABLE 4 Univariate correlation coe�cients for worsening CKD stage.

Variables CKD stage Adjusted for BMI and HR

R-value P-value R-value P-value

Age (years) 0.101 0.281 0.106 0.263

Male (n, %) 0.126 0.178 0.198 0.035

BMI (kg/m2) −0.246 0.008 - -

HR (bpm) 0.29 0.002 - -

LVEDV index (ml/m2) 0.426 <0.001 0.425 <0.001

LVESV index (ml/m2) 0.402 <0.001 0.405 <0.001

LVSV index (ml/m2) 0.309 0.001 0.299 0.001

LVEF (%) −0.238 0.01 −0.255 0.006

LVM index (ml/m2) 0.52 <0.001 0.535 <0.001

CI (l/min/m2) 0.411 <0.001 0.293 0.002

Max LAV index (ml/m2) 0.317 0.001 0.304 0.001

GRS (%) −0.308 0.001 −0.32 0.001

GLS (%) 0.424 <0.001 0.436 <0.001

GCS (%) 0.372 <0.001 0.386 <0.001

Global T1 (ms) 0.567 <0.001 0.5 <0.001

Septal T1 (ms) 0.556 <0.001 0.502 <0.001

Midseptal T1 (ms) 0.498 <0.001 0.431 <0.001

Global T2 (ms) 0.485 <0.001 0.467 <0.001

Septal T2 (ms) 0.426 <0.001 0.431 <0.001

Midseptal T2 (ms) 0.407 0.007 0.386 <0.001

CKD, chronic kidney disease; BMI, body mass index; HR, heart rate; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular

systolic volume; LVM, left ventricular mass; CI, confidence interval; Max LAV index, maximum left atrial volume index; GRS, global radial strain; GCS, global circumferential strain; GLA,

global longitudinal strain. The bold values represent that p < 0.05 between groups.

Native T2 mapping measures the free water content in tissues

including the cardiac tissue (7). In current study, myocardial

native T1 values and T2 values of CKD groups are higher

than healthy subjects showing that myocardium of CKD

patients may develop both fibrosis and oedema. Furthermore,

our results demonstrate that CKD patients may develop

worsening myocardial fibrosis and oedema with advancing

CKD severity.

CKD progression facilitates the onset of myocardial fibrosis

(24). However, the exact CKD stage at which myocardial fibrosis
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FIGURE 5

The relationship between CKD stage and the mean peak global radial strain (A), peak global circumferential strain (B), peak global longitudinal
strain (C), the global native T1 values (D) and the global T2 values (E) in CKD patients without HD. The dots represent the mean CMR parameters
of patients in each CKD stage, and the vertical bars represent the standard deviation range of CMR parameters of patients in each CKD stage.
The dashed line represents the trends of change in CMR parameters.

is clinically manifest is not well-characterized. In the current

study, participants with CKD stages 4–5 showed significantly

higher native T1 and T2 values compared with healthy

subjects. These results supported previous biopsy findings

from ESRD patients that showed extensive interstitial fibrosis

(25, 26). Edwards et al. (11) reported irreversible fibrosis in

14% of stage 2 to 4 CKD patients using late gadolinium

enhancement (LGE). These slightly different results may be

explainable by differences in sample size and their use of

gadolinium. LGE is not sensitive enough to detect diffuse

myocardial fibrosis (24) and has risk of nephrogenic systemic

fibrosis (27). Our results suggested that participants with CKD

stages 4–5 were more likely to develop significant myocardial

fibrosis. However, further investigations and more sensitive

magnetic resonance imaging (MRI) techniques are needed

to determine if myocardial fibrosis occurs in patients with

early CKD.

In our study, participants with CKD undergoing HD showed

significantly reduced T2 values compared with non-HD patients

with CKD stages 4–5. Previous studies reported that T2 values

were related to myocardial fluid content (28–30). Our results

showed that myocardial oedema may be improved in ESRD

patients undergoing HD compared with non-HD patients with

advanced CKD, thereby supporting previous findings (7, 31).

Kotecha et al. (7) showed that native T1 and T2 values were

significantly reduced in ESRD patients after dialysis, suggesting

that these values reflected an acute reduction of myocardial

water content. Rankin et al. (31) also showed significant decrease

in native T1 and T2 values following hemodialysis with fluid

removal in CKD patients undergoing HD based on 3T CMR.

However, the changes of T1 values in our current study may

seem contradictory to these two studies. The reason for this

difference may be that Kotecha and Rankin et al. referred to

within-subject differences pre/post HD. T1 values of participants

with CKD undergoing HD in this study increased slightly than

non-HD patients with CKD stages 4–5. This suggested that

for CKD patients undergoing HD, myocardial fibrosis, rather

than myocardial oedema, accounts for the elevated T1 values.

Similarly, Graham-Brown et. compared 124 HD patients to 137

healthy subjects and found that the obviously elevated T1 values

occurred independently with T2 values, which had no significant

changes. It is reasonable to speculate that the observed increase
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TABLE 5 Comparison of CMR characteristics between HD patients and each other groups after adjustments for age, BMI, and HR.

Variables Healthy

subjects

(n = 32)

Group I

(CKD 1-3,

n = 23)

Group II

(CKD 4-5,

n = 20)

Group III

(HD, n =

41)

#
p-values $

p-values &
p-values

LVEDV index

(ml/m2)

57± 4 60± 5 80± 5 84± 4 <0.001 0.002 1.000

LVESV index

(ml/m2)

26± 3 26± 4 38± 4 45± 3 <0.001 0.001 0.941

LVSV index

(ml/m2)

32± 2 35± 3 42± 3 40± 2 0.009 0.719 1.000

LVEF (%) 56± 2 58± 2 54± 2 49± 2 0.021 0.006 0.248

LVM index (g/m2) 36± 3 44± 4 57± 4 63± 3 <0.001 0.002 1.000

CI (l/min/m2) 2.2± 0.1 2.4± 0.2 2.9± 0.2 2.7± 0.1 0.013 0.520 1.000

Max LAV index

(ml/m2)

35± 3 33± 4 43± 4 45± 3 0.016 0.023 1.000

GRS (%) 37± 2 38± 3 30± 3 29± 2 0.019 0.041 1.000

GCS (%) −20.6± 0.5 −20.2± 0.7 −18.9± 0.7 −17.4± 0.5 <0.001 0.013 0.564

GLS (%) −16.2± 0.5 −15.1± 0.6 −13.7± 0.7 −12.9± 0.5 <0.001 0.069 1.000

Global T1 (ms) 1009± 6 1027± 7 1041± 7 1053± 6 <0.001 0.036 1.000

Septal T1 (ms) 1006± 7 1033± 9 1052± 9 1063± 7 <0.001 0.065 1.000

Midseptal T1

(ms)

1017± 8 1037± 9 1053± 10 1066± 7 <0.001 0.113 1.000

Global T2 (ms) 46.6± 0.5 49.9± 0.6 53.2± 0.7 50.1± 0.5 <0.001 1.000 0.002

Septal T2 (ms) 46.1± 0.6 49.5± 0.7 52.6± 0.7 49.6± 0.5 <0.001 1.000 0.007

Midseptal T2

(ms)

46.1± 0.6 50.3± 0.8 53.3± 0.8 49.6± 0.6 0.001 1.000 0.001

#p-values for comparison between healthy subjects and HD patients.
$p-values for comparison between patients with CKD 1–3 and HD patients.
&p-values for comparison between patients with CKD 4–5 and HD patients. The bold values represent that p < 0.05 between groups.

in native T1 values and decrease in T2 values between CKD

4–5 and HD patients might be due to increasing fibrosis in

the dialysis group but with reduction in oedema following

effective fluid management on dialysis. However, our study did

not compare native T1 values of CKD patients before and after

dialysis. Hence, this aspect requires further investigation.

Our study has a few limitations. Firstly, the sample size

of our single-center study was small. It was difficult to

stratify patients into CKD 1-5 stage and directly state which

stage of 1-5 shows the significant reduction in myocardial

function. Therefore, large cohort, multi-center studies are

necessary to confirm our findings and explore potential

relationships between myocardial abnormalities and CKD

stages. Secondly, the cross-sectional nature of this study may

have affected the results because of individual differences

among the study subjects. We did not compare parameters

of participants with CKD before and after dialysis. Therefore,

in the future, a longitudinal study needs to be performed

to confirm our results. Thirdly, although the CKD groups

were matched with the healthy subjects based on age, BMI,

and HR, significant inter-group differences existed among the

four groups. Therefore, we used ANCOVA to exclude the

influence of these confounding factors. Forthly, there was a

lack of assessment of myocardial fibrosis and fluid status,

either clinically or bioimpedance. Finally, because of the small

sample size, we did not investigate the effects of important

factors such as hypertension and diabetes that can influence

cardiac functions.

Conclusions

In conclusion, myocardial strain, native T1, and T2 values

progressively got worse as the severity of CKD increased.

Myocardial fibrosis and edema were observed more frequently

in participants with advanced CKD or severe CKD requiring

HD. The increased native T1 values and decreased T2 values

of CKD patients undergoing HD might be due to increasing

myocardial fibrosis in the HD group but with reduction

in oedema following effective fluid management on dialysis.

Further large cohort multi-center studies are needed to confirm

our findings.
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Cardiomyopathy (CM) is the leading cause of death for individuals with

Duchenne muscular dystrophy (DMD). While DMD CM progresses rapidly and

fatally for some in teenage years, others can live relatively symptom-free into

their thirties or forties. Because CM progression is variable, there is a critical

need for biomarkers to detect early onset and rapid progression. Despite recent

advances in imaging and analysis, there are still no reliable methods to detect

the onset or progression rate of DMDCM. Cardiac strain imaging is a promising

technique that has proven valuable in DMD CM assessment, though much

more work has been done in adult CM patients. In this review, we address

the role of strain imaging in DMD, the mechanical and functional parameters

used for clinical assessment, and discuss the gaps where emerging imaging

techniques could help better characterize CM progression in DMD. Prominent

among these emerging techniques are strain assessment from 3D imaging and

development of deep learning algorithms for automated strain assessment.

Improved techniques in tracking the progression of CM may help to bridge

a crucial gap in optimizing clinical treatment for this devastating disease and

pave the way for future research and innovation through the definition of

robust imaging biomarkers and clinical trial endpoints.

KEYWORDS

duchenne muscular dystrophy, strain imaging, cardiac magnetic resonance, pediatric

cardiology, cardiac imaging, echocardiography, strain

1. Introduction

Duchenne muscular dystrophy (DMD) is a severe, progressive, X-linked genetic

disease that affects roughly 1 in every 5,000 live male births (1–4). DMD results from a

mutation in the gene which encodes for the protein dystrophin, leading to a progressive

impairment of muscle function (5, 6). A lack of dystrophin leads to a loss of sarcolemma

integrity triggering muscle degradation and inflammation followed by necrosis, fibrosis,

and fibro-fatty replacement (7, 8). While the average lifespan is now entering the third

decade, significant morbidity exists with loss of ambulation by age 13 and death for

some in late teens or twenties from respiratory or cardiovascular complications (9, 10).

While all DMD patients have inexorably progressive CM, the age of onset and clinical

progression of cardiac complications are varied. However, early diagnosis and treatment

of CM inDMDpatients have been shown to improve both quality and length of life (1, 9).
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Cardiac imaging provides both a method for early

identification of DMD CM and an opportunity for personalized

treatment planning. While advances in imaging technology and

data processing have allowed for significant improvements in

the diagnosis of DMD CM, there is still more work to be done

to fully characterize this disease process using imaging-based

metrics. Transthoracic echocardiography (TTE) and cardiac

magnetic resonance (CMR) are primarily used in the assessment

of cardiac function in DMD patients, and each has distinct

advantages in this population. TTE is faster, cost-effective, more

accessible, and generally easier to perform on a younger patient

population. However, as the disease progresses, TTE is often

limited by poor echocardiographic windows due to scoliosis and

fat deposition (11–13). CMR is not limited by acoustic windows

and it allows for accurate volumetric assessment and tissue

characterization through methods such as T1 mapping and late

gadolinium enhancement (LGE) (13, 14). It is for these reasons

that CMR has become the gold standard for evaluating CM in

the DMD patient population for its ability to provide superior

diagnostic capability (15–19). Additional cardiac imaging

modalities such as magnetic resonance spectroscopy, single-

photon emission computed tomography, and x-ray computed

tomography can be used for assessment, but are not commonly

used in assessment of CM in DMD (20–23). In the DMD patient

population, heart function abnormalities such as changes in left

ventricular ejection fraction (LVEF) are often masked in the

early stages of CM as these patients may be wheelchair-bound

and incapable of robust physical activity from skeletal muscle

degradation. Thus, metrics such as cardiac image-based strain

mapping may be especially useful in this population as they

could be more sensitive to subtle mechanistic changes in cardiac

disease progression.

2. Myocardial strain

The mechanics of cardiac contraction can provide a wealth

of information regarding cardiac fitness. The heart wall consists

of a group of continuous myocardial fibers oriented in various

patterns to produce contraction. For example, many fibers in

the subendocardium follow a right handed helical orientation,

while in the subepicardium the fibers follow a left handed

helical formation with midmyocardial fibers aligning in the

circumferential direction (24). The orientation of these fibers

is important in determining the mechanical properties of the

heart wall as well as the magnitude and principal direction

of strain. Subtle changes in these properties can be indicative

of cardiac pathology or disease exacerbation (25, 26). This is

particularly important in the progression of DMD CM where

initial fibrosis is often first seen in the basal subepicardium (21)

affecting circumferentially oriented fibers making changes in

basal circumferential strain (Eθθ ) an early predictor of disease

(15, 17).

Put simply, cardiac strain is a measurement of the “stretch”

or deformation of the heart wall and is oftenmeasured relative to

the heart at end-diastole when the ventricle is filled with blood.

This simplification is useful, but it is not a perfect definition

as pre-strain and pre-stress are present in the myocardium at

end-diastole due to the load imposed by the blood and the

structural properties of cardiac tissue. Strain is a tensor quantity

with normal and shear components, however, a simpler linear

approximation of strain, referred to as engineering strain, can be

used. The linear approximation of strain is calculated as a change

in relative length compared to a reference length and typically

assumes strain levels are small (typically below 5%) and may not

be as accurate at higher values (27).

From a mechanics perspective, a more robust definition of

strain can be calculated in the Lagrangian reference frame to

account for multi-directional components of deformation. The

3-dimensional Green-Lagrange strain tensor (E) depends on the

3D deformation gradient tensor (F) and the identity matrix (I)

(28, 29) shown below in Equation (1).

Eij =







E11 E12 E13
E21 E22 E23
E31 E32 E33






=

1

2
(FTij · Fij − Iij) ; for i, j = 1, 2, 3 (1)

This generic formula can be adapted to describe deformation

of the myocardium with respect to cylindrical coordinates.

Given the complex three-dimensional shape of the heart, this

is particularly helpful with cardiac strains often described

using three directional components (radial, Err ; longitudinal,

Ell; and circumferential, Eθθ ), with three corresponding shear

components of strain used to define twist or rotational motion

(Erl, Erθ , Elθ ) (30, 31). Additional strainmetrics unique to three-

dimensional imaging can also be defined, including surface area

strain (EA). Surface area strain is defined by the relative change

in the size of the endocardial or epicardial surface area of the

ventricle from a three-dimensional segmentation (32).

3. Transthoracic echocardiography

3.1. One- and two-dimensional strain
imaging

Strain is measured from clinical TTE using three primary

techniques: 1) speckle tracking echocardiography (STE)

(Figures 1A,B, Table 1), 2) velocity vector imaging (VVI)

(Figures 1G,H, Table 1), and 3) tissue Doppler imaging (TDI)

(Figures 1E,F, Table 1). Beginning at end-diastole, speckle

tracking echocardiography relies on a computational algorithm

to track the black and white speckle pattern of the myocardium

as it deforms throughout the cardiac cycle. By tracking the

motion of these speckles through space and time around a given

point in the tissue, one can derive the “motion description”

of strain, i.e., Lagrangian strain, in which deformation of the
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FIGURE 1

Example Cardiac Strain Imaging Techniques. 2D speckle tracking Transthoracic echocardiogram (TTE) image in the 4-chamber (A) and
mid-ventricular short-axis (B)[adapted from Mele et al. (33)]. 3D speckle tracking TTE images in the 4-chamber (C) and short-axis (D)[adapted
from Ma�essanti et al. (34)]. Tissue Doppler imaging TTE images in the 2-chamber long-axis (E) and short axis (F) in a DMD patient. Velocity
vector TTE images in the 4-chamber (G) and short axis (H) in a DMD patient. Cardiovascular magnetic resonance (CMR) strain method depicting
myocardial tagging in the 4-chamber (I) and mid-ventricular short-axis (J) views in a DMD patient. CMR feature tracking example images in the
4-chamber (K) and short axis (L) views. Displacement Encoding with Stimulated Echoes (DENSE) example images in the 4-chamber (M) and
short-axis (N) views [adapted from Cao et al. (35)]. Strain Encoded example images in the 4-chamber (O) and short-axis (P) view plane in a DMD
patient. Multiple visualizations are available for each technique and the images presented here are only representative.

myocardium is tracked from a fixed reference point at end-

diastole (30). Strain mapping with 2D-STE has been shown to be

useful for early detection of cardiac dysfunction retrospectively

in DMD patients and prospectively in canine models of DMD

even prior to gross changes in LVEF (12, 37, 40, 41). In one

notable recent study of 38 ambulatory boys with DMD (mean

age 8.8 ± 1.6 years) 9% showed reduced global strain (< 18%)

on 2D-STE prior to clinical features suggestive of cardiac

dysfunction (41).

Another method for estimating strain is tracking the

relative velocity of each speckle throughout the cardiac cycle

with a fixed spatial reference frame. This “spatial description”

of strain, i.e., Eulerian or “normal” strain (30). Both TDI

and VVI rely on velocity tracking within the tissue and

calculate the Eulerian strain. However, in practice, many

imaging software packages have the capability of converting

between Eulerian and Lagrangian frames of reference (42).

TDI specifically utilizes a one-dimensional approach to estimate

relative changes in velocity using Doppler ultrasound, while

VVI utilizes a two-dimensional B-mode image to track speckle

velocities. Both modalities have a relatively high temporal

resolution, though TDI is angle-dependent and is only capable

of analyzing velocities in one region of the myocardium at

a time making comprehensive LV assessment cumbersome.

Despite these limitations, both TDI (39) and VVI (12) have

been used successfully to show strain differences in small DMD

populations compared to age-matched controls (n = 32 and n =

24 respectively).

3.2. Three-dimensional strain imaging

Advances in ultrasound technology in recent decades have

allowed for three-dimensional analysis of myocardial

mechanics. 3D imaging has shown good agreement with

other techniques and reduced interuser variability, though

its use clinically is still limited and more research is needed

to characterize its incremental advantages over conventional

2D measurements (43). While 2D-STE is prone to error

propagation and relies on geometric assumptions regarding the

left ventricle, 3D-STE is more reproducible in both clinical and

experimental models (44, 45) (Figures 1C,D). In addition, 3D

imaging allows for the calculation of unique strain metrics such

as surface area strain (EA). In DMD patients, strain mapping

with 3D-STE can detect early clinical progression despite these

patients having normal LVEF (38). Yu et al. demonstrated
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TABLE 1 Stain imaging technique comparison in DMD.

Modality Basic description Advantages Disadvantages Application In DMD

Cardiac Magnetic Resonance Strain Techniques

Tagging/HARP Tracks grid of

radio-frequency labeled tags

on myocardium

Commonly used, good

reproducibility, extensive

validation

Low spatial resolution,

post-processing, fading tags,

no standardization, additional

scan time

(15, 17)

CMR-FT Tracks brightness, tissue

contrast throughout cycle

No additional scanning

needed, regional and global

strain measurements

Regional strain less

reproducible, motion artifacts,

sedation may be required in

young children

(36)

SENC,

DENSE, TPM,

HARP

Strain measurement directly

from specific MR sequences

High spatial and temporal

resolution, good accuracy

Additional acquisitions,

post-processing, not

well-studied in DMD

(15, 17)

Echocardiography Strain Techniques

2D-STE Tracks image texture

(speckles) in the myocardium

Angle independent, semi/fully

automatic analysis, less noise

than TDI

Through plane motion, poor

imaging windows in DMD,

inter-vendor differences

(37)

3D-STE Tracks image texture

(speckles) in 3D image of the

myocardium

Measures deformation in 3D,

no geometric assumptions, LV

rotational deformation

possible, EA estimate possible

Lower spatial and temporal

resolution compared to

2D-STE, inter-vendor

differences, no

standardization

(38)

TDI Measures tissue velocity

gradients which are then

integrated to derive strain

High temporal resolution, fast

assessment of single region

Angle dependent, 1D,

comprehensive LV assessment

cumbersome, noisier than

STE

(39)

VVI Integrates 2D tissue velocity

gradients to derive strain

2D, reproducible, angle

independent

Image quality dependent,

vendor variability, no

standardization

(12)

STE, speckle tracking echocardiography; DTI, Doppler Tissue Imaging; VVI, Velocity Vector Imaging; CMR-FT, Cardiac Magnetic Resonance Feature Tracking; SENC, Strain ENCoded;

DENSE, Displacement Encoding with Stimulated Echoes; TPM, Tissue Phase Mapping; HARP, HARmonic Phase imaging.

that (EA) derived from 3D-STE had an 85.7% sensitivity and

a 71.0% specificity for differentiating DMD patients (n = 56)

from controls (n = 31; (38); Table 1). While these metrics show

improvement over 2D-STE-derived metrics, this method still

suffers from limited echocardiographic windows, low spatial

and temporal resolution, relatively small study populations, and

inter-vendor differences (11, 32, 46–48).

4. Cardiac magnetic resonance
strain imaging

There are a variety of methods for estimating strain

using CMR. Given the breadth of this field, this review

focuses on techniques shown to have utility in DMD CM

assessment including CMR-tagging (Figures 1I,J), HARmonic

Phase (HARP) analysis, and CMR-Feature Tracking (CMR-FT)

(Figures 1K,L), in addition to a brief discussion of additional

sequences such as Tissue Phase Mapping (TPM), Displacement

Encoding with Stimulated Echoes (DENSE) (Figures 1M,N),

and Strain Encoded MRI (SENC) (Figures 1O,P) that are useful

strain techniques, but that are currently less studied in the DMD

population. The following reviews on strain imaging using CMR

are excellent and provide more comprehensive descriptions of

these techniques outside of DMD-specific applications (31, 49–

53).

4.1. Tagging

CMR tagging is a strain estimation method that utilizes parallel

radiofrequency pulses to impose orthogonal planes of saturated

myocardial magnetization to rapidly create a grid of dark

saturated pixels overlaying the myocardium at end-diastole

[Figures 1I,J; (50, 54)]. These tags, or lines of saturation, remain
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throughout the cardiac cycle and fade according to the strength

of the magnetic field. The deformation of this grid pattern can be

tracked and analyzed using post-processing software to estimate

regional and global strain. This method allows for longitudinal

and circumferential strain estimates, but is often not reliable for

radial strain estimates given the large spacing of the grid pattern

leading to low resolution to estimate radial deformation (55).

HARmonic Phase (HARP) analysis is a commonly used

strain imaging technique used in a large number of CMR

post-processing software packages (55–57). HARP analysis in

conjunction with CMR tagging has been used to estimate strain

in DMD patients establishing strain as a reliable method to

stratify cardiac disease severity (15, 17). The HARP technique

relies on isolating one Fourier component of the amplitude

modulated data and tracks the phase on a pixel-by-pixel basis

(56). This technique allows for more rapid and reproducible

strain estimation. Some drawbacks to the HARPmethod include

a relatively low spatial resolution, tag fading, additional scan

time, and a lack of standardization (50, 54).

4.2. Feature tracking

CMR-feature tracking (CMR-FT) is another deformation

estimation technique that utilizes characteristic features in a

CMR scan to estimate strain (Table 1). A spatial deformation

map is produced by tracking tissue edges, brightness, and

homogeneity throughout the cardiac cycle. However,

given the relative homogeneity within the myocardium in

conventional CMR images, regional estimates of strain are often

misrepresented and there is additional work needed to improve

these estimations. Despite these drawbacks, CMR-FT does

not require any additional scan time as it does not need any

specialized sequences, unlike most other CMR strain techniques.

Additionally, in DMD patients, CMR-FT has been shown to

detect morphologic changes in the absence of late gadolinium

enhancement (LGE) as well as detect changes between DMD

and controls not seen using 3D-STE (36). Another study by

Raucci et al. showed that CMR-FT in DMD could be used to

detect the presence or absence of LGE (OR 2.6[1.1,6.0], p =

0.029, and OR 2.3[1.0,5.1], p = 0.049, respectively), though the

authors suggest these metrics should not replace LGE when

contrast can be administered safely (58).

4.3. Other

DENSE, SENC, and TPM are additional methods for strain

estimation using CMR but are less studied in DMD populations

(Figures 1M–P, Table 1). DENSE, SENC, and TPM techniques

all rely on specialized image sequences that take additional scan

time, but they produce relatively high spatial and temporal

resolution needed for strain estimates. DENSE is generally

accepted as one of the most accurate and reproducible methods

for strain imaging. DENSE uses a stimulated echo to produce

the phase information that is directly proportional to tissue

displacement. Through the analysis of directional-encoded

phase images, the Lagrangian displacement fields can be

produced to estimate strain. A recent study showed that regional

circumferential strain as measured by DENSE CMR in healthy

pediatric controls and DMD patients was both accurate and

reproducible (ICC>75%) (59).

SENC, like HARP, uses radiofrequency pulses to create

parallel tagged lines with out-of-plane phase encoding gradients

to estimate strain. Tracked frequency changes can then be

visualized to show contracting and non-contracting tissue

by generating a high-resolution color-coded strain map

(Figures 1O,P). While SENC has been used to visualize

strain changes in DMD in research studies (14), to our

knowledge, comprehensive studies showing its clinical use are

still forthcoming. Finally, TPM is a technique that derives spatial

deformation and strain directly from the pixel phase to encode

velocity from each image. TPM has been shown to be useful

for comprehensive analysis of myocardial motion with a high

spatial and temporal resolution in pulmonary hypertension (60),

obesity (61), measuring myocardial torsion (62), and identifying

sex and age-specific differences in adults (63). TPM, SENC, and

DENSE are not currently being widely used clinically or in DMD

specifically, but they are being studied extensively in research

settings (57, 64, 65) and in the future may provide additional

value for assessing the rate of CM progression in DMD.

5. Machine learning and the future of
cardiac imaging in DMD

The field of machine and deep learning has been progressing

rapidly and is the fastest-growing approach for cardiac image

segmentation in recent years (66). Fully convolutional neural

networks, and in particular the U-Net network structure, have

been particularly powerful in automating biomedical image

segmentation and analysis (67, 68). These techniques, however,

are susceptible to bias and rely on a large training dataset

for “ground-truth” analysis. Although deep learning techniques

have been applied to DMD phenotyping through genetic

classification (69), to our knowledge, no one has applied these

techniques to DMD cardiac image segmentation and patient

classification and prognosis. This constitutes a promising area

for future study and innovation.

5.1. Techniques

The type of machine and/or deep learning technique being

used depends on the task that is being investigated (e.g., image

classification, image segmentation, image enhancement). In
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the context of strain analysis, one common approach is to

segment the cine image sequence followed by post-processing

deformation analysis. The most common architecture used

in medical image segmentation is a convolutional neural net

(CNN) (70). A typical CNN functions by applying convolution

filters to images followed by pooling layers which downsample

the image data and allow for the CNN to incorporate contextual

information. While this downsampling lowers image resolution,

upsampling with concatenation allows for image resolution to

be restored, thus allowing for the neural net to incorporate

both low- and high-resolution features. The prime example

of this type of CNN is a U-Net, so-called for its architecture

incorporating convolution, pooling, and upscaling used for

feature identification. The U-Net architecture functions by

inputting a batch set of CMR images followed by feature

classification. Through each iteration, multiscale features are

learned through a series of convolutional layers and max-

pooling operations. These learned features are then combined

through upsampling and convolution to generate pixel-wise

predictions for the selected class features (i.e., left ventricle, wall,

right ventricle, etc. (67). The U-Net architecture has been shown

to perform remarkably well in segmenting 2D and 3D CMR

datasets (66, 67). These segmentations can in turn be used for

rapid and automated cardiac strain analysis.

5.2. Feasibility and limitations in DMD

Numerous studies have shown the feasibility and efficacy

of a deep learning algorithm using CMR data for automatic

segmentation and detection of LV geometry and function (66,

67, 71, 72). Though this type of analysis has not been applied to

a registry of DMD patient imaging data, future applications of

these methods and algorithms could be used to greatly benefit

the early identification of cardiac dysfunction and progression

rate to aid in treatment planning. In addition, the use of these

techniques on a large cohort of DMD patients could allow for

generalizability of findings to other populations of interest such

as female carriers of DMD who only exhibit subtle cardiac

dysfunction (73).

A limitation of the deep learning approach is that the

chosen algorithm may be susceptible to perturbations in image

quality and artifacts, especially at the base and apex of the

heart. One such example is a breathing artifact in CMR scans

that appears as sections of myocardium offset from the rest of

the scan, a problem especially pervasive in the younger DMD

population (74). An alternative approach to overcome variability

in image acquisition and artifacts could be to incorporate

different available views from CMR imaging datasets (four-

chamber long axis, two-chamber long axis, short axis) to

correct for these abnormalities. Another potential limitation

is the generalizability of this deep learning network to CMR

images taken at a variety of locations where different imaging

approaches, magnets, gradients, or magnetic field strengths may

affect the quality of segmentation. Alternative structures and

data processing such as the application of recurrent neural

networks, data normalization, or data augmentation might

improve the generalizability of these algorithms as demonstrated

by Chen et al. (66, 67).

6. Conclusion

This literature assessment contextualizes cardiac strain

imaging techniques in the setting of DMD CM. Here we

reviewed the general pathophysiology of DMD-associated CM,

discussed an overview of the most relevant imaging techniques,

and reviewed the cardiac strain imaging methods generally

and those that are important for characterizing DMD. We

concluded by examining potential future applications that may

fill these gaps with a particular focus on machine learning and

emerging methods in artificial intelligence that could be used to

guide treatment.
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Cardiac geometry, as assessed
by cardiac magnetic resonance,
can differentiate subtypes of
chronic thromboembolic
pulmonary vascular disease
Michael McGettrick1*, Helen Dormand1, Melanie Brewis1,
Martin K. Johnson1, Ninian N. Lang2 and
Alistair Colin Church1,2

1The Scottish Pulmonary Vascular Unit, Golden Jubilee National Hospital, Glasgow,
United Kingdom, 2Institute of Cardiovascular and Medical Sciences, University of Glasgow,
Glasgow, United Kingdom

Background: Ventricular septal flattening reflects RV pressure overload in

pulmonary arterial hypertension. Eccentricity index (EI) and pulmonary artery

distensibility (PAD) correlate with pulmonary artery pressure. We assessed

the utility of these using cardiac magnetic resonance (CMR) to assess

for pulmonary hypertension (PH) in patients with chronic thromboembolic

disease. This may allow non-invasive differentiation between patients who

have chronic thromboembolic pulmonary hypertension (CTEPH) and those

with pulmonary vascular obstructions without PH at rest, known as chronic

thromboembolic pulmonary disease (CTEPD).

Methods: Twenty patients without resting pulmonary hypertension, including

ten with chronic thromboembolic disease, and thirty patients with CTEPH

were identified from a database at the Scottish Pulmonary Vascular Unit. CMR

and right heart catheter had been performed within 96 h of each other. Short-

axis views at the level of papillary muscles were used to assess the EI at

end-systole and diastole. Pulmonary artery distensibility was calculated using

velocity-encoded images attained perpendicular to the main trunk.

Results: Eccentricity index at end-systole and end-diastole were higher in

CTEPH compared to controls (1.3 ± 0.5 vs. 1.0 ± 0.01; p ≤ 0.01 and (1.22 ± 0.2

vs. 0.98 ± 0.01; p ≤ 0.01, respectively) and compared to those with CTED.

PAD was significantly lower in CTEPH compared to controls (0.13 ± 0.1 vs.

0.46 ± 0.23; p ≤ 0.01) and compared to CTED. End-systolic EI and end-

diastolic EI correlated with pulmonary vascular hemodynamic indices and

exercise variables, including mean pulmonary arterial pressure (R0.74 and 0.75,

respectively), cardiac output (R-value −0.4 and −0.4, respectively) NTproBNP

(R-value 0.3 and 0.3, respectively) and 6-min walk distance (R-value −0.7 and

−0.8 respectively). Pulmonary artery distensibility also correlated with 6-min

walk distance (R-value 0.8).

Frontiers in Cardiovascular Medicine 01 frontiersin.org

96

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://doi.org/10.3389/fcvm.2022.1004169
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.1004169&domain=pdf&date_stamp=2022-12-13
mailto:michael.mcgettrick4@nhs.scot
https://doi.org/10.3389/fcvm.2022.1004169
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/articles/10.3389/fcvm.2022.1004169/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1004169 December 13, 2022 Time: 11:32 # 2

McGettrick et al. 10.3389/fcvm.2022.1004169

Conclusion: Eccentricity index and pulmonary artery distensibility can detect

the presence of pulmonary hypertension in chronic thromboembolic disease

and differentiate between CTEPH and CTED subgroups. These measures

support the use of non-invasive tests including CMR for the detection

pulmonary hypertension and may reduce the requirement for right heart

catheterization.

KEYWORDS

thromboembolic disease, chronic thromboembolic pulmonary hypertension, cardiac
MRI (CMR), pulmonary embolism, pulmonary hypertension

Introduction

Chronic thromboembolic pulmonary hypertension
(CTEPH), classed as Group IV in the 2018 National Institute
for Health and Care Excellence classification of pulmonary
hypertension (1), is a progressive condition and associated with
a high symptom burden (2). It is currently defined by a mean
pulmonary arterial pressure ≥25 mmHg and a pulmonary
capillary wedge pressure <15 mmHg, as measured by right
heart catheterization, in addition to at least one persistent
perfusion defect seen on imaging (V/Q scanning or pulmonary
angiography) after 3 months of anticoagulation. It usually
occurs following acute pulmonary embolus (3).

The clinical consequences of CTEPH include impaired
exercise capacity, right heart failure and premature death (4).
The management of CTEPH is well validated (5). Indeed,
surgical pulmonary endarterectomy has been shown to cure, or
substantially reduce the pulmonary arterial and right ventricular
pressures in those with central disease (5). In comparison,
chronic thromboembolic disease (CTED) [now also known
chronic thromboembolic pulmonary disease (CTEPD)] (6), is
characterized by chronic arterial obstruction, without evidence
of pulmonary hypertension at rest. These patients may have
functional limitation identified by cardiopulmonary exercise
testing (CPET) (4, 7, 8) and, in certain cases, treatment
leading to symptomatic improvement with PEA has been
performed (9). However, there is no accepted medical or surgical
therapy for this group.

Abbreviations: ANOVA, analysis of variance; CMR, cardiac magnetic
resonance; CPET, cardiopulmonary exercise testing; CTED, chronic
thromboembolic disease; CTEPD, chronic thromboembolic pulmonary
disease; CTEPH, chronic thromboembolic pulmonary hypertension; EI:
eccentricity index; FEV1, forced expiratory volume in 1 second; FVC,
forced vital capacity; IPAH, idiopathic pulmonarr arterial hypertension;
LVEI, left ventricular eccentricity index; NTproBNP, N-terminal pro
B-type natriuretic peptide; PA, pulmonary artery; PAD, pulmonary
artery distensibility; PEA, pulmonary endarterectomy; PVR, pulmonary
vascular resistance; RHC, right heart catheterization; RV, right ventricle;
SPVU, Scottish pulmonary vascular unit; SvO2, mixed venous oxygen
saturations; VE-CMR, velocity encoded cardiac magnetic resonance;
V/Q, ventilation/perfusion.

Therefore, diagnosis of pulmonary hypertension is key
in differentiating between CTEPH and CTED and therefore
making a difference to the treatment offered. Echocardiography
remains the main screening investigation for pulmonary
hypertension. However, there are limitations in obtaining good
image windows can often render this technique difficult in
many patients, for example those who are obese. Right heart
catheterization (RHC) remains the gold standard diagnostic
technique for pulmonary hypertension (10) but this is invasive
and carries some associated risks and discomfort for patients.
A non-invasive technique which is able to discern between
thrombotic groups is needed.

Cardiac MRI is employed with increasing frequency for the
assessment of patients with pulmonary arterial hypertension
because of increased availability, ease of use and shortened
acquisition times (11). CMR has several advantages over
echocardiography, including better reproducibility in the
assessment of ventricular mass, volume and ejection fraction,
and is the gold standard for non-invasive assessment of the
right ventricle (RV) (12). Whilst CMR is used to measure
transvalvular pressure gradients, its use in measuring RV and
pulmonary artery pressures has been more limited. EI is defined
as the ratio of the length of two perpendicular minor-axis at
end-systolic and end-diastolic Left Ventricular diameters, one of
which is bisected and lies perpendicular to the interventricular
septum (13). This measurement has recently been validated
using echocardiography for use in pediatric patients with
pulmonary hypertension and in adults with IPAH (14). To our
knowledge, this has not been formally assessed in patients with
CTED or CTEPH using CMR.

We hypothesized that EI would be abnormal in CTEPH
and normal in CTED and that we could use this investigation
to differentiate between normal and disease states that
would benefit from medical/surgical treatment. Evaluation of
pulmonary artery distensibility and peak pulmonary blood flow
in these groups were also undertaken. We correlated these
findings with right heart catheterization hemodynamic indices,
functional capacity using 6-min walk distance, cardiopulmonary
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FIGURE 1

Consort diagram of patient inclusion into the analysis.

exercise testing and cardiac biomarker, N-terminal pro B-type
natriuretic peptide (NT-proBNP).

Materials and methods

This study was approved by the East of England—
Cambridge Central Research Ethics committee (20/EE/0195).

Patients referred for investigation of potential CTEPH
and CTED between January 2016 and December 2019 were
identified from a clinical database at the Scottish Pulmonary
Vascular Unit (SPVU), Glasgow, UK. Recruitment of patients
is summarized in Figure 1. Diagnostic investigations for
patients at the SPVU include contemporaneous CMR, CPET
and right heart catheterization. Patients were excluded if they
had significant obstructive lung disease (FEV1: FVC < 70%),
untreated sleep apnea, atrial fibrillation, a history of ischemic
heart disease, left ventricular ejection fraction of <50% by CMR
analysis, structural heart disease (valvular heart disease and
those with congenital systemic to pulmonary shunts) and those
patients already taking pulmonary vasodilators at the time of
diagnosis.

Consecutive patients with complete data sets were included
in the analysis (Figure 1). Over that period, 71 patients
underwent detailed investigation and had no evidence of
pulmonary hypertension at rest. Of these, 23 were diagnosed
with CTED, 10 of whom had complete data sets of radiological
and physiological investigations, including CPET. The main

limiting factor was access to CPET data as this relies on a good
degree of exercise capacity to generate meaningful results. Those
with distal CTEPH were functionally limited, so CPET data was
often not available for these patients. The remaining 48 patients
had normal pulmonary vasculature, 10 of whom had complete
data sets of radiological and physiological investigations. One
hundred fourteen patients underwent investigations for, and
were diagnosed with, CTEPH, thirty of whom were included in
analysis due to data availability. Twenty of these patients were
seen to have central disease, defined as the presence of thrombus
in the segmental pulmonary arteries. Ten had distal disease,
which was non-operable.

Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging was performed using a
1.5-T magnetic resonance imaging scanner (Sonata Magnetom,
Siemens, Erlangen, Germany) in the headfirst supine position,
with gated cardiac synchronization. Initial scout images were
acquired using fast imaging with steady state precession.
Vertical and horizontal long axis cines were planned and
acquired based on the scout images. The short axis images were
then planned from the horizontal long axis views. RV and LV
volumes were determined by automatic tracing of endocardial
borders of the short axis stack using Circle Cardiovascular
imaging software (Calgary, Canada). All borders were manually
verified and corrected as needed. Main pulmonary artery
flow curve was captured using velocity-encoded (VENC)
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CMR, perpendicular to the pulmonary artery. A VENC of
100 cm/s was used for image acquisition. EI was measured
at end systole and end diastole in both left and right
ventricles (RV) at mid-ventricular level—defined as the level
of the papillary muscles. The EI is defined as the ratio of
the length of the two perpendicular minor-axis diameters,
one of which is bisected and was perpendicular to the
interventricular septum (Figures 2, 3). The ratio of the
minor axis dimensions was measured, D2/D1, where D1
is ventricular diameter perpendicular to the septum and
D2 is ventricular diameter parallel to the septum. In the
absence of RV pressure overload, the LV is circular, and
D2/D1 would be expected to be 1.0 (13). Main pulmonary
artery distensibility was determined using VENC images with
luminal area measurements at the moment of maximal flow
and the moment of isovolumetric contraction to calculate
the ratio of (PA maximum area–PA minimum area)/PA
minimum area. Flow curves were generated using the VE-CMR
images obtained perpendicular to the pulmonary artery during
breath hold.

D1 is the endocardial measurement perpendicular to the
interventricular septum at the largest diameter. D2 is the
endocardial measurement at the largest length. D2/D1 is used
to calculate eccentricity index in end-diastole and end-systole.
These can be difficult to define in pulmonary hypertension,
so, using the QRD complex to identify systole, images were
identified around the end of systole and the end diastole. These
were analyzed and those with the smallest LV volume were
classed as end-systole and those with the largest were classed
as end-diastole.

FIGURE 2

Schematic drawing of eccentricity index calculation during
systole and diastole.

FIGURE 3

Image of short axis CMR demonstrating the volumetric analysis
and the calculation of eccentricity index using CMR images.

Cardiopulmonary exercise testing

Cardiopulmonary exercise testing was performed using an
incremental cycle ergometer. The ramp rate was chosen by
the physiologist, based on participants’ self-reported fitness,
with the aim of exercising for 8–12 min. We used the indices
of low peak VO2 and high VE/VCO2 to assess the level of
functional limitation.

Invasive hemodynamic measurement

Right heart catheterization was performed. Hemodynamic
parameters including right atrial, right ventricular, pulmonary
artery and pulmonary artery wedge pressure were all measured
at rest. Cardiac output was measured using the thermodilution
method and pulmonary vascular resistance (PVR) calculated.
CMR, CPET and right heart catheterization were performed
with a maximum of 3 days between procedures.

Diagnosis was agreed by consensus at the multidisciplinary
team meeting at the Scottish Pulmonary Vascular Unit (SPVU)
and by the national pulmonary thromboendarterectomy team at
Royal Papworth Hospital, Cambridge, UK.

Statistical analysis

Unpaired t-test was used to compare normal distributed
variables. Mann Whitney U test was used to compare non-
normally distributed variables. Spearman correlation was used
to assess for correlations between investigations. Analysis of
Variance (ANOVA) was used to assess for differences between
more than two groups. Receiver Operator Curves were used
to identify thresholds of clinical sensitivity and specificity for
the investigations. Twenty percentage of images were reviewed
by a second observer (>10 years experience), who was blinded
to the diagnosis and RHC values, and Pearson’s correlation is
used to assess for agreement between continuous variables. A p-
value < 0.05 was taken to represent statistical significance. Data
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TABLE 1 Baseline variables between those with and without
pulmonary hypertension.

Index Non-PH, n = 20
Mean (SD)

CTEPH, n = 30
Mean (SD)

P-value+

Age (years) 53.9 (17.5) 52.2 (15.9) 0.73

Sex (M) 8 16 0.36

BMI (kg/m2) 32.3 (6.0) 28.4 (5.6) 0.03

RAP (mmHg) 3.2 (2.3) 6.0 (3.9) <0.01

RVEDP (mmHg) 5.3 (2.6) 8.8 (4.3) <0.01

mPAP (mmHg) 17 (4.4) 40.2 (11.4) <0.01

PAWP (mmHg) 8.3 (3.4) 7.5 (3.6) 0.46

CO (mmHg) 5.1 (1.1) 4.1 (0.9) <0.01

CI (L/min/m2) 2.5 (0.6) 2.1 (0.4) <0.01

PVR (Wood units) 1.9 (1.2) 8.5 (4.7) <0.01

SvO2 (%) 73.1 (4.2) 63.5 (6.8) <0.01

NTpro-BNP (pg/ml) 184 (155) 1,004 (1,291) 0.01

6MWT (m) 407 (115) 389 (95) 0.55

+Unpaired t-test. BMI, body mass index; RAP, right atrial pressure; EDP, end diastolic
pressure; mPAP, mean pulmonary artery pressure; PAWP, pulmonary artery wedge
pressure; CO, cardiac output; CI, cardiac index; BSA, body surface area; PVR, pulmonary
vascular resistance; SvO2 , mixed venous saturations.

were analyzed using Microsoft Excel and GraphPad Prism (San
Diego, USA, Version 9).

Results

We identified 30 patients recently diagnosed with CTEPH
and 20 control patients with normal resting pulmonary artery
values who had a complete data set of investigations. 10 of those
with CTEPH were deemed to have distal CTEPH and 20 with
proximal disease. There were no significant differences in age
and sex between these groups.

Baseline characteristics

Baseline characteristics are shown in Table 1. Ten of the
twenty patients with no pulmonary hypertension at rest had
evidence of chronic thromboembolic disease on imaging while
the other ten had no evidence of residual thromboembolic
disease. As expected, mean (SD) pulmonary arterial pressure
(40.2 ± 11.4 vs. 17 ± 4.4 mmHg; p ≤ 0.01), PVR (8.5 ± 4.7 vs.
1.9 ± 1.2 Wu; p ≤ 0.01) were higher in patients with CTEPH
vs. controls. Pulmonary artery wedge pressure was normal in
both groups. NTpro-BNP was significantly higher in patients
with CTEPH vs. non-PH (1,004 ± 1,291 vs. 184 ± 155 pg/ml;
p ≤ 0.01).

Cardiopulmonary exercise testing parameters are outlined
in Table 2, using the main indices that are used to detect and
measure exercise capacity in pulmonary hypertension. There
was no significant difference in peak VO2 between groups but

TABLE 2 Baseline cardiopulmonary exercise tests between those with
and without resting pulmonary hypertension.

Non-PH, n = 20
Mean (SD)

CTEPH, n = 20
Mean (SD)

P-value+

Peak VO2
ml/kg/min

1.3 (0.44) 5.28 (19.4) 0.15

VE/VCO2 34.3 (6.9) 49.6 (11.5) <0.01

+Unpaired t-test performed for normal distributed variables and Mann Whitney U
performed for others.

TABLE 3 Novel measurements by cardiac MRI in patients with chronic
thromboembolic pulmonary hypertension vs. those without.

Index Non-PH, n = 20
Mean (SD)

CTEPH, n = 30
Mean (SD)

P-value+

Distensibility 0.46 (0.23) 0.13 (0.1) <0.001

Systolic LVEI 1.0 (0.01) 1.3 (0.5) <0.001

Diastolic LVEI 0.98 (0.01) 1.22 (0.2) <0.001

Peak blood flow
(mls/s)

386.1 (60) 365.1 (104) 0.23

PA diastolic area
(cm2)

5.26 (1.42) 8.13 (1.9) <0.001

+Mann Whitney U test. cm2 , centimeters squared; LVEI, left ventricular eccentricity
index; mls/s, milliliters per second.

VE/VCO2 (49.6 vs. 34.3; p ≤ 0.01) was higher in CTEPH, in
keeping with increased dead-space ventilation.

Differences in cardiac magnetic
resonance analysis between chronic
thromboembolic pulmonary
hypertension and non-chronic
thromboembolic pulmonary
hypertension groups

Differences in the novel geometric CMR indices in those
with pulmonary hypertension and those without are shown in
Table 3. Pulmonary artery distensibility was significantly lower
in those with CTEPH (0.13 ± 0.1 vs. 0.46 ± 0.23; p ≤ 0.01)
with a significantly higher EI in systole (1.3± 0.5 vs. 1.0± 0.01;
p ≤ 0.01) and diastole (1.22 ± 0.2 vs. 0.98 ± 0.01; p ≤ 0.01)
compared to the control group. We showed that PA diastolic
area was significantly higher in the pulmonary hypertension
group (5.26 ± 1.42 vs. 8.13 ± 1.9; p ≤ 0.01). There was
no significant difference in peak pulmonary artery blood flow
velocity.

Mean pulmonary artery pressure correlated with systolic
LVEI (R-value 0.74, p ≤ 0.01) and with diastolic LVEI (R-
value 0.75, p ≤ 0.01). Systolic and diastolic EI also correlated
with prognostically important markers including PVR (R-value
0.75, and 0.76, respectively), mixed venous saturations (R-value
−0.65, −0.68, respectively) and 6-min walk distance (R-values
−0.71 and −0.78, respectively) (Table 4 and Supplementary
Figure 1).
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TABLE 4 Spearman correlation of standard pulmonary hypertension indices vs. novel cardiac MRI indices.

Index Systolic LVEI R-value
(P-value)

Diastolic LVEI
R-value (P-value)

Distensibility R-value
(P-value)

Peak blood flow
R-value (P-value)

RAP (mmHg) 0.32 (0.02) 0.32 (0.02) −0.11 (0.43) −0.07 (0.61)

EDP (mmHg) 0.31 (0.02) 0.36 (<0.01) −0.08 (0.59) −0.12 (0.41)

sPAP (mmHg) 0.72 (<0.01) 0.73 (<0.01) −0.3 (0.03) −0.33 (0.02)

dPAP (mmHg) 0.74 (<0.01) 0.77 (<0.01) −0.20 (0.16) −0.34 (0.02)

mPAP (mmHg) 0.74 (<0.01) 0.75 (<0.01) −0.27 (0.06) 0.33 (0.02)

PAWP (mmHg) −0.06 (0.69) −0.03 (0.86) 0.05 (0.72) 0.05 (0.71)

CO (mmHg) −0.44 (<0.01) −0.40 (<0.01) −0.03 (0.8) 0.46 (<0.01)

CI (L/min/m2) −0.43 (<0.01) −0.41 (<0.01) −0.09 (0.53) 0.33 (0.02)

PVR (Wu) 0.72 (<0.01) 0.72 (<0.01) −0.21 (0.14) −0.40 (<0.01)

SvO2 (%) −0.65 (<0.01) −0.68 (<0.01) 0.15 (0.3) 0.61 (<0.01)

NTpro-BNP (pg/ml) 0.34 (0.03) 0.28 (0.08) −0.38 (0.02) −0.04 (0.83)

6MWT (m) −0.71 (0.01) −0.78 (<0.01) 0.77 (<0.01) 0.18 (0.29)

RAP, right atrial pressure; EDP, end diastolic pressure; sPAP, systolic pulmonary artery pressure; dPAP, diastolic pulmonary artery pressure; mPAP, mean pulmonary artery pressure; PAWP,
pulmonary artery wedge pressure; CO, cardiac output; CI, cardiac index; BSA, body surface area; PVR, pulmonary vascular resistance; SvO2 , mixed venous saturations; NTpro-BNP,
N-terminal pro natriuretic peptide; 6MDT, 6-min walk test distance.

Those with distal CTEPH in our group were unable to
perform cardiopulmonary exercise testing due to physical
limitations, and, as such there is no data available for this
group. CPET data for the other three groups are outlined
in Table 5. Whilst there is a reduction in peak VO2 in
the CTEPH group, this did not reach statistical significance.
However, there was a progressive rise in the VE/VCO2

(p ≤ 0.01), consistent with greater dead-space ventilation in
those with CTEPH.

We have shown good interobserver agreement in our CMR
determinants, lending confidence to our results using Pearson’s
correlation (R = 0.9).

Determining threshold values for
detection of pulmonary hypertension

Using Receiver operator curves the optimal threshold for
the detection of pulmonary hypertension with the systolic EI
is 1.1 (AUC = 0.84), diastolic index is 1.1 (AUC = 0.94)
and pulmonary artery distensibility is 0.28 (AUC = 0.95).
We found no meaningful threshold for the peak blood flow
(Figure 4).

TABLE 5 Baseline cardiopulmonary exercise testing between
subgroups of thrombotic pulmonary vascular disease.

Normal
(n = 10)

CTED
(n = 10)

Proximal
CTEPH (n = 20)

p-value+

VO2 ml/kg/min 1.3 (0.5) 1.3 (0.4) 1 (0.5) 0.21

VE/VCO2 31.7 (5.2) 36.9 (7.7) 49.67 (11.81) <0.001

+Unpaired t-test performed for normal distributed variables and Mann Whitney U
performed for others.

Cardiac magnetic resonance can
differentiate between subgroups of
thrombotic pulmonary vascular
disease

Patients without pulmonary hypertension were divided into
two groups—those without evidence of pulmonary vascular
obstruction on CT and V/Q imaging (normal controls), and
those with residual radiological proven disease. Differences
in the hemodynamic indices across those who had normal

FIGURE 4

ROC Curves used to identify diagnostic thresholds for novel
CMR measurements.
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pulmonary vasculature, those with CTED and those with
proximal and distal CTEPH were compared (Table 6). As
expected across the spectrum of thrombotic pulmonary vascular
disease, there was a progressive rise in the mean pulmonary
artery pressure (p≤ 0.01), a progressive reduction in the cardiac
index (p ≤ 0.01) and rise in the PVR (p ≤ 0.01).

The differences between groups in the geometric novel CMR
indices are shown in Figure 5. There was a significant difference
between those with both distal and proximal CTEPH and CTED
in the systolic LEVI (p ≤ 0.01), diastolic LVEI (p ≤ 0.01),
and pulmonary artery distensibility (p ≤ 0.01). No significant
differences between subgroups in peak blood flow were seen.

Subgroup analysis in patients with
thrombotic pulmonary vascular
disease with no pulmonary
hypertension

The differences in baseline variables and novel CMR
indices between those without evidence of pulmonary vascular
obstruction on CT and V/Q imaging (normal controls), and
those with residual radiological proven disease were evaluated
(Table 7). Age and sex were similar between groups. Although
the mean pulmonary artery pressures and PVR were within the
normal range for both groups, mPAP [19.9 (3.1) vs. 14.1 (3.4)
mmHg; p ≤ 0.01] and PVR [2.5 (1.1) vs. 1.2 (0.9) WU; p = 0.01]
were higher in the CTED group, in keeping with pulmonary
vascular occlusions. In addition, there was a significantly lower
pulmonary artery distensibility [0.34 (0.1) vs 0.5 (0.4); p = 0.03]
and a significantly higher LVEI in systole [1.04 (0.03) vs. 0.99
(0.08); p ≤ 0.01] and diastole [1 (0.1) vs. (0.96 (0.07); p = 0.02]
in the CTED group compared to normal but no significant
difference in peak blood flow between these groups. Threshold
analysis for identifying the presence of CTED using systolic and

diastolic LVEI is 1.0 and pulmonary artery distensibility is 0.37
(Supplementary Figure 2).

Discussion

In this retrospective cohort study of patients, we have
demonstrated three important findings.

• That elevated EI, both in systole and diastole, and
reduced pulmonary artery distensibility are predictive of
the presence of pulmonary hypertension in CTEPH.
• Both EI and pulmonary artery distensibility could

discriminate between the normal, CTED and
CTEPH population.
• Both systolic and diastolic EI correlate with clinical markers

of outcome.

Furthermore, using a CMR EI threshold of 1.1 has a high
sensitivity and specificity for the identification of the presence
of pulmonary hypertension. To our knowledge, this is the first
time the utility of this measurement has been demonstrated in
thrombotic pulmonary vascular disease with CMR. In addition,
we have demonstrated that lower pulmonary artery distensibility
is predictive of the presence of pulmonary hypertension in
patients with radiological features of thromboembolic disease.
However pulmonary arterial peak blood flow was not useful
for the detection of PH. We acknowledge that there has
been a change to the hemodynamic values in the definition
of pulmonary hypertension in the 6th World Symposium
definition. We have chosen to use the 5th World symposium
definition because existing evidence for therapy Is based on
these criteria, lending more clinical relevance to our findings in
detecting patients who may be amenable to treatment options.

TABLE 6 ANOVA of the hemodynamic values of across all patient groups.

Index Normal Mean
(SD) n = 10

CTED Mean
(SD) n = 10

Proximal CTEPH
Mean (SD) n = 20

Distal CTEPH
Mean (SD) n = 10

P-value+

Age (years) 46 (18.9) 61.8 (12.2) 51.9 (16.2) 65.7 (9.3) 0.01

BMI (kg/m2) 30.4 (5) 34.1 (6.5) 28.5 (5.7) 29.7 (4.3) 0.08

RAP (mmHg) 3.4 (2.8) 2.9 (1.9) 6.3 (3.9) 5.6 (4.1) 0.04

EDP (mmHg) 6.2 (2.8) 4.3 (2.2) 8.9 (4.4) 8.7 (4.4) 0.01

mPAP (mmHg) 14.1 (3.4) 19.9 (3.1) 41.1 (13.5) 38.3 (4.4) <0.001

PAWP (mmHg) 7.8 (3.0) 8.7 (3.9) 7.4 (3.4) 7.7 (4.1) 0.82

CO (mmHg) 5.6 (1.1) 4.5 (0.8) 4.3 (0.9) 3.9 (0.8) <0.001

CI (CO/BSA) 2.9 (0.6) 2.2 (0.2) 2.2 (0.4) 2.0 (0.4) <0.001

PVR (Wu) 1.2 (0.9) 2.5 (1.1) 8.6 (4.5) 8.3 (2.7) <0.001

SvO2 (%) 74.7 (5.1) 71.5 (2.2) 64.45 (6.7) 61.6 (7.0) <0.001

BMI, body mass index; RAP, right atrial pressure; EDP, end diastolic pressure; mPAP, mean pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; CO, cardiac output; CI,
cardiac index; PVR, pulmonary vascular resistance; SvO2 , mixed venous saturations.
+Unpaired t-test performed for normal distributed variables and Mann Whitney U performed for others.
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FIGURE 5

Box and whisker plots for the variations in the novel CMR indices
between thromboembolic disease subtypes. ∗p < 0.01,
∗∗p < 0.05.

Cardiac magnetic resonance is the gold standard
investigation for assessment of right ventricular function
and has the added benefit over echocardiogram of allowing
detection of pulmonary vascular occlusion with magnetic
resonance pulmonary angiogram. Of additional clinical
significance and importance is trying to differentiate patients
who have CTED or CTEPH using non-invasive modalities. This
is important because management can be different and currently
many patients with CTED require right heart catheterization in
order to differentiate. The data shown in this paper suggests that
patients with vascular obstructions on CT can be differentiated
on the basis of presence of PH by using certain CMR thresholds
of EI (1.1) and pulmonary artery distensibility (0.28). This is
important as currently patients with CTED do not have any
therapeutic options and therefore do not routinely need to
undergo any invasive investigations. If the patient can manage,
using CPET is a useful adjunct in the non-invasive assessment
of these patients.

Both systolic and diastolic EI correlate with pulmonary
artery pressure measurements. This finding is likely explained
by the increased pulmonary artery pressure leading to septal
flattening and impaired filling of the left ventricle. A larger
index reflects more severe disease, as was shown using
echocardiography in a pediatric population by Burkett et al.
(14). Both SvO2 (15) and NTpro-BNP (16) have been linked to
prognosis in CTEPH and there is a direct correlation between
these surrogate markers of RV function and EI and pulmonary
artery distensibility. Further work is required to demonstrate
that the novel MRI indices may also be useful as a prognostic
outcome measure in CTEPH.

Our findings confirm other studies demonstrating that
an abnormal EI can be used to accurately define clinically

TABLE 7 Baseline characteristics of normal controls vs. those with
chronic thromboembolic disease.

Index Normal (n = 10)
Mean (SD)

CTED (n = 10)
Mean (SD)

P-value+

Age (years) 46 (18.9) 62 (12.2) 0.04

Sex (Male) 4 4 0.65

BMI (kg/m2) 30.4 (5) 34.1 (6.5) 0.17

RAP (mmHg) 3.4 (2.8) 2.9 (1.9) 0.64

mPAP (mmHg) 14.1 (3.4) 19.9 (3.1) <0.01

PAWP (mmHg) 7.8 (3) 8.7 (3.9) 0.57

CO (mmHg) 5.6 (1.1) 4.5 (0.8) 0.02

CI (L/min/m2) 2.9 (0.6) 2.2 (0.25) <0.01

PVR (Wu) 1.2 (0.9) 2.5 (1.1) 0.01

SvO2 (%) 74.7 (5.1) 71.5 (2.2) 0.09

Distensibility 0.57 (0.3) 0.35 (0.1) 0.03

Systolic LVEI 0.97 (0.04) 1.03 (0.04) <0.01

Diastolic LVEI 0.96 (0.03) 1.02 (0.05) 0.02

Peak blood flow
(mls/s)

384.3 (64) 387.8 (59.3) 0.97

PA diastolic area
(cm2)

5.07 (1.6) 5.45 (1.28) 0.78

+Unpaired t-test performed for normal distributed variables, Mann Whitney U
performed for others. BMI, body mass index; RAP, right atrial pressure; EDP, end
diastolic pressure; mPAP, mean pulmonary artery pressure; PAWP, pulmonary artery
wedge pressure; CO, cardiac output; CI, cardiac index; PVR, pulmonary vascular
resistance; SvO2 , mixed venous saturations; cm2 , centimeter squared; LVEI, left
ventricular eccentricity index; mls/s, milliliters per second.

important pulmonary hypertension (13, 14). Ryan et al.
(13) and Burkett et al. (14) have demonstrated the use
of this measurement in IPAH. However these studies used
echocardiography to determine this. In addition, our findings
are in agreement with Malhotra et al. that pulmonary
artery distensibility can be used to identify clinically relevant
pulmonary hypertension (17), although this was mainly in
patients with left heart disease. Our study is also in keeping
with Lau et al. who have shown that loss of distensibility Is
an early sign of pulmonary vascular disease (18). However,
this study adds to the literature by demonstrating that these
findings also relate to CTEPH and importantly can differentiate
between CTED and CTEPH.

In pulmonary hypertension, there is often dyssynchrony
between right and left ventricular onset of diastole. At early LV
diastole, the pressure in the RV remains significantly elevated,
causing septal displacement to the left side. Systole represents
the smallest LV size in the cardiac cycle and, as such, this
point captures the maximal septal wall displacement. These
results show that the resulting differences in EI can be a useful
measurement to screen for pulmonary hypertension. In the
normal pulmonary artery, systole causes the wall to stretch
in order to accommodate the cardiac output, without much
rise in the pulmonary artery pressure. In the early stages of
pulmonary hypertension, the pressure will rise slowly as there
is some capacity for the pulmonary artery to compensate by
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dilating. However, in more advanced disease, once the vessel has
reached its maximal stretch capacity, the pressure will increase
more rapidly. There is then little change in the vessel diameter
between systole and diastole, which is demonstrated by reduced
distensibility. We have demonstrated that those with CTED
also have a reduced distensibility, reflective of the abnormal
underlying pulmonary vasculature. This may be a more sensitive
and clinically relevant measurement in order to detect CTED
and has previously been demonstrated in patients with group
II pulmonary hypertension (17). In group II disease, a lower
distensibility was an early sign of pulmonary hypertension.
When the blood vessel is at its maximal diameter, such as in
later stage pulmonary hypertension, it is difficult to detect subtle
progression in the pulmonary vascular disease, and, as such, EI
may be a more sensitive predictor of disease progression.

It is clinically important to differentiate those patients
with CTED and normal patients. While there was a higher
mean pulmonary artery pressure value in the CTED population
relative to normal patients, these values lay at the upper end of
the normal range. This may make it difficult to differentiate from
normal. However, this study demonstrated that a significantly
reduced pulmonary artery distensibility in the CTED population
could differentiate between normal and CTED. Given that the
LVEI is proportionate to pressure in the pulmonary vasculature,
the changes in the LVEI in the CTED patients compared to the
normal population is likely explained by the fact the patients
with CTED had a mean mPAP of 19.9 mmHg, which is the upper
limit of normal (1). Those with normal pulmonary vasculature
had a mean mPAP of 14.1 mmHg, which explains their
normal LVEI. Indeed recent studies have suggested lowering the
diagnostic value for PH to a mPAP of greater than 20 mmHg
as it is now recognized that the normal mPAP is around
14 mmHg (3).

This study has a number of strengths. There were no
significant differences between age and sex in our patient
groups, with the baseline hemodynamic variables that would
be expected in the relative populations of normal, CTED
and CTEPH. We have complete datasets on all of the
patients included in the study and all of the investigations
contemporaneously (median 3 days). This contrasts with other
studies where imaging has been performed at a different time
point from the right heart catheterization (19, 20). We recognize
some limitations with this study including its retrospective
nature. In addition, although we have attempted to use data
from as large a cross section of population as is possible
from our single center, the numbers remain limited and, as
such, further studies are merited to validate our findings. We
have included consecutive patients with central CTEPH who
were able to undergo CPET, and we recognize this excludes a
number of patients. We recognize that further work is required
to fully determine if CMR is robust enough to differentiate
the spectrum of chronic thromboembolic disease with or
without pulmonary hypertension without the need for invasive

investigation. We have focused on well validated CPET indices
used in pulmonary hypertension, VO2 max and VE/VCO2, but
have not assessed the use of anaerobic threshold, which has
been quantifying the severity of left heart disease. Future studies
could include this as part of analysis to evaluate the use in
this population.

However, this paper confirms that CMR parameters can
be used in conjunction with other invasive and non-invasive
investigations to evaluate patients who are suspected as having
pulmonary vascular disease and allow clinicians to establish
the diagnosis and determine appropriate management. This is
an important addition to the literature on the management of
these conditions.

Conclusion

In this retrospective cohort study of patients, we have
demonstrated three important findings. Firstly, that elevated
EI, both in systole and diastole, and reduced pulmonary artery
distensibility are predictive of the presence of pulmonary
hypertension in CTEPH. Secondly, both EI and pulmonary
artery distensibility could discriminate between the normal,
CTED and CTEPH population, and finally, both systolic and
diastolic EI correlate with clinical markers of outcome. These
have not been demonstrated before in chronic thromboembolic
pulmonary vascular disease using CMR.
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Radiomic analysis of enhanced
CMR cine images predicts left
ventricular remodeling after
TAVR in patients with
symptomatic severe aortic
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Objective: This study aimed to develop enhanced cine image-based radiomic

models for non-invasive prediction of left ventricular adverse remodeling

following transcatheter aortic valve replacement (TAVR) in symptomatic

severe aortic stenosis.

Methods: A total of 69 patients (male:female = 37:32, median age: 66 years,

range: 47–83 years) were retrospectively recruited, and severe aortic stenosis

was confirmed via transthoracic echocardiography detection. The enhanced

cine images and clinical variables were collected, and three types of regions of

interest (ROIs) containing the left ventricular (LV) myocardium from the short-

axis view at the basal, middle, and apical LV levels were manually labeled,

respectively. The radiomic features were extracted and further selected by

using the least absolute shrinkage and selection operator (LASSO) regression

analysis. Clinical variables were also selected through univariate regression

analysis. The predictive models using logistic regression classifier were

developed and validated through leave-one-out cross-validation. The model

performance was evaluated with respect to discrimination, calibration, and

clinical usefulness.

Results: Five basal levels, seven middle levels, eight apical level radiomic

features, and three clinical factors were finally selected for model

development. The radiomic models using features from basal level (Rad I),

middle level (Rad II), and apical level (Rad III) had achieved areas under the

curve (AUCs) of 0.761, 0.909, and 0.913 in the training dataset and 0.718, 0.836,

and 0.845 in the validation dataset, respectively. The performance of these

radiomic models was improved after integrating clinical factors, with AUCs of

the Combined I, Combined II, and Combined III models increasing to 0.906,
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0.956, and 0.959 in the training dataset and 0.784, 0.873, and 0.891 in the

validation dataset, respectively. All models showed good calibration, and the

decision curve analysis indicated that the Combined III model had a higher net

benefit than other models across the majority of threshold probabilities.

Conclusion: Radiomic models and combined models at the mid and apical

slices showed outstanding and comparable predictive effectiveness of adverse

remodeling for patients with symptomatic severe aortic stenosis after TAVR,

and both models were significantly better than the models of basal slice. The

cardiac magnetic resonance radiomic analysis might serve as an effective tool

for accurately predicting left ventricular adverse remodeling following TAVR in

patients with symptomatic severe aortic stenosis.

KEYWORDS

radiomics, aortic stenosis, left ventricular remodeling, cardiac magnetic resonance,
TAVR, cine

1 Introduction

Aortic valve stenosis (AS) is one of the most prevalent
heart valve diseases worldwide, with gradually increased
morbidity with aging (1–3). Progressive pressure overload of
the left ventricular to drive blood flow through the restricted
left ventricular outflow tract, responsible for heart failure,
is the threshold for myocardial decompensation, including
myocardial cell damage and diffuse myocardial fibrosis, which
exacerbates heart failure (3, 4). Then, the onset of symptoms
is related to the rapidly increasing mortality of patients with a
dismal prognosis (5). Valve replacement, providing a treatment
method for advanced AS patients with complex physical
environments, can prevent the further deterioration of heart
function and improve myocardial remodeling even in the
early stage (6–8). However, not all patients can benefit from
valve replacement. Considering that advanced age, different
underlying disease environments, long-term AS progression
process, as well as diffuse myocardial fibrosis and impaired
strain in patients with severe AS, the postoperative progress
prediction based on a single image or clinical data remains
uncertain (9–11).

The functional parameters of the left ventricle, especially left
ventricular ejection fraction (LVEF), are important indicators
for the evaluation of a patient’s preoperative status, perioperative
risk, and postoperative recovery (12). In addition, myocardial
strain, assessed by TTE, multiphase computed tomography, or
cardiac magnetic resonance (CMR) cine sequence, can quantify
percent change in myocardial length from relaxed to contractile
state and reflect global and regional contractile function in
longitudinal, circumferential, or radial directions (13, 14). CMR
cine images have become the gold standard for left ventricular

function and strain measurement, which is superior to
transthoracic echocardiography (TTE) with restricted window
width and more significant operator-to-operator differences.
However, in fact, the biological information contained in
the cine image is far more than the doctor can see
with the naked eye.

Recently, R. Schofield et al. found that texture analysis
based on cine images is of significance for the identification
of the etiology of left ventricular hypertrophy (15), and Elham
et al. made it clear that the radiomic signatures from cine
images have the potential to detect myocardial ischemia, with
the best area under the curve (AUC) of 0.93 (16). On account
of computing power development and process standardization,
the application potential of radiomics is being constantly mined
in the cardiac field, including etiology determination, diagnosis
confirmation, and prognosis prediction (17–21). For mechanical
learning, a large amount of invisible biological information
included in medical images was transformed into objective and
quantitative digital information (22, 23). The research of Nam
et al. has explored the excellent diagnostic efficacy of radiomics
based on calcified plaques of the aortic valve for severe aortic
stenosis with the highest AUC of 0.921 (20). Previous studies
had also investigated the value of texture analysis in detecting
left ventricular remodeling in cardiac computed tomography
and CMR T1 mapping images (24, 25). However, whether the
left ventricular remodeling following TAVR in patients with
symptomatic severe AS could be predicted by radiomic analysis
on enhanced cine images remained unclear.

In this study, our study aimed to develop a model
for predicting left ventricular remodeling following TAVR
in patients with symptomatic severe AS using the radiomic
signatures from enhanced cine images.

Frontiers in Cardiovascular Medicine 02 frontiersin.org

107

https://doi.org/10.3389/fcvm.2022.1096422
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1096422 December 17, 2022 Time: 16:18 # 3

He et al. 10.3389/fcvm.2022.1096422

2 Materials and methods

This study involving human participants was reviewed and
approved by the Ethics Committee of West China Hospital.
The need for informed patient consent was waived due
to the retrospective nature of the analysis and the use of
anonymized data.

2.1 Study population

We included 204 patients who underwent CMR before
aortic valve replacement for symptomatic severe AS between
October 2014 and June 2021. All patients performed heart-
related symptoms such as dyspnea, angina, syncope, and
dizziness (3). Additionally, all patients underwent TAVR. The
author queried the patient’s echocardiographic recording from
the Electronic Medical Records and searched for CMR images
in the Picture Archiving and Communication Systems, and the
time of CMR examination was within 7 days before TAVR, TTE
within 3 days, and laboratory tests within 7 days. Excluding
patients with TTE follow-up of less than 3 months and without
adequate image quality, there were 156 patients.

Each enrolled patient met the following exclusion criteria,
and the exclusion criteria included: (1) history of valve
surgery, (2) recent myocardial infarction <1 month, (3)
congenital aortic stenosis, (4) moderate or severe aortic
regurgitation, mitral regurgitation, or mitral stenosis, (5)
inadequate clinical data, and (6) estimated glomerular filtration
rate <30 ml/min/1.73 m2. Consequently, 69 patients, complying
with our inclusion and exclusion criteria, consisted of study
cohorts. All patients had follow-up TTE of more than 3 months,
and the median follow-up duration was 12 months, ranging
from 3 to 81 months. The patient selection workflow is shown
in Figure 1.

2.2 Assessment of severe aortic valve
stenosis

The severity of AS was assessed by echocardiography.
Comprehensive transthoracic or transesophageal
echocardiography examination was given to all patients.
According to the recommendations of the current guidelines:
mean gradient ≥40 mm Hg or peak aortic jet velocity ≥4.0 m/s
and aortic valve area ≤1 cm2 (indexed aortic valve area by
body surface area <0.6 cm2/m2 were diagnosed as severe aortic
stenosis) (26).

2.3 TTE information

For patients with advanced aortic stenosis, accompanied
by left ventricular decompensation, the patient manifests as a

gradually enlarged left ventricle and a continuously reduced
ejection fraction, and valve replacement is the only effective
intervention (3, 26). After the TAVR, left ventricular remodeling
is divided into three states, including adverse remodeling,
relatively stable, and beneficial remodeling, and our study
predicts further deterioration of left ventricular function during
continuous follow-up, which is defined as adverse remodeling.

The measurements of the LVEF, left ventricular end-systolic
diameter (LVESD), left ventricular end-diastolic diameter
(LVEDD), left ventricular end-systolic dimension (LVESV),
and left ventricular end-diastolic dimension (LVEDV) in
preoperative and last follow-up TTE were collected. Patients
with a relative increase of 15% in LVEDV or a relative decrease in
LVEF of 10% were classified as subgroup 2 (with left ventricular
adverse remodeling); otherwise, patients were categorized as
subgroup 1 (with left ventricular non-adverse remodeling) (27).

2.4 Collection of clinical variables

A total of 14 clinical variables were collected from
the electronic medical records, including two demographic
characteristics (age and gender), one laboratory indicator
(B-type natriuretic peptide [BNP]), three imaging features
(myocardial hypertrophy, late gadolinium enhancement (LGE),
and first-Pass perfusion), and eight cardiac function indicators
measured in CMR (LVEF, LVEDV, LVESV, LVSV, RVEF,
RVEDV, RVESV, and RVSV). The serum concentration of
BNP was measured by electrochemical luminescence detection
technology, and for patients with BNP serum concentration
above the measurable extreme value of 35,000 pg/ml, we
recorded it as 35,000 pg/ml.

Late gadolinium enhancement images were analyzed
independently by a chest radiologist (with 5 years of experience
with cardiac magnetic resonance) and then reviewed by another
chest radiologist (with 12 years of experience with cardiac
magnetic resonance). LGE is defined as a region with high signal
within the myocardial region on LGE images and is clearly not
due to image quality, artifacts, and partial volumetric effects.

2.5 Cardiovascular imaging – TTE and
CMR

2.5.1 Transthoracic echocardiography
Conventional two-dimensional TTE was performed using

commercially available equipment. LV dimension and other
echo parameters were obtained according to the guidelines of
the American Society of Echocardiography (28). LVEDV and
LVESV were measured in apical two- and four-chamber views,
and LVEF was calculated using Simpson’s rule. The aortic valve
area was calculated using the continuity equation, and the mean
pressure gradient was calculated by averaging instantaneous
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FIGURE 1

The patient selection workflow.

FIGURE 2

Representative ROIs segmentation in basal level (A), middle level (B), and apical level (C).

gradients over the ejection period on the continuous wave
Doppler recordings.

2.5.2 CMR protocol – Imaging acquisition
Participants underwent CMR examination in a supine

position. CMR images were acquired using a 3-T whole-body
scanner (MAGNETOM Skyra; Siemens Healthcare, Erlangen,
Germany) with an 18-channel phased-array body coil. Contrast
medium (gadobenate dimeglumine; MultiHance; 0.5 mmol/ml;
Bracco, Milan, Italy) was injected into the right antecubital
vein with a power injector (Stellant; MEDRAD) at a flow rate
of 3.0 ml/s, which was followed by injection of 20 ml saline.

After first-perfusion images were collected, the enhanced cine
sequence images were further scanned. With a standard ECG-
triggering device, data were acquired during the end-inspiratory
breath-hold period. A segmented breath-hold balanced steady-
state free precession (bSSFP) sequence was used to obtain 8–14
continuous cine images from the base to the apex in the short-
axis view and LV two- and four-chamber cine images in the
long-axis view. The bSSFP parameters were as follows: TR/TE
3.3/1.22 ms; flip angle 41◦; slice thickness 8 mm; field of view
360 mm × 320 mm; and matrix size 208 × 166. LGE images
were obtained after contrast injection using a segmented phase-
sensitive inversion recovery (PSIR) turbo FLASH sequence over
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a mean duration of 10–15 min. The PSIR sequence parameters
were as follows: TR/TE 3.0/1.24 ms; flip angle 40◦; slice thickness
8 mm; field of view 340 mm × 284 mm; and matrix size
256 × 184.

2.6 Image selection and segmentation

2.6.1 Image selection
The cine sequence images of CMR are time series images at

different levels, and the nature of non-spatial sequence images
makes it difficult to segment wholeheartedly. Zahra et al. found
that radiomic features from LV myocardium showed better
repeatability in end-diastole rather than end-systole images (29).
Therefore, we selected the enhanced cine images from the short-
axis view at the basal, middle, and apical levels of the left
ventricle in end-diastole. The definition of the basal, middle, and
apical levels of the left ventricle at the short-axis view: (1) the
first level of the appearance of left ventricular papillary muscle
from the basal direction to the apical direction is defined as the
basal level; (2) the second level below the basal level is defined
as the middle level; and (3) the last level of the papillary muscle
can be seen is defined as the apical level.

2.6.2 Extraction and selection of radiomic
features

The cine images in DICOM format from selected patients
were segmented using “Radiomics” (Syngo. via Frontier, Vision
1.0.0, Siemens, Germany), a dedicated prototype software, and
this program employs an embedded 3D-printing technique in
a semiautomatic manner to label the preoperative soft tissue.
The overall procedures of this analysis scheme were composed
of two major steps: first, segmentation was conducted manually;
and thereafter, texture features were calculated automatically.
The manual segmentation was performed independently by
a chest radiologist. The region of interest was depicted
around the border of each level. After segmenting a three-
dimensional volume of interest (3D-VOI), texture features
were automatically calculated and extracted. Additionally, all
cine images were segmented by two chest radiologists (with
6 and 12 years of experience with chest CT, respectively)
working together. We completely outlined the left ventricular
endocardial and epicardium at basal, middle, and apical levels
and excluded the papillary muscles (Figure 2).

Before performing feature extraction, the 3D-VOIs were
resampled to a pixel pitch of 1.0 mm in three anatomical
directions to reduce the impact of pixel size and thickness.
Through “bin the feature,” “radiomics” automatically
transformed the grayscale of the image into discrete integer
values, which were recognizable by a computer. In the original
VOIs, different filters would be applied, such as the Laplacian
of Gaussian filtering, wavelet filtering, non-linear intensity
transformation, and others. We further excluded all shape- and

TABLE 1 Clinical characteristics and echocardiographic parameters
of the study cohort.

Age, years 71.0 (66.0–75.0)

Male gender 37 (53.6%)

Body mass index (Kg/m2) 23.2 (20.4–26.1)

Body surface area (m2) 1.7 (1.6–1.8)

Heart rate (bpm) 79.0 ± 2.7

Systolic blood pressure (mmHg) 129.7 ± 2.7

Diastolic blood pressure (mmHg) 72.3 ± 1.8

Tricuspid aortic valve 59 (85.5%)

Past medical history

Atrial fibrillation 2 (2.9%)

Diabetes mellitus 8 (11.6%)

Hypertension 25 (36.2%)

Pulmonary hypertension 9 (13.0%)

Hyperlipidemia 3 (4.4%)

Chronic obstructive emphysema disease 8 (11.6%)

Smoker 18 (26.1%)

Drinker 12 (17.4%)

B-type natriuretic peptide (pg/ml) 3,445.8 (371.8–3,879.5)

Estimated glomerular filtration rate (ml/min/1.73 m2) 71.1 ± 2.1

Creatinine (umol/L) 98.1 (75.5–100.5)

Diameters of aortic root and ascending aorta

Diameter of aortic annulus (mm) 32.5 ± 0.6

Diameter of sinus of Valsalva (mm) 22.1 ± 0.4

Diameter of ascending aorta (mm) 40.1 ± 0.7

Baseline echocardiographic parameters

LVEF (%) 62.0 (45.5–68.0)

LVEDV (ml) 137.3 (102.0–171.0)

LVESV (ml) 50.0 (32.5–86.5)

LVEDD (mm) 50.0 (47.0–59.0)

LVESD (mm) 32.0 (28.0–42.0)

Interventricular septum (mm) 13.5 ± 0.3

Left ventricular posterior wall (mm) 11.5 ± 0.2

Left atrium size (mm) 40.1 ± 0.7

Em (m/s) 4.0 (3.0–5.1)

Am (m/s) 7.0 (5.9–9.3)

Emv/Em 17.0 (14.0–27.0)

Parameters of grade of aortic stenosis

Max velocity of AV (m/s) 4.7 ± 0.3

Mean pressure gradient of AV (mmHg) 56.0 (45.0–68.0)

AVA (cm2) 0.7 ± 0.04

LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic dimension;
LVESV, left ventricular end-systolic dimension; LVEDD, left ventricular end-diastolic
diameter; LVESD, left ventricular end-systolic diameter; AV, aortic valve; AVA,
aortic valve area.
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size-related features as we only labeled isolated slices. Finally, a
total of 1,302 radiomic features were extracted from each VOI,
including 92 features extracted from the original image, and
there were 93, 93, 93, 93, and 744 features extracted using the
square, square root, logarithm, and exponential and wavelet
filters, respectively.

The least absolute shrinkage and selection operator (LASSO)
was used to reduce computation complexity and prevent
overfitting. The key radiomic features most closely associated
with the left ventricular adverse remodeling were selected
with penalty parameter tuning conducted via a 10-fold cross-
validation approach in the whole dataset.

2.7 Model development and evaluation

Two types of models were developed in this study, including
three radiomics models based on the selected radiomic features
and three combined models based on both selected radiomic
features and clinical factors. The logistic regression classifier
was applied for model construction, and the predictive models
were developed and validated through leave-one-out cross-
validation. Additionally, a final determined model could be
generated by calculating the mean of the predictions by
the models from each fold on a separate and independent
validation dataset.

The performance of the predictive models was evaluated
through the receiver operating characteristics (ROC) and
quantified by the AUC. The sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) of
each model were also calculated under the optimal threshold
according to the maximum Youden index. Since the imbalance
sample ratio in our study (18 adverse remodeling vs. 51 non-
adverse remodeling), the accuracy and F1 score could lead
to misleading results due to the lack of consideration for
the ratio between positive and negative cases. Instead, as a
robust index against class imbalance, the Matthews correlation
coefficient (MCC) was used for binary classification evaluation
in this study (30). The MCC ranged from −1 to 1, where
−1 and 1 stood for complete misclassification and perfect
classification, respectively, while 0 suggested that the model had
no discriminatory ability.

2.8 Calibration and decision curve
analysis

The consistency between the predicted adverse remodeling
probability and the actual rate was assessed using the Hosmer–
Lemeshow test, and the calibration curve was plotted using
the 1,000 bootstrapping resampling method (31). The decision
curve analysis (DCA) was applied to evaluate and compare the
clinical usefulness of different models by estimating the net
benefits across a reasonable range of threshold probabilities (32).

TABLE 2 Comparison of clinical and CMR features between adverse
and non-adverse subgroups.

Non-
adverse

remodelling
(n = 51)

Adverse
remodelling

(n = 18)

Age, years 69.5 ± 10.1 69.3 ± 8.5 0.066

Male gender (%) 38 (74.5%) 9 (50%) 0.055

Heart rate (bpm) 76.0 (66.0–82.0) 72.5 (65.0–85.3) 0.806

Systolic blood
pressure (mmHg)

126.9 ± 21.7 132.9 ± 13.5 0.177

Diastolic blood
pressure (mmHg)

70.9 ± 14.1 75.4 ± 9.5 0.213

NYHA

I 4 (7.8%) 3 (16.7%)

II 16 (31.4%) 8 (44.4%) 0.162

III 21 (41.2%) 5 (27.8%)

IV 9 (17.6%) 2 (11.1%)

B-type natriuretic
peptide (pg/ml)

2,586.0
(607.5–4,555.3)

576.0
(285.5–1,686.5)

0.005

LVEF 47.4 ± 19.5 56.1 ± 17.3 0.099

LVEDV (mL) 180.8
(126.1–227.4)

131.3
(107.2–206.8)

0.084

LVESV (mL) 86.3 (45.3–158.9) 57.0 (31.2–140.2) 0.159

LVSV (mL) 79.2 ± 23.4 77.5 ± 21.9 0.793

RVEF 54.3 (47.6–61.7) 55.4 (42.7–61.9) 0.929

RVEDV (mL) 95.5 (84.1–129.8) 85.6 (71.0–113.8) 0.060

RVESV (mL) 49.1 (29.4–66.2) 43.0 (29.1–60.9) 0.360

RVSV (mL) 51.5 ± 17.6 45.6 ± 15.5 0.209

Myocardial deformation

0 27 (52.9%) 12 (66.7%)

1 8 (15.7%) 3 (16.7%) 0.250

2 16 (31.4%) 3 (16.7%)

Myocardial
hypertrophy

20 (39.2%) 12 (66.7%) 0.045

LGE (+) 23 (43.1%) 8 (44.4%) 0.445

LGE distribution

Basal 12 (23.5%) 7 (38.9%) 0.350

Mid 16 (31.4%) 8 (44.4%) 0.317

Apical 7 (13.7%) 3 (16.7%) 0.713

Septum 15 (29.4%) 8 (44.4%) 0.245

Free wall 16 (31.4%) 6 (33.3%) 0.878

Abnormal
first-pass perfusion

3 (6%) 0 (0%) 0.704

Ascending aortic
dilation

34 (66.7%) 8 (44.4%) 0.097

Calcification of
ascending aortic
wall

16 (31.4%) 8 (44.4%) 0.317

CMR, cardiac magnetic resonance; NYHA, New York Heart Association; LVEF, left
ventricular ejection fraction; LVEDV, left ventricular end-diastolic dimension; LVESV,
left ventricular end-systolic dimension; LVSV, left ventricular stroke volume; RVEF,
right ventricular ejection fraction; RVEDV, right ventricular end-diastolic dimension;
RVESV, right ventricular end-systolic dimension; RVSV, right ventricular stroke
volume; LGE, late gadolinium enhancement.
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FIGURE 3

Selection of the radiomic features using LASSO regression. Selection of the optimal tuning parameter lambda through 10-fold cross-validation
with the minimal mean-squared error criteria for the basal level (A), middle level (C), and apical level (E) radiomic features. (B) The coefficient
profile plot of 5 in basal level (B), 7 in middle level (D), and 8 in apical slice (F) non-zero coefficients against the optimal log(lambda) sequence.
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FIGURE 4

Heatmap analysis of the selected radiomic features. Each column corresponds to one patient, and each row represents one radiomic feature.

2.9 Statistical analysis

Statistical analysis was performed using the SPSS software
(version 21.0). The differences between the continuous and
dichotomous clinical variables were evaluated using the Mann–
Whitney U test and the chi-squared test, separately (33).
Delong’s test was applied for the comparison between the AUCs
of two different models. The calibration curve and decision
curve analysis were performed using the R language with the
“rms” package and the “rmda” package, respectively. A two-
sided p-value of <0.05 was considered statistically significant.

3 Results

3.1 Baseline clinical and TTE imaging
parameters

We enrolled 69 patients (37 males) with symptomatic severe
AS who underwent TAVR. The median and interquartile range
for the age of all patients was 71.0 (66.0–75.0 [years]). The
baseline characteristics of the study population are reported
in Table 1. The median and interquartile ranges for LVEF
and LVEDV were 62.0 (45.5–68.0) and 137.3 (102.0–171.0
[ml]), respectively. Additional TTE parameters and AV flow
measurements are listed in Table 1.

The median duration time from TAVR to last follow-
up TTE was 12 months (interquartile range 6–13 months).
Finally, according to the set criteria, 18 patients were defined
as left ventricular adverse remodeling and 51 as non-
adverse remodeling.

3.2 Comparison of CMR parameters
between adverse and non-adverse
subgroups

Compared with non-adverse remodeling subgroups,
patients in the adverse remodeling subgroup showed a lower
proportion of men, lower BNP levels, greater LVEF, smaller
LVEDV, smaller LVESV, and smaller RVEDV, although there
was no significant statistical difference in parameters other
than BNP (p = 0.005). At the same time, the incidence
of left ventricular hypertrophy was higher in the adverse
remodeling subgroup. Other parameters did not show obvious
distribution differences between the two subgroups. More
detailed information is shown in Table 2.

3.3 Selection of radiomic features

Based on the optimal log (lambda) sequence (−3.3155 for
basal level features, −2.3908 for middle-level features, and
−3.2976 for apical level features), 5 basal level features, 7
middle-level features, and 8 apical level features were selected
for further analysis (Figure 3). The heat map of these selected
key radiomic features was also plotted according to the
normalized radiomic feature values (Figure 4).

3.4 Selection of clinical factors

To select the clinical variables mostly associated with
pathological response, univariate regression analysis was
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performed (Table 3). Three clinical factors including BNP,
LVEDV, and RVEDV showed a p-value < 0.05 and were selected
for model development.

3.5 Comparison among three radiomic
models

The performance of the radiomic models based on selected
features from the basal (Rad I model), middle (Rad II model),
and apical (Rad III model) LV regions of interest (ROIs) is
compared using ROC analysis in both training and validation
datasets (Figure 5). The AUCs of the Rad I model, the Rad II
model, and the Rad III model were 0.761 (95% CI, 0.643–0.856),
0.909 (95% CI, 0.816–0.965) and 0.913 (95% CI, 0.820–0.967)
in the training dataset and were 0.718 (95% CI, 0.597–0.820),
0.836 (95% CI, 0.727–0.914), and 0.845 (95% CI, 0.738–0.921)
in the validation dataset, respectively. Compared with the Rad
I model, the AUCs of the Rad II model (p = 0.040) and Rad
III model (p = 0.012) were significantly higher in the training
dataset. A similar tendency was observed in the validation
dataset; although not statistically significant, the AUCs of the
Rad II model (p = 0.126) and the Rad III model (p = 0.103) were
higher than that of the Rad I model.

3.6 Comparison between the radiomic
model and combined model

Based on the ROC analysis, the incorporation of clinical
factors could improve the diagnostic capability of the radiomic
models (Figure 6). Compared with the Rad I model, the AUCs
of the Combined I model had increased to 0.906 (95% CI, 0.812–
0.963) in the training dataset (p = 0.008) and 0.784 (95% CI,
0.669–0.874) in the validation dataset (p = 0.364). Compared
with the Rad II model, the AUC of the Combined II model
had increased to 0.956 (95% CI, 0.877–0.991) in the training
dataset (p = 0.038) and 0.873 (95% CI, 0.770–0.941) in the
validation dataset (p = 0.296). Compared with the Rad III

TABLE 3 Univariable analysis of clinical-radiological variables.

Variable Univariate regression analysis

Odds ratio 95% CI P-value

Age 0.9948 0.9429–1.0496 0.8486

Gender 0.6000 0.2071–0.7380 0.3465

BNP 0.9995 0.9991–0.9999 0.0203

LVEF 1.0309 0.9992–1.0636 0.0563

LVEDV 0.9785 0.9802–0.9992 0.0333

RVEDV 0.9785 0.9586–0.9988 0.0376

BNP, B-type natriuretic peptide; LVEF, left ventricular ejection fraction; LVEDV, left
ventricular end-diastolic dimension; RVEDV, right ventricular end-diastolic dimension.

model, the AUC of the Combined III model had increased to
0.959 (95% CI, 0.882–0.992) in the training dataset (p = 0.040)
and 0.891 (95% CI, 0.792–0.953) in the validation dataset
(p = 0.091). The Combined II model and Combined III model
showed improved performance than the Combined I model;
however, no significant differences in AUCs were found across
the combined models in the training dataset (Combined I vs.
Combined II, p = 0.125; Combined I vs. Combined III, p = 0.180;
Combined II vs. Combined III, p = 0.922) and the validation
dataset (Combined I vs. Combined II, p = 0.109; Combined I
vs. Combined III, p = 0.090; Combined II vs. Combined III,
p = 0.750). The detailed sensitivity, specificity, PPV, NPV, and
MCC of these models are summarized in Table 4.

3.7 Clinical utility evaluation in the
validation dataset

All the predictive models showed good consistency between
the predicted left ventricular adverse remodeling probability and
actual rate (Figure 7), and the non-significant statistic of the
Hosmer–Lemeshow test suggested that there was no significant
deviation from an ideal fitting of the Rad I model (p = 0.421),
Rad II model (p = 0.328), Rad III model (p = 0.850), Combined
I model (p = 0.903), Combined I model (p = 0.160), and
Combined I model (p = 0.680) in the validation dataset.

The decision curve analysis demonstrated that all the
predictive models performed better than the treat-all and treat-
none strategies (Figure 8). In addition, both the Rad II and Rad
III models showed higher net benefit than the Stenosis I model
across the majority range of threshold probabilities (Figure 8A).
The net benefit of each combined model also increased
compared with that of the corresponding Rad model, indicating
that the incorporation of clinical factors could improve the
clinical usefulness of the predictive model (Figures 8B–D).

4 Discussion

In the present study, ML-based texture analysis of enhanced
cine images could accurately predict left ventricular adverse
remodeling in patients with symptomatic severe AS after TAVR
with AUCs ranging from 0.761 to 0.959 and 0.718 to 0.891 in
training and validation cohorts, respectively. Of all the models,
the apical level-based combined models exhibited the highest
AUCs in both training and validation cohorts. Furthermore, the
radiomic model based on apical slice exhibited the highest AUCs
(0.913 in the training cohort and 0.893 in the validation cohort)
and sensitivities (100.0% in the training cohort and 89.5% in
the validation cohort) in training and validation cohorts of the
three radiomic models in different levels. After adding three
clinical features, three combined models in the basal, middle,
and apical levels in the training set all showed better predictive
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FIGURE 5

Receiver operating characteristic (ROC) analysis for performance comparison of the Rad I (basal level), Rad II (middle level), and Rad III (apical)
models in the training dataset (A) and the validation dataset (B).

performance than pure radiomic models in corresponding
levels, which had higher AUCs (0.906 vs. 0.761, 0.965 vs. 0.909,
0.959 vs. 0.913), and performed similar trend in the validation
set (0.784 vs. 0.718, 0.836 vs. 0.836, 0.891 vs. 0.873). These results
confirmed that multivariate radiomic analysis is the potential
to predict left ventricular adverse remodeling after TAVR in
patients with symptomatic severe AS.

The excellent diagnostic effectiveness of our radiomic
models may be the result of the excellent information-mining
potential of radiomic analysis. Many past radiomic studies have
found that radiomic signatures can catch differences in cell
level, protein level, as well as gene level in tumors and non-
tumor diseases (34–37). Both Roger et al. and Laurene et al.
investigated tumor-infiltrating CD8 cells in different neoplasms
through radiomics based on enhanced computed tomography
and PRT-CT images (34, 35). Actually, in the process of left
ventricular remodeling caused by aortic stenosis, changes in
the molecular level, cell level, and interstitial level are the
consequence of gene expression, which are further expressed
as shape, size, as well as functional changes of the heart
in the macro level (38). In clinical, due to various factors
such as examination technology, iatrogenic trauma caused by
examination, and patients’ willingness, it is difficult for doctors
to distinguish the microscopic differences in patients with severe
AS. Through imaging techniques such as CMR and TTE, we
can quantify myocardial changes at the macroscopic level.
Furthermore, due to the rapid development of CMR technology
and its characteristic high tissue resolution, it has become
a reality to non-invasively assess the microscopic changes in
myocardial fibrosis (39, 40). LGE can characterize alternative

fibrosis, which is the consequence of necrotic cardiomyocytes
replaced by interstitial components (11). Additionally, T1
mapping as well as derived ECV technologies can quantify
diffuse myocardial fibrosis degree, and both of them offer good
consistency with myocardial biopsy (40). However, defects are
also obvious. Myocardial interstitial fibrosis is not a simple
increase in the number or volume of fiber structures but is
accompanied by changes in fiber composition including the
increase in the ratio of type 1 collagen fibers to type 3 collagen
fibers and disorder of fiber arrangement structure (41). The
models of myocardial fibrosis are not only diffuse fibrotic
and alternative fibrotic models but also other models, such as
alternative fibrosis and interstitial fibrosis mixing, are also being
investigated (41, 42). The myocardial evaluation through CMR-
related technologies has not yet reached this step. Differently,
radiomic analysis based on cine images could detect myocardial
infarction, with the best AUC of 0.93 and the best accuracy
rate of 86% (16). The study by D. Alis et al. investigated
ventricular tachyarrhythmia in hypertrophic cardiomyopathy
by texture analysis of LGE images, with an AUC of 0.92
(43). The abovementioned study has verified that the texture
characteristics based on CMR images can accurately capture
patient-specific clinical information, which is of great value for
patients’ personalized treatment planning. This may also be
the reason why our radiomic models have excellent diagnostic
efficiency. Unfortunately, since the nature of retrospective
research, it is difficult for us to further verify our model at the
gene level, cell level, or interstitial level, which is also a limitation
of the research.
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FIGURE 6

ROC analysis of the radiomic models and corresponding combined models. (A,B) Comparison of the Rad I (basal level) model and the
Combined I model in the training and validation datasets. (C,D) Comparison of the Rad II (middle level) model and the Combined II model in the
training and validation datasets. (E,F) Comparison of the Rad III (apical) model and the Combined III model in the training and validation datasets.
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TABLE 4 Prediction effectiveness of radiomics and combined models in the training and validation cohorts.

Dataset Model AUC (95% CI) SEN SPE PPV NPV MCC

Training cohort Rad I 0.761 (0.643–0.856) 57.9% 90.0% 68.8% 84.9% 0.507

Combined I 0.906 (0.812–0.963) 89.5% 82.0% 65.4% 95.3% 0.659

Rad II 0.909 (0.816–0.965) 73.7% 94.0% 82.4% 90.4% 0.702

Combined II 0.956 (0.877–0.991) 94.7% 88.0% 75.0% 97.8% 0.776

Rad III 0.913 (0.820–0.967) 100.0% 74.0% 59.4% 100.0% 0.663

Combined III 0.959 (0.882–0.992) 100.0% 84.0% 70.4% 100.0% 0.769

Validation cohort Rad I 0.718 (0.597–0.820) 47.4% 94.0% 75.0% 82.5% 0.488

Combined I 0.784 (0.669–0.914) 73.7% 76.0% 53.8% 88.4% 0.458

Rad II 0.836 (0.727–0.914) 79.0% 76.0% 55.6% 90.5% 0.503

Combined II 0.836 (0.727–0.914) 89.5% 80.0% 63.0% 95.2% 0.636

Rad III 0.873 (0.770–0.921) 89.5% 70.0% 53.0% 94.6% 0.533

Combined III 0.891 (0.792–0.953) 84.2% 84.0% 66.7% 93.3% 0.640

AUC, area under the curve; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value; MCC, Matthews correlation coefficient.

FIGURE 7

Calibration analysis of the Rad I model (A), Rad II model (B), Rad III model (C), Combined I model (D), Combined II model (E), and Combined III
model (F) in the validation dataset.

As a predictive factor for left ventricular remodeling after
aortic valve replacement, global longitudinal strain (GLS)
has a significant value, while LVEF has no clear predictive
value (44–46). In AS, many scholars have found that GLS
is mainly led by oriented longitudinally fiber shortening

in the subendocardial layer where an early and selective
alteration tends to happen (3). However, GLS measurement
is influenced by complex factors, such as load, changes in
cardiac morphology, and fluctuations in blood pressure as well
as emotion (13).
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FIGURE 8

Decision curve analysis of the predictive models in the validation dataset. (A) Comparison across three radiomic models. (B) Comparison
between the Rad I model and the Combined I model (basal level). (C) Comparison between the Rad II model and the Combined II model
(middle level). (D) Comparison between the Rad III model and the Combined III model (apical level).

In our study, three clinical factors including BNP, LVEDV,
and RVEDV (all p-value < 0.05) were independent predictors
of adverse remodeling of the left ventricle. Lower BNP levels,
smaller LVEDV, and smaller RVEDV, associated with less
myocardial injury, were found in the adverse remodeling
subgroup. Giovanna et al. thought that BNP has a close
relationship with AS severity, symptoms’ development,
perioperative mortality, as well as ventricular remodeling (30).
Previous findings that advanced myocardial disease with lower
LVEF and lower GLS are associated with myocardial recovery
demonstrate the potential benefit of TAVI (9, 47, 48). We
conjectured that AS patients with serious myocardial damage
who can withstand surgical trauma and perioperative period
can acquire better benefits after the pathogenic factors are
relieved. This phenomenon may be related to the characteristics
of the patient’s own body.

Our study has a small study cohort, which may cause
models to overfit in the training dataset. To alleviate this
problem and completely use our data set, the leave-one-out
cross-validation was applied to the modeling and verification
process: one sample is taken as a validation dataset each time,
the rest is used as a training dataset to train the model, and
finally, the model was evaluated based on the validation results.
SMOTE has not been used in our research to improve the
distribution balance between groups. On the one hand, leave-
one-out cross-validation was adopted in our models, and when
newly amplified data through SMOTE was used as a validation
set, the training set has the original data corresponding to
the amplified data, which is equivalent to leaking part of
the results to the artificial Intelligence in advance. On the
other hand, in the research of D. Alis et al., there were
similar problems of small sample size and uneven grouping,
and their radiomic models with or without SMOTE showed
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excellent and comparable diagnostic effectiveness in ventricular
tachyarrhythmia assessment with AUCs of 0.91 and 0.92,
respectively (43). Therefore, we suggest that it is not a trivial
step to solve the uneven distribution between groups in our
study through SMOTE, which may have an impact on modeling.
At the same time, in order to more accurately evaluate the
predictive effectiveness of the model, we used MCC instead of F1
score or accuracy to evaluate the model to reduce the problem of
inaccuracy caused by uneven distribution between groups (30).

The following limitations in our study should be
acknowledged. First, selection bias may come from the
research nature, a retrospective study from a single center.
Second, since the acquisition method of CMR cine images is
through slice-by-slice periodic acquisition, each image in any
slice is the biological information of the myocardial tissue at
the same level but at different points in the cardiac cycle, so
our segmentation methods are to outline the left ventricle at a
separate slice. Compared with the segmentation of the complete
heart, our method may be relatively lacking in characteristic
stability. Third, our research was only conducted on enhanced
MRI images, and due to the influence of Gadolinium contrast
agents, partial characteristics of the left ventricular myocardium
may be buried. Fourth, as a result of a too small cohort, our
research cohort was both used for training and validating
models. The method of leave-one-out cross-validation was used
to minimize the risk of overfitting. Modeling methods that
have significant overfitting in the training set were excluded.
Finally, we only included symptomatic severe AS patients with
preoperative CMR, preoperative TTE and postoperative TTE
follow-up of more than 3 months, and this may have resulted
in selection bias because we excluded symptomatic severe
AS patients with no preoperative CMR and TTE or without
postoperative TTE follow-up.

5 Conclusion

The present study demonstrates that enhanced cine image-
based texture analysis using logical regression algorithms is a
promising tool for postoperative adverse remodeling prediction
in patients with symptomatic severe AS. Logical regression-
based quantitative analysis in apical slices with AUCs of 0.913
and 0.873 in training and validation groups was able to predict
postoperative adverse remodeling in patients with symptomatic
severe AS in the present study.
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Background: Coronary microvascular dysfunction (CMD) is an early character of type

2 diabetes mellitus (T2DM), and is indicative of adverse events. The present study

aimed to validate the performance of the stress T1 mapping technique on cardiac

magnetic resonance (CMR) for identifying CMD from a histopathologic perspective

and to establish the time course of CMD-related parameters in a rabbit model of

T2DM.

Methods: New Zealand white rabbits (n = 30) were randomly divided into a control

(n = 8), T2DM 5-week (n = 6), T2DM 10-week (n = 9), and T2DM 15-week

(n = 7) groups. The CMR protocol included rest and adenosine triphosphate (ATP)

stress T1-mapping imaging using the 5b(20b)3b-modified look-locker inversion-

recovery (MOLLI) schema to quantify stress T1 response (stress 1T1), and first-pass

perfusion CMR to quantify myocardial perfusion reserve index (MPRI). After the CMR

imaging, myocardial tissue was subjected to hematoxylin-eosin staining to evaluate

pathological changes, Masson trichrome staining to measure collagen volume

fraction (CVF), and CD31 staining to measure microvascular density (MVD). The

associations between CMR parameters and pathological findings were determined

using Pearson correlation analysis.

Results: The stress 1T1 values were 6.21 ± 0.59%, 4.88 ± 0.49%, 3.80 ± 0.40%,

and 3.06 ± 0.54% in the control, T2DM 5-week, 10-week, and 15-week groups,

respectively (p < 0.001) and were progressively weakened with longer duration of

T2DM. Furthermore, a significant correlation was demonstrated between the stress

1T1 vs. CVF and MVD (r = −0.562 and 0.886, respectively; p < 0.001).

Conclusion: The stress T1 response correlated well with the histopathologic

measures in T2DM rabbits, indicating that it may serve as a sensitive CMD-related

indicator in early T2DM.

KEYWORDS

adenosine triphosphate, cardiovascular magnetic resonance, coronary microvascular
dysfunction, microvascular density, T1-mapping, type 2 diabetes mellitus
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Introduction

Type 2 diabetes mellitus (T2DM) directly affects the
myocardium structure and function and increases the risk of
adverse cardiovascular events, even in the absence of hypertension or
coronary artery disease (CAD) (1–4). Coronary microvascular
dysfunction (CMD), featuring pathologically diminished
microvascular dilation capacity in response to increased demand, is
prevalent in T2DM and predisposes to increased risk of more severe
cardiovascular events (5–7). A previous study reported comparable
cardiac mortality for individuals with obstructive CAD and those
with non-obstructive CAD but impaired coronary vascular function
among T2DM patients (8). Therefore, accurate diagnosis of CMD is
crucial in guiding clinical management. Currently, indices such as
reduced coronary flow reserve (CFR) and microcirculatory resistance
index (IMR) are performed to identify CMD (9–11); however, both
techniques often require invasive angiography.

The non-contrast stress T1 mapping on CMR has recently
been demonstrated to accurately depict myocardial ischemia and
microvascular dysfunction (12–15). Myocardial T1 values, as
measured by T1-mapping, are elevated in conditions linked to
increased myocardial water content (16, 17), which may be of
intracellular or extracellular origin, including the interstitial and
intravascular compartments (18). Stress T1 response (stress 1T1)
is defined as the percentage increase in native T1 values from rest
to vasodilation stress, capable of reflecting subtle alternations in
myocardial blood volume (MBV) (9, 19). Previous studies have
shown that the stress 1T1 was impaired in patients with myocardial
ischemia in the absence of obstructive CAD (15, 20). Although
a correlation between T1 response and microcirculation function
has been proven, it remains to be explored that whether CMR T1
mapping technique can reflect microvascular structural alterations
related to T2DM.

In this study, we sought to evaluate the histopathologic
alternations relevant to CMD in a T2DM rabbit model more
comprehensively, and validate the efficiency of the stress T1 response
to adenosine triphosphate (ATP) acquired using T1 mapping at
three Tesla CMR for identifying CMD against histopathologic
features. Additionally, changing trends of CMD-related parameters
were observed by comparing the CMR indices and histopathologic
findings among the T2DM rabbits.

Materials and methods

Experimental model

All experimental protocols were approved by the Laboratory
Animal Welfare and Ethics Committee of the Army Military Medical
University in Chongqing, China. New Zealand white rabbits (n = 38)
with an average weight of 2.5 kg were randomly assigned to four
groups: Control (n = 8), T2DM 5 weeks (n = 10), T2DM 10 weeks
(n = 10), and T2DM 15 weeks (n = 10). Rabbits in the T2DM group
were fed a high-fat diet (HFD) for 8 weeks and given a single injection
of alloxan (100 mg/kg; APE x BIO, America) into the ear vein after
fasting for 12 h, followed by administration of 5% glucose over 12 h to
avoid insulin shock and a continuous supply of HFD and liquids. The
same dose of saline was injected into the rabbits of the control group.

Animals with fasting blood glucose values higher than 11.1 mmol/L
for more than three successive weeks were considered successful.

Cardiac magnetic resonance protocol

Images were acquired on a 3.0-Tesla MR scanner (MAGNETOM
Trio, Siemens Healthineers, Erlangen, Germany) equipped with
a commercially 8-channel Rabbit Cardiac coil (Suzhou Medcoil
Healthcare, Jiangsu Province, China) and ECG gating. The rabbits
were anesthetized with 30–40 mg/kg of pentobarbital to reduce heart
rate and basal metabolic rate. Animals were fasted for 12 h prior to
scanning and an intravenous channel was opened in the ear vein.

Cardiac magnetic resonance protocol is shown in Figure 1. Left
ventricle (LV) long-axis images and a stack of successive short-axis
slices covering the entire LV were obtained with balanced steady-
state free precession (bSSFP) sequence. For myocardial T1 mapping,
an optimized bSSFP-based modified Look-Locker inversion recovery
(MOLLI) with a 5b(20b)3b schema was adopted to minimize heart
rate dependency, as previously described (21, 22). The detailed
scanning parameters were previously described (22). Briefly, T1-
maps were obtained at rest and during peak vasodilator stress
(ATP; intravenous at 140–210 µg/kg/min for at least 3 min) in the
mid-ventricular short-axis slice (23, 24). Stress first-pass perfusion
imaging was performed on matching short-axis slice to the T1-
maps during peak stress with an intravenous bolus of gadolinium
(0.2 mmol/kg; Dotarem, Guerbet, BP7400, F95943, Roissy CdG
Cedex, France) as previously described (22). Resting perfusion images
were acquired at least 10 min after stopping ATP.

In this study, the minimum threshold of stress was defined as
the following criterion: Heart rate (HR) increases of at least 10 beats
per minute. HRs were observed at 1-min intervals beginning with
the third minute using a 3-lead electrocardiogram (ECG). When
the above criteria were met, stress first-pass perfusion imaging was
immediately performed. If the alteration in heart rate was insufficient,
a subsequent 50% increased infusion rate would be given to achieve
an appropriate hemodynamic response.

Cardiac magnetic resonance image
analysis

All scans were anonymized and analyzed offline by blinded
observers. Short-axis cine images were used to acquire conventional
cardiac function parameters by drawing epi-and endocardial
contours using the commercial post-processing software cvi42 (Circle
Cardiovascular Imaging Inc., Calgary, Alberta, Canada) (25). For
rest and stress T1-map quantification, regions of interest (ROI) were
manually localized within the myocardium of the interventricular
septum as previously described (22). ROIs were carefully matched
between rest and stress T1-map images. Stress T1 reactivity was
presented in% as: (T1 stress–T1 rest)÷T1 rest × 100 (Figure 2).
The intra- and interobserver variability of the rest- and stress T1
measurement were analyzed.

For perfusion analysis, all ATP-induced stress perfusion images
were systematically screened by two experienced radiologists for the
presence or absence of perfusion defects to rule out potential CAD, as
described in previous studies (26). Perfusion defects were identified
positive when a perfusion delay persisted for at least five consecutive
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FIGURE 1

Timeline for CMR scan protocol. CMR, cardiac magnetic resonance.

FIGURE 2

Schematic representation of rest and stress T1 maps. A control rabbit with a resting T1 map, 1,355 ms (A) and corresponding stress T1 map, 1,445 ms (B);
A 5-week T2DM rabbit with a resting T1 map, 1,321 ms (C) and corresponding stress T1 map, 1,379 ms (D); A 10-week T2DM rabbit with a resting T1 map,
1,378 ms (E) and corresponding stress T1 map, 1,426 ms (F); A 15-week T2DM rabbit with a resting T1 map, 1,429 ms (G) and corresponding stress T1
map, 1,469 ms (H). Values in the graphs indicate the median T1 values of myocardial interventricular septum. T2DM, type 2 diabetes mellitus.

phases in at least one segment or more on stress perfusion images.
Furtherly, signal intensity curves were reconstructed by manually
sketching endocardial and epicardial contours to yield MPRI. MPRI
was defined as the ratio of stress to the rest upslope, normalized to the
blood-pooled time–signal intensity curve (27).

Biomedical measurements

Blood was obtained by lateral ear vein prick of conscious
rabbits at the end of experiments. Fasting blood glucose and
lipid profiles, including triglycerides, total cholesterol (TC), high-
density lipoprotein (HDL), and low-density lipoprotein (LDL) were
measured with a fully automated biochemical analyzer (Shenzhen
Meizu Biomedical Electronics Co., Ltd, China). Insulin was
measured by ELISA kits (Rexin Biologicals, China). Myocardium
tissues of the interventricular septum were weighted and
homogenized in an appropriate buffer using an electrical
homogenizer. The tissue homogenates (10% mass concentration)
were centrifuged at 10,000 rpm for 10 min at 4◦C and supernatants
were separated. Finally, the oxidative stress indicators were
measured accordingly, including the level of nitric oxide (NO) and

malondialdehyde (MDA), as well as the expression of glutathione
peroxide (GSH-PX) and superoxide dismutase (SOD), by using
commercially available kits (Nanjing Jiancheng Corp., Nanjing,
China).

Histopathologic analysis

After MR scanning, hearts were harvested for histological
analysis as previously described (22). Briefly, hearts were formalin-
fixed and subsequently sectioned across their myocardium of the
interventricular septum, matching the ROIs extracted from T1 maps.
These sections were subjected to hematoxylin-eosin (H&E), Masson’s
trichrome, and CD31 staining, respectively. Microvascular density
(MVD) and collagen volume fraction (CVF) were quantified as
previously described (22, 28), using Image-Pro Plus 6.0 analysis
software (Media Cybernetics, Silver Spring, MD). Briefly, the stained
sections were screened at 40 magnification to identify the areas
of highest CD31-positive vessel density and these areas were then
counted at 200 magnification in six random fields for each animal
model. The number of microvessels in each field was determined and
expressed as the MVD. The CVF was calculated as the mean collagen
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content in six randomly selected fields (magnification ×200) of the
Masson’s trichrome-stained sections (CVF = total collagen area÷the
total image area). Histopathologic findings were analyzed by two
pathologists with more than 5 years working experience.

In addition, a piece of left ventricular apical tissue, approximately
1 mm × 1 mm × 1 mm in volume, was placed in 3% glutaraldehyde
and fixed in 1% osmium acid, dehydrated in acetone, replaced
with propylene oxide, embedded in epoxy resin, and sectioned to
observe the ultrastructure of the myocardium under transmission
electron microscopy.

Statistical analysis

Analysis was conducted using GraphPad Prism (version 6.01,
GraphPad Software, Inc., La Jolla, California, USA) and MedCalc
(version 13.3.3.0, MedCalc Software, Ostend, Belgium). Data are
presented as mean ± SD for all parametric data and were checked for
normality using the Shapiro–Wilks test. Differences between groups
were performed using one-way analysis of variance (ANOVA) tests.
When appropriate multiple comparisons were adjusted for using the
Tukey method. Correlations between variables were analyzed using
the Pearson (bivariate) correlation. Intraclass correlation coefficients
(ICC) were calculated to assess intra- and interobserver variation. For
all statistics a p < 0.05 was considered statistically significant.

Results

A flowchart of the study design is shown in Figure 3. In the
T2DM group, three rabbits died within 24 h of receiving the alloxan
injection, and four rabbits gradually returned to normal blood
glucose levels, and one rabbit was excluded due to poor image quality
during CMR. Thus, a total of 30 rabbits have been included in
the analysis: Eight control rabbits, six 5-week T2DM rabbits, nine
10-week T2DM rabbits, and seven 15-week T2DM rabbits.

Biochemical parameters

As shown in Table 1, fasting blood glucose, insulin, and insulin
resistance index levels in T2DM rabbits were significantly higher than
those in the control group (p < 0.001). Additionally, triglycerides
and TC levels in the T2DM group were significantly raised compared
to the non-T2DM group (p < 0.001), but there were no significant
differences among the groups for serum HDL or LDL levels (p = 0.281
and 0.359, respectively).

The changes of myocardial oxidative stress parameters in rabbits
are shown in Table 1. Compared with controls, significant decreases
in NO, SOD, and GSH-PX concentrations were observed in T2DM
rabbits (p = 0.005, 0.001, and 0.023, respectively), while MDA
increased significantly (p = 0.015).

Cardiac function data

The measured cardiac function parameters are presented in
Table 2. ESV was significantly increased in T2DM 10 week and T2DM
15-week groups compared to controls. But there were no significant
differences in EF, EDV, SV, or CO between groups.

Histologic results

A representative image to illustrate the histopathological
alterations in each of the four groups (control, T2DM 5 weeks,
10 weeks, and 15 weeks) is displayed in Figure 4. Myocardial fibers
in the control group were regularly arrayed and cardiomyocytes
exhibited morphological normality. In contrast, the rabbits in the
T2DM groups demonstrated disarranged and elongated myocardial
fibers, as well as cellular oedema. In addition, electron microscopy
shows slight swelling of the mitochondria in T2DM rabbits
(Supplementary Figure 1).

The average MVD values among the four groups were
28.18 ± 3.97 for control, 19.50 ± 3.37 for T2DM 5 weeks, 15.39 ± 2.72
for T2DM 10 weeks, and 10.75 ± 1.67 for T2DM 15 weeks. In the
T2DM groups, a longer duration of diabetes resulted in a lower
MVD (Control vs. T2DM 5 weeks, p < 0.001; T2DM 10 weeks
vs. T2DM 15 weeks, p = 0.028, Figure 4). Although there was no
statistical difference in MVD between T2DM 5 weeks and T2DM
10 weeks groups (p = 0.075), it was trending downward in the
latter. Further, the severity of diffuse interstitial fibrosis as well as
perivascular fibrosis increased as the increased duration of diabetes in
the T2DM groups, as confirmed by Masson trichrome staining. The
CVF values in the control, T2DM 5 weeks, 10 weeks, and 15 weeks
were 0.58 ± 0.56%, 1.79 ± 1.14%, 4.02 ± 1.32%, and 8.28 ± 4.83%,
respectively (p < 0.001). The mean CVF in group 10 weeks (p = 0.041)
and 15 weeks (p < 0.001) were significantly higher than in control
rabbits (Figure 4).

T1-mapping Analysis and its relation to
pathology

Rest- and stress- T1 values are shown in Table 2. The rest- and
stress- T1 values in group T2DM 15 weeks were significantly higher
compared to controls (p < 0.001), group 5 weeks (p < 0.001), and
group 10 weeks (p < 0.001), as shown in Figure 5. Stress 1T1 values
were 6.21 ± 0.59%, 4.88 ± 0.49%, 3.80 ± 0.40%, and 3.06 ± 0.54%
in control, T2DM 5-week, 10-week, and 15-week groups, respectively
(p < 0.001) and were significantly attenuated in T2DM rabbits with
a longer duration of diabetes (Control vs. T2DM 5 weeks, P < 0.001;
T2DM 5 weeks vs. T2DM 10 weeks, P = 0.002; and T2DM 10 weeks
vs. T2DM 15 weeks, P = 0.036, Figure 5). Besides, the MPRI value
in group T2DM 15 weeks was lower compared to group 5 weeks
(p = 0.006).

The Bland–Altman plotting of rest and stress T1 mapping were
shown in Supplementary Figure 2. The ICC coefficients indicated a
high degree of consistency for inter- and intra-observer assessments
(ICC = 0.800 and 0.839, respectively; p < 0.001).

As illustrated in Figure 6, the rest T1 value exhibited a moderate
correlation with MVD (r = –0.577, p < 0.001) and CVF (r = 0.502,
p = 0.007), whereas no significant correlations were observed between
stress T1 value against MVD (r = –0.226, p = 0.210) and CVF
(r = 0.310, p = 0.094). In addition, stress 1T1 showed a high
correlation with MVD (r = 0.886, p < 0.001) and a moderate
correlation with CVF (r = −0.562, p = 0.001).
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FIGURE 3

Flowchart of the study design. CMR, cardiac magnetic resonance.

TABLE 1 Biochemical parameters in controls vs. T2DM groups.

Control group T2DM 5 weeks T2DM 10 weeks T2DM 15 weeks P-value

Glucose, mmol/L 5.71 ± 0.96 20.82 ± 8.47* 17.93 ± 7.73* 28.74 ± 8.01*‡ <0.001

Insulin, mU/ml 12.09 ± 0.49 23.23 ± 6.28* 19.15 ± 1.51* 18.02 ± 1.16* <0.001

Insulin resistance index 3.17 ± 0.60 23.18 ± 10.12* 14.29 ± 5.42* 25.91 ± 2.00*‡ <0.001

Blood lipid profile

Triglycerides, mmol/L 1.04 ± 0.15 7.65 ± 1.98* 6.65 ± 1.13* 5.19 ± 1.79*† <0.001

Total cholesterol, mmol/L 1.15 ± 0.22 27.69 ± 8.38* 22.99 ± 9.84* 26.06 ± 11.41* <0.001

HDL, mmol/L 0.52 ± 0.10 0.49 ± 0.09 0.49 ± 0.12 0.47 ± 0.09 0.836

LDL, mmol/L 0.36 ± 0.11 0.44 ± 0.07 0.35 ± 0.08 0.39 ± 0.10 0.888

Oxidative stress

NO, µmol/L 0.84 ± 0.90 0.22 ± 0.08* 0.23 ± 0.10* 0.23 ± 0.10* 0.005

SOD, U/mg protein 6.43 ± 2.40 3.00 ± 1.12* 2.99 ± 0.88* 2.72 ± 1.50* <0.001

GSH-PX, U/mg protein 105.80 ± 38.72 57.28 ± 27.58* 77.78 ± 13.05* 68.28 ± 23.80* 0.023

MDA, nmol/mg protein 0.46 ± 0.16 1.96 ± 0.91* 1.86 ± 1.08* 1.63 ± 0.40* 0.015

GSH-PX, glutathione peroxide; HDL, high density lipoprotein; LDL, low density lipoprotein; MDA, malondialdehyde; NO, nitric oxide; SOD, superoxide dismutase; T2DM, type 2 diabetes mellitus.
Values are mean ± SD.
*P < 0.01 compared with control subjects.
†P < 0.01 compared with T2DM 5 weeks subjects.
‡P < 0.01 compared with T2DM 10 weeks subjects.

Discussion

Recently, the use of stress T1 mapping on CMR to determine
CMD among T2DM individuals has attracted increasing attention
(29). Although previous studies have confirmed the stress T1
response can serve as an imaging marker to observe abnormal
microvascular function, histopathology studies are still lacking and
the potential mechanism underlying this technique remains to be

elucidated. Our study performed serial assessments against histologic
analysis at various time points in an animal model of T2DM, and the
variations in CMR were compared with histological results. The main
findings of this study were:

(1) Stress 1T1 obtained from T1 mapping was significantly related
to histopathologic measures, including MVD and CVF;
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TABLE 2 Cardiovascular magnetic resonance results in controls vs. T2DM groups.

Control group T2DM 5 weeks T2DM 10 weeks T2DM 15 weeks P-value

EF (%) 53.87 ± 4.61 52.48 ± 4.08 51.7 ± 2.12 50.79 ± 2.04 0.355

EDV (ml) 3.88 ± 0.66 4.42 ± 0.93 4.98 ± 1.00 4.84 ± 0.79 0.066

ESV (ml) 1.77 ± 0.245 2.11 ± 0.43 2.40 ± 0.47* 2.39 ± 0.47* 0.017

SV (ml) 2.11 ± 0.47 2.34 ± 0.55 2.58 ± 0.56 2.45 ± 0.32 0.260

CO (L/min) 0.28 ± 0.66 0.32 ± 0.08 0.34 ± 0.07 0.33 ± 0.04 0.277

Rest T1 (ms) 1,340 ± 15.5 1,340 ± 19.85 1,351 ± 21.62 1,418 ± 29.87*†‡ <0.001

Stress T1 (ms) 1,423 ± 18.51 1,406 ± 25.39 1,402 ± 22.40 1,461 ± 27.02*†‡ <0.001

MPRI 1.91 ± 0.26 2.03 ± 0.19 1.77 ± 0.16 1.63 ± 0.17† 0.007

Stress 1T1 (%) 6.21 ± 0.59 4.88 ± 0.49* 3.88 ± 0.40*† 3.06 ± 0.54*†‡ <0.001

CO, cardiac output; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; MPRI, myocardial perfusion reserve index; SV, stroke volume; T2DM, type 2 diabetes mellitus. Values
are mean ± SD.
*P < 0.01 compared with control subjects.
†P < 0.01 compared with T2DM 5 weeks subjects.
‡P < 0.01 compared with T2DM 10 weeks subjects.

FIGURE 4

Histopathologic analysis of myocardial alterations in the interventricular septum. (A) CD31 staining (scale bars = 50 µm): With increasing durations of
T2DM, the number of micro-vessels gradually declined (red arrows). Masson staining (blue, fibrosis, red, myocardial fibers; scale bars = 50 µm); with
increasing durations of T2DM, increase in interstitial fibrosis are seen. Histological changes of heart tissue (scale bar = 50 µm). A quantitative analysis of
the (B) microvascular density (MVD) and the (C) collagen volume fraction (CVF) of six random fields at ×200 magnification. The data are expressed as the
means ± SD. HPF, high power field; T2DM, type 2 diabetes mellitus.

(2) Stress T1 responses were gradually weakened among rabbits
with a longer duration of T2DM.

Coronary microvascular dysfunction in T2DM involves a wide
range of pathophysiological changes associated with cardiomyocyte

hypertrophy (30), myocardial microvascular rarefaction (31), and
perivascular or interstitial fibrosis (32). Persistent exposure to
hyperglycemia, hyperlipidemia, hyperinsulinemia, and insulin
resistance can induce oxidative stress of microvascular endothelial
cells, contributing to impaired microvascular dilatation capacity
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FIGURE 5

Differences at rest vs. stress of LV myocardial T1 values between healthy controls and rabbits with T2DM (A). The myocardial T1 responses to ATP stress
(stress 1T1) (B). The data are expressed as the means ± SD. LV, left ventricular; T2DM, type 2 diabetes mellitus.

FIGURE 6

Graphs show correlation between histopathologic findings and imaging parameters derived from T1 mapping for all four groups (n = 30). (A) Rest T1
values and MVD correlation; (B) Stress T1 values and MVD correlation; (C) Stress T1 response and MVD correlation; (D) Rest T1 values and CVF correlation;
(E) Stress T1 values and CVF correlation; (F) Stress T1 response and CVF correlation. CVF: collagen volume fraction; MVD: microvascular density.

due to low NO bioavailability (33–35). This study constructed a
well-developed rabbit model of T2DM, featuring elevated serum
glucose, triglyceride, cholesterol, and insulin concentrations and
a higher insulin resistance level compared with control rabbits.
Altered indicators of oxidative stress in myocardial tissue, such
as decreased NO, SOD, and GSH-PX along with increased MDA,
implied potential impairment of microvascular vasodilation capacity.
In addition, structural changes in myocardial microcirculation were
also found in T2DM rabbits in terms of diminishing microvascular
density and increased myocardial fibrosis.

Coronary microvascular dysfunction is an early feature of
diabetes (36) and has emerged as a potential contributor to
adverse cardiovascular event risk (37). Thus, early identification

of CMD might be beneficial for clinical risk assessment and
personalized therapy. It was found that the stress T1 responses were
gradually attenuated with increased duration of insulin resistance,
indicating that stress T1 mapping may be an acceptable non-
invasive surrogate to define CMD with high accuracy. The absence
of stress response seen in corresponding areas may depend on the
blunted microvascular vasodilatory reserve. In addition, this study
observed a decrease in MPRI in the 15-week group compared
to the 5-week group, while there were no significant differences
amongst the remaining groups. This could be explained by the idea
that myocardial perfusion regulation is intricate and driven by a
multitude of factors, such as blood pressure, metabolic demand,
and diastolic time (26, 38). Thus, all factors should be taken into
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comprehensive consideration when assessing MPRI, which also
implies that the sensitivity of stress perfusion based semi-quantitative
method was probably lower than that of stress T1 mapping in
reflecting subtle changes for microvascular blood flow during the
early stage of diabetes.

Well-defined correlations between stress T1 response and
pathologic measurements of MVD and CVF were verified, revealing
that the abnormalities in microvascular vasodilatory function are
associated with myocardial structural changes in CMD rabbits.
Although the rest and stress T1 values in the current study did
not differ significantly from controls until week 15, the changes in
T1 values began to decline immediately at week 5. Microvascular
dysfunction has been shown to be a significant contributor to overt
cardiac dysfunction, such as increased LV mass, concentric geometry,
and early preclinical systolic and diastolic dysfunction; thus, the stress
T1 response may serve as a clinically viable indicator for improving
coronary microvascular in the early stages of diabetes/prediabetes.
In addition, two different types of microvascular dysfunction have
been defined: Functional CMD primarily driven by elevated resting
blood flow in the presence of normal IMR and structural CMD caused
by increased microvascular resistance (39), both of which reflect
impaired coronary flow reserve in diabetic patients (40). Although
the above studies provide a new insight into CMD, structural
CMD is indirectly determined based on hemodynamic indices from
percutaneous coronary angiography (PCI) or echocardiography. In
the present study, microcirculatory structural changes in T2DM
rabbits were shown through histopathological analysis and found
to be closely related to the stress T1 response. However, due to the
complexity of the myocardial microcirculation, the theory of whether
functional CMD is a precursor to structural pathologies has not yet
been proven, requiring thorough exploration in the future.

In this study, there was a moderate correlation between rest T1
value and CVF, and an increase in CVF was consistent with the
raised rest T1 value in the 15-week T2DM group. These results are
consistent with prior studies which reported that rest T1 mapping can
detect diffuse myocardial interstitial fibrosis (41, 42). Besides, another
association was found between rest T1 value and MVD, which may
be related to inflammation-induced microvascular rarefaction (43).
The number of micro-vessels decreases with the development of
inflammation and edema, as evidenced by an increase in T1 value
(44). However, the rest T1 value results from a combination of factors,
and lipid deposition, in turn, leads to a shorter T1 relaxion time (45),
so an investigation is needed to determine whether T1 mapping can
reflect myocardial microcirculation statue.

It’s discovered that the T1 values reported in this study are
a bit higher than what is normally reported for a standard
MOLLI sequence on a three T system, for the following potential
explanations. It is commonly established that the heart-rate-
dependent sampling scheme is helpful for avoiding underestimation
of T1 times. For the purpose of our study, the MOLLI sequence’s
acquisition interval was raised to 20 cardiac cycles in order to
ensure full longitudinal magnetization recovery during the break
between two acquisition blocks at higher heart rates. Zhao et al.
employed the optimized MOLLI sequence among the AF patients
and found that the mean myocardial T1 values in the population
cohort were 1311.00 ms ± 44.5, a result consistent with our study’s
(21). Additionally, by establishing a diabetic rabbit model, Zeng
et al. measured the mean native T1 value in the myocardium of
the interventricular septum at mid-SAX as 1,309 ms ± 91 and
1,324 ms ± 75 in the DM 6 months and 9 months groups,

respectively, with a broader variety (46). In an animal study involving
porcine as a model, the native T1 values of infarcted myocardium
even reached 1,637 ms ± 123 and 1,471 ms ± 98 in the subacute vs.
chronic phases, respectively (47). It is speculated that the elevation
of T1 relaxation time may be associated with diffuse myocardial
interstitial fibrosis and oedema, as verified by the pathological image
presented in our study. The exact causes for T1 elevation in the
animal study are yet to be elucidated.

Limitations

The current study is subject to several limitations. First, although
we optimized the T1 mapping sequence parameters by increasing
the interval time from 3 to 20 cardiac cycles to complete the
recovery of T1 longitudinal relaxation, image quality was inevitably
affected, resulting in a slightly higher T1 value. Second, microvascular
vasodilation mediated by ATP is non-endothelium-dependent. We
cannot exclude the fact that endothelium-dependent abnormalities in
coronary blood flow may influence the study results. Third, although
we determined the correlation of the stress T1 response derived from
CMR with pathological parameters, IMR and CFR obtained from PCI
were not measured. Finally, this study was implemented on an animal
model with a small sample size, and further validation with a larger
T2DM cohort is needed in the future.

Conclusion

In conclusion, our results indicate that stress T1 responses
determined by CMR T1 mapping correlate well with histopathologic
measures in T2DM rabbits and may be utilized as a sensitive tool for
the evaluation of CMD-related myocardial damage in early T2DM.
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The major factor of left ventricular 
systolic dysfunction in patients with 
cardiac amyloidosis: Amyloid 
overload or microcirculation 
impairment?
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China, 3 MR Collaboration, Siemens Healthineers Ltd., Shanghai, China

Purpose: Amyloid overload and microcirculation impairment are both detrimental 
to left ventricular (LV) systolic function, while it is not clear which factor dominates 
LV functional remodeling in patients with cardiac amyloidosis (CA). The purpose of 
this study was to investigate the major factor of LV systolic dysfunction using cardiac 
magnetic resonance imaging.

Materials and methods: Forty CA patients and 20 healthy controls were included 
in this study. The CA group was divided into two subgroups by the left ventricular 
ejection fraction (LVEF): patients with reduced LVEF (LVEF < 50%, rLVEF), and patients 
with preserved LVEF (LVEF ≥ 50%, pLVEF). The scanning sequences included cine, 
native and post-contrast T1 mapping, rest first-pass perfusion and late gadolinium 
enhancement. Perfusion and mapping parameters were compared among the three 
groups. Correlation analysis was performed to evaluate the relationship between LVEF 
and mapping parameters, as well as the relationship between LVEF and perfusion 
parameters.

Results: Remarkably higher native T1 value was observed in the rLVEF patients than 
the pLVEF patients (1442.2 ± 85.8 ms vs. 1407.0 ± 93.9 ms, adjusted p = 0.001). The pLVEF 
patients showed significantly lower slope dividing baseline signal intensity (slope%BL; 
rLVEF vs. pLVEF, 55.1 ± 31.0 vs. 46.2 ± 22.3, adjusted p = 0.001) and a lower maximal 
signal intensity subtracting baseline signal intensity (MaxSI-BL; rLVEF vs. pLVEF, 
43.5 ± 23.9 vs. 37.0 ± 18.6, adjusted p = 0.003) compared to the rLVEF patients. CA 
patients required more time to reach the maximal signal intensity than the controls 
did (all adjusted p < 0.01). There was no significant correlation between LVEF and 
first-pass perfusion parameters, while significant negative correlation was observed 
between LVEF and native T1 (r = −0.434, p = 0.005) in CA patients.

Conclusion: Amyloid overload in the myocardial interstitium may be the major factor 
of LV systolic dysfunction in CA patients, other than microcirculation impairment.

KEYWORDS

cardiac amyloidosis, magnetic resonance imaging, left ventricular systolic dysfunction, 
amyloid overload, microcirculation impairment

TYPE Original Research
PUBLISHED 26 January 2023
DOI 10.3389/fcvm.2023.1096130

OPEN ACCESS

EDITED BY

Ting Liu,  
The First Affiliated Hospital of  
China Medical University,  
China

REVIEWED BY

Shihua Zhao,  
Chinese Academy of Medical Sciences and 
Peking Union Medical College,  
China
Lianggeng Gong,  
Second Affiliated Hospital of  
Nanchang University,  
China

*CORRESPONDENCE

Lu Huang  
 tj_lhuang@hust.edu.cn

Liming Xia  
 xialiming2017@outlook.com

SPECIALTY SECTION

This article was submitted to  
Cardiovascular Imaging,  
a section of the journal  
Frontiers in Cardiovascular Medicine

RECEIVED 11 November 2022
ACCEPTED 12 January 2023
PUBLISHED 26 January 2023

CITATION

Lu J, Zhao P, Qiao J, Yang Z, Tang D, Zhou X, 
Huang L and Xia L (2023) The major factor of 
left ventricular systolic dysfunction in patients 
with cardiac amyloidosis: Amyloid overload or 
microcirculation impairment?
Front. Cardiovasc. Med. 10:1096130.
doi: 10.3389/fcvm.2023.1096130

COPYRIGHT

© 2023 Lu, Zhao, Qiao, Yang, Tang, Zhou, 
Huang and Xia. 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.

132

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1096130&domain=pdf&date_stamp=2023-01-26
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1096130/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1096130/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1096130/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1096130/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1096130/full
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2023.1096130
mailto:tj_lhuang@hust.edu.cn
mailto:xialiming2017@outlook.com
https://doi.org/10.3389/fcvm.2023.1096130
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Lu et al. 10.3389/fcvm.2023.1096130

Frontiers in Cardiovascular Medicine 02 frontiersin.org

Introduction

Systemic amyloidosis is a disease caused by insoluble, toxic amyloid 
precursor protein deposited in human tissues (1). Up to 50% of systemic 
amyloidosis patients suffer cardiac involvement in the course of the 
disease (2). The most common cardiac amyloidosis (CA) types are 
immunoglobulin light-chain amyloidosis (AL) and transthyretin 
amyloidosis (ATTR) (3, 4). Both AL and ATTR can result in progressive 
infiltration of amyloid fibrin in the heart, including extracellular matrix 
of the myocardium and coronary artery system, which damages the 
structure of the myocardium and vascular wall, then cardiac 
function (5).

Echocardiography is often used to monitor the cardiac morphology 
and function, but its application is limited due to its insufficient ability 
to evaluate the myocardial tissue. Cardiac magnetic resonance (CMR) 
imaging is not only the reference standard for noninvasive assessment 
of cardiac morphology and function (6), but also advantageous in 
quantitative myocardial tissue characterization by parametric mapping 
techniques, which compensates for the deficiency of traditional 
echocardiography. Extracellular volume (ECV) fraction, calculated by 
native T1 and post-contrast T1 values, represents the volume proportion 
occupied by non-cardiomyocyte components (7). As a result of the 
deposition of interstitial amyloid fibrin and its cytotoxic effect, the 
increased native T1 and ECV have been reported (8, 9), which reflect 
the degree of amyloid overload (10, 11). Furthermore, the rest first-pass 
perfusion sequence of CMR can semi-quantitatively evaluate myocardial 
perfusion, reflected by parameters as slope, maximal signal intensity 
(MaxSI), and time to maximal signal intensity (TTM). In addition, late 
gadolinium enhancement (LGE) images in CA patients are frequently 
positive, and the distinctive pattern is subendocardial or transmural 
dust-like enhancement (12).

Heart failure with preserved ejection fraction (HFpEF) is a common 
manifestation of CA patients, and ultimately progress to heart failure 
with reduced ejection fraction (HFrEF). Chest pain symptom may 
present in a proportion of CA patients without significant coronary 
arteries stenosis (<50%) by angiography, and the microcirculation 
impairment of CA patients was previously reported (13–16). In severe 
cases, it can lead to filling defect on first-pass perfusion images (17, 18). 
Amyloid overload and microcirculation impairment can both negatively 
affect left ventricular (LV) function, they represent two distinct 
mechanisms and pathways. Currently, it is not clear which factor 
dominates LV functional remodeling in CA patients, and few previous 
studies focused on patients’ myocardial perfusion. Accordingly, the 
purpose of our study is to evaluate amyloid overload and 
microcirculation perfusion of CA patients, and to further investigate the 
question of which factor, amyloid overload or microcirculation 
impairment, dominates the LV systolic dysfunction.

Materials and methods

Study population

Our study was approved by the Institutional Review Board of our 
hospital, and informed consent was waived due to the 
retrospective design.

Patients confirmed CA who underwent CMR examinations in our 
department from January 2016 to March 2021 were retrospectively 
enrolled. Inclusion criteria were as follows (19): (1) a biopsy of the heart 

or extracardiac tissue (kidney, fat, and bone marrow) with a 
demonstration of positive Congo red staining and apple green appeared 
under polarization, and (2) typical cardiac amyloidosis features on 
CMR images. Exclusion criteria included (1) typical myocardial 
infarction images on LGE, or coronary angiography indicated 
significant epicardial coronary artery stenosis (≥ 50%), or (2) history of 
myocarditis or other cardiomyopathies, or (3) poor image 
quality of CMR.

According to LVEF, CA patients were divided into two subgroups: 
CA with reduced LVEF (rLVEF, LVEF < 50%), and CA with preserved 
LVEF (pLVEF, LVEF ≥ 50%). We also included 20 healthy controls with 
matched sex and age, who were selected from our database of healthy 
volunteers (20). None of them had history or symptom of cardiovascular 
diseases, with normal electrocardiography, echocardiography 
and CMR.

Patients’ clinical history, the symptom-CMR interval (the time 
interval from the onset of heart failure symptoms to the first CMR 
examination) and serological examinations, were collected from digital 
medical record system.

Cardiac magnetic resonance examination

All patients underwent CMR examinations on a 3T MR scanner 
(MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany). 
CMR scanning protocols included cine, T1 mapping (native and 
post-contrast), rest first-pass perfusion and LGE. Cine images were 
acquired in 4-chamber and short-axis slices using a steady-state free 
precession sequence on the end-expiratory breath-hold (field of view 
[FOV]: 360 mm × 360 mm; repetition time [TR]/time to echo [TE]/
flip angle: 2.5 ms/1.4 ms/55°; slice thickness: 8 mm; voxel size: 
1.9 mm × 1.9 mm × 8.0 mm; bandwidth: 965 Hz/pixel). Native and 
post-contrast T1 mapping images were acquired using a single 
breath-hold MOLLI sequence with 5b(3b)3b (b for heartbeat) and 
4b(1b)3b(1b)2b acquisition schema, respectively (TR/TE/flip angle: 
3.8 ms/1.2 ms/35°; voxel size: 1.4 mm × 1.4 mm × 5.0 mm, slice 
thickness: 5 mm). Rest first-pass perfusion images were acquired 
with intravenous injection of gadobenate dimeglumine (MultiHance; 
0.5 mmol/ml; Bracco, Milan, Italy) at a dose of 0.2 mmol/kg and a 
flow rate of 2.5 ml/s (TR/TE/flip angle: 2.03 ms/1.03 ms/10°; slice 
thickness: 8 mm). Three short-axis images (basal, middle, and 
apical) and one 4-chamber image were completed in 60 
cardiac cycles.

Image post-processing

All CMR images were transferred to an offline commercial cardiac 
analysis software (CVI42, Circle Cardiovascular Imaging, Calgary, 
Canada). Two radiologists (JL and JQ with 3 and 4 years of CMR 
experience respectively), performed all CMR images post-processing 
blinded to all identifying information of patients.

The endo- and epicardial contours at the end-diastolic and 
end-systolic phases on CMR cine images were automatically detected 
and manually corrected to compute the cardiac functional and 
morphologic parameters, including LVEF, cardiac output index (CI) and 
left ventricular end-diastolic and end-systolic volume index (LVEDVi, 
LVESVi), LV mass index (LVMi), as well as left ventricular end-diastolic 
maximal wall thickness (LVMWT).
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Global native T1 value, post-contrast T1 value and ECV were 
measured. The ECV calculation formula was as follow:
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In the evaluation of rest first-pass perfusion, the endo- and 
epicardial as well as blood pool contours at the basal, middle, and apical 
segments were drawn (Figure 1A). Slope, TTM, MaxSI and baseline 

signal intensity (BL) were derived from the myocardium and blood pool 
time-signal intensity curve (Figure  1B). We  used slope dividing BL 
(slope%BL), MaxSI subtracting BL (MaxSI-BL) and TTM as semi-
quantitative parameters of myocardial perfusion.

Due to the lack of contrast to normal myocardium, LGE images of 
CA patients generally had poor image quality, and quantitative 
evaluation of LGE was error-prone. We  therefore adopted a semi-
quantitative assessment method, Query Amyloid Late Enhancement 
(QALE) score system, proposed by Dungu et al. (21). Scoring details 
were provided in Figure 2. LGE images were scored by two observers (JL 
and JQ) independently. A senior radiologist (LH, with 10 years of CMR 

A B

FIGURE 1

(A) The region of interest of the rest first-pass images was plotted in the middle myocardium. The red circle represented the LV endocardial contour with 
trabeculation and papillary muscles excluded, the green circle represented the LV epicardial contour, the yellow circle represented the blood pool contour. 
(B) Slope, TTM, MaxSI and baseline signal intensity can be obtained from the time-signal intensity curve of myocardium and blood pool. The orange curve 
represents blood pool signal, and the others represent myocardial signal. TTM, time to maximum signal intensity; MaxSI, maximal signal intensity; MaxSI-BL, 
maximal signal intensity subtracting baseline signal intensity.

FIGURE 2

The QALE score system detailed grading rule. Circumferential transmural LGE is scored as 4; if there is any transmural LGE, then the score is 3. 
Circumferential subendocardial LGE is scored as 2; any subendocardial or patchy LGE is scored as 1. No LGE is scored as 0. The global left ventricular LGE 
score was calculated by adding the scores of the basal, mid-ventricular and apical segments. QALE, query amyloid late enhancement; LGE, late gadolinium 
enhancement.
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experience) was assigned to adjudicate if there was any discrepancy 
between the scores of the two observers.

Statistical analysis

Statistical analysis was performed by using IBM SPSS statistics 
version 26.0 (Chicago, IL, United States). Categorical data were reported 
in frequency (percentages), which were compared between groups using 
the Chi-square test, or the Fisher test when the expected cell count was 
less than five. Continuous data were presented as mean ± standard 
deviation (SD) or median [interquartile range]. Continuous data among 
the three groups were compared using one-way analysis of variance 
(ANOVA) or the Kruskal–Wallis test as appropriate. The Bonferroni 
correction was applied for post-hoc comparisons. For the comparison 
of some baseline clinical features of CA patients, independent t-tests and 
Mann–Whitney U-tests were applied. Correlation analysis was carried 
out using the Pearson or Spearman correlation. p < 0.05 was considered 
statistically significant.

Results

Baseline characteristics

Forty confirmed CA patients (age 59 ± 9 years old, and 65% 
male) were finally enrolled in this study, including 38 cases of AL 
and two cases of ATTR. The CA group were divided into two 
subgroups, including rLVEF (n = 18) subgroup and pLVEF (n = 22) 
subgroup. Twenty healthy controls (age 58 ± 8 years old, and 65% 

male) were also enrolled. Table 1 showed the baseline characteristics 
of all subjects. No significant difference was observed in the level of 
peak high sensitivity cardiac troponin I (hs-cTnI), the pericardial 
effusion rate, the pleural effusion rate and cardiac symptom rate 
between rLVEF patients and pLVEF patients. The level of peak 
N-terminal prohormone of brain natriuretic peptide (NT-proBNP) 
of rLVEF patients was markedly elevated compared to pLVEF 
patients (5703.5 [2682.5, 8136.5] pg/ml vs. 1659.5 [492.5, 4574.5] pg/
ml, p = 0.024).

Left ventricular morphologic and functional 
features

With respect to LV morphology, the LVEDVi and LVESVi of rLVEF 
patients were markedly higher than pLVEF patients and controls, 
however, there was no significant difference between pLVEF patients 
and controls in LV volume. The LVMWT and LVMi of CA patients were 
notably higher than that of controls (Table 2).

A deceasing trend from controls to pLVEF patients and then to 
rLVEF patients in respect of LVEF could be  observed (all adjusted 
p < 0.05). The CI of rLVEF patients was significantly decreased than that 
of pLVEF patients and controls.

Left ventricular tissue and perfusion features

As illustrated in Table 3, the LV native T1 and ECV of two CA 
groups were all markedly higher than that of the controls (all adjusted 
p < 0.001). Higher native T1 value was observed in rLVEF group than 

TABLE 1 Baseline characteristics of 40 CA patients and 20 healthy controls.

Characteristic Control (n = 20) CA with pLVEF (n = 22) CA with rLVEF (n = 18) p-Value

Age, year 58 ± 8 62 ± 8 57 ± 10§ 0.111

Male, n (%) 13 (62) 16 (73) 10 (56) 0.516

Height, m 1.65 ± 0.07 1.67 ± 0.08 1.64 ± 0.08 0.540

Weight, kg 63.9 ± 9.7 62.1 ± 9.4 60.8 ± 12.4 0.645

BSA, m2 1.70 ± 0.14 1.69 ± 0.16 1.66 ± 0.18 0.680

Heart rate, beats/min 70 ± 15 79 ± 13* 86 ± 13* 0.002

Symptom-CMR interval, month – 5 [1, 12] 6 [1.5, 11.8] –

Systolic BP, mmHg 119 ± 25 116 ± 20 114 ± 22 0.791

Diastolic BP, mmHg 77 ± 13 74 ± 14 75 ± 13 0.718

Peak level hs-cTnI, pg/ml – 71.1 [17.4, 218.1] 53.6 [23.3, 174.7] –

Peak NT-proBNP, pg/ml – 1659.5 [492.5, 4574.5] 5703.5 [2682.5, 8136.5]§ –

Hematocrit, % 39.1 ± 4.1 36.0 ± 5.5 34.4 ± 7.1* 0.037

Pericardial effusion, n (%) – 18 (82) 17 (94) –

Pleural effusion, n (%) – 18 (82) 13 (72) –

Palpitation, n (%) – 3 (14) 4 (22) –

Chest distress, n (%) – 12 (55) 13 (72) –

Chest pain, n (%) – 1 (5) 2 (11) –

E/A ratio ≥ 2.0, n (%) – 5 (23) 8 (44) –

*Compared to the control group, adjusted p < 0.05.
§Compared to the CA with pLVEF group, adjusted p < 0.05. p-Value referred to the overall comparison among three groups. 
CA, cardiac amyloidosis; rLVEF, reduced left ventricular ejection fraction; pLVEF, preserved left ventricular ejection fraction; BSA, body surface area; CMR: cardiac magnetic resonance; BP, blood 
pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide.
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pLVEF group (1442.28 ± 5.8 ms vs. 1407.0 ± 93.9 ms, adjusted p = 0.001), 
but there was no significant difference with regard to ECV and LGE 
scores between the two case groups.

The pLVEF patients exhibited a lower global slope%BL (46.2 ± 22.3 
vs. 55.1 ± 31.0, adjusted p = 0.001) and lower MaxSI-BL (37.0 ± 18.6 vs. 
43.5 ± 23.9, adjusted p = 0.003) than rLVEF patients. There was no 
significant difference in TTM between rLVEF patients and pLVEF 
patients. The TTM of CA patients was much longer than that of the 
controls (adjusted p < 0.001). No significant difference was found 
between rLVEF patients and controls with respect to Slope%BL and 
MaxSI-BL.

Representative CMR images of three groups were shown in Figure 3.

Correlation analysis

As shown in scatter plots (Figure 4), the native T1, LVEDVi and 
LVESVi presented statistically significant negative correlations with 
LVEF (all p < 0.05). Global slope%BL, MaxSI-BL, and TTM showed 
insignificant correlation with LVEF (slope%BL: r = −0.184, p = 0.255; 
MaxSI-BL: r = −0.089, p = 0.585; TTM: r = −0.024, p = 0.883).

Discussion

In this study, we used CMR to assess amyloid burden and myocardial 
microcirculation in 40 CA patients. The major findings were: (1) the 
amyloid burden of rLVEF patients was heavier than that of pLVEF 
patients, and native T1 significantly correlated with LVEF, which 
suggests that there is a tight link between the increasing of amyloid 

burden and the worsening of LV dysfunction; (2) no significant 
correlation was observed between LVEF and first-pass perfusion 
parameters, indicating that the microcirculation impairment has a 
minor role in LV dysfunction; (3) the LV functional remodeling and the 
LV morphologic remodeling of CA patients were closely related.

The most obvious finding to emerge from the present study is that 
amyloid overload is a major factor of LV systolic dysfunction in CA 
patients. Amyloid-mediated LV systolic dysfunction is secondary to 
impaired calcium handling (22). It can also produce cardiotoxicity by 
interfering with the mitochondrial membrane potential and impairing the 
lysosomal function (23, 24). The negative effect on LV systolic function is 
enhanced by the superposition of direct injury and cardiotoxicity, and the 
cardiac functional manifestation could change from HFpEF to HFrEF.

The microcirculation impairment in CA patients was found in this 
study, and we speculated that it is mainly caused by intramural small 
vessel lesions instead of epicardial coronary artery lesion. Amyloid fibrin 
deposited in endothelial cells and smooth muscle cells of small arteries 
leads to proliferation of the medial components and then to inward 
hypertrophic (25, 26). And the external compression of the vessels by 
extracellular amyloid deposition also drives perfusion impairment (27). 
The epicardial coronary artery is larger in diameter than small intramural 
blood vessels, so it is influenced by amyloid deposition to a lesser extension.

There are two unexpected findings: First, the Slope%BL and 
MaxSI-BL of rLVEF patients showed no significant difference compared 
to the controls; Second, the pLVEF patients showed worse microcirculation 
perfusion than the rLVEF patients. Some previous studies may help 
explain them. Sharma et al. (28) reported that the intramural vessel lumen 
area of CA patients was larger than that of control (CA patients vs. 
Control, 1,518 μm2 vs. 439 μm2), it was considered as a compensating 
change (positive remodeling) caused by amyloid deposition, which could 

TABLE 2 Morphologic and functional CMR data of all study groups.

Characteristic Control (n = 20) CA with pLVEF (n = 22) CA with rLVEF (n = 18) p-Value

LVEDVi, ml/m2 73.1 ± 12.5 71.2 ± 17.5 86.5 ± 23.4*,§ 0.022

LVESVi, ml/m2 23.7 ± 8.5 31.7 ± 18.8 56.5 ± 20.0*,§ <0.001

LVMWT, mm 9.7 ± 1.3 16.4 ± 3.1* 14.8 ± 2.13* <0.001

LVMi, g/m2 43.3 ± 7.8 75.5 ± 21.8* 81.9 ± 22.9* <0.001

LVEF, % 67.3 ± 10.2 59.4 ± 6.2* 35.1 ± 9.1*,§ <0.001

CI, L•min−1/m2 3.4 ± 1.0 3.3 ± 0.7 2.5 ± 0.8*,§ 0.007

*Compared to the control group, adjusted p < 0.05.
§Compared to the CA with pLVEF group, adjusted p < 0.05. p-Value referred to the overall comparison among three groups. 
CA, cardiac amyloidosis; rLVEF, reduced left ventricular ejection fraction; pLVEF, preserved left ventricular ejection fraction; CMR, cardiac magnetic resonance; LVEDVi, left ventricular end-
diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVMWT, left ventricular maximal wall thickness; LVMi, left ventricular mass index; CI, cardiac index.

TABLE 3 Rest first-pass perfusion and tissue characteristics.

Characteristic Control (n = 20) CA with pLVEF (n = 22) CA with rLVEF (n = 18) p-Value

Native T1, ms 1223.3 ± 62.6 1407.0 ± 93.9* 1442.2 ± 85.8*,§ <0.001

ECV, % 25.7 ± 3.5 47.7 ± 11.5* 46.6 ± 9.1* <0.001

LGE score – 5.7 ± 3.6 5.4 ± 3.6 –

Slope%BL 52.9 ± 17.9 46.2 ± 22.3* 55.1 ± 31.0§ <0.001

TTM, s 32.3 ± 14.9 44.9 ± 17.9* 46.2 ± 15.3* <0.001

MaxSI-BL 40.1 ± 17.2 37.0 ± 18.6 43.5 ± 23.9§ 0.003

*Compared to the control group, adjusted p < 0.05.
§Compared to the CA with pLVEF group, adjusted p < 0.05. p-Value referred to the overall comparison among three groups. 
rLVEF, reduced left ventricular ejection fraction; pLVEF, preserved left ventricular ejection fraction; ECV, extracellular volume; LGE, late gadolinium enhancement; Slope%BL, slope dividing 
baseline signal intensity; TTM, time to maximal signal intensity; MaxSI-BL, maximal signal intensity subtracting baseline signal intensity.
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be a reasonable interpretation of the first above-mentioned result. The 
positive remodeling is common with acute coronary syndrome patients, 
it relates to large plaque area and complex vessel lesions and is considered 
as a mechanism for delaying the disease progression (29, 30). As to the 
second result, the insignificant correlation between LVEF and perfusion 
parameters proposed in our study can explain it to some extent, and this 
result also reflects the possibility that the deposition of amyloid fibrin is 
locally uneven. Modesto et  al. (26) proposed that the intima-media 
thickening and dysfunction of peripheral arteries could be observed in 
primary amyloidosis patients, but the cardiac involvement was not 
necessarily accompanied. Mueller et al. performed autopsy examinations 
on 11 CA patients with severe intramural vessel obstruction but no 
significant epicardial coronary arteries stenosis. They found amyloid 
deposition in myocardial interstitium was absent in 3 of the subjects (31). 
Hosch et al. (25) performed anatomical dissection on 5 CA patients’ heart, 
found the severity of myocardial interstitial involvement was inconsistent 
with the severity of intramural vessels involvement. And CA patients with 
intramural vessels involvement only were also reported before (32).

A few previous studies focused on similar extent of the present 
research. Dorbala et  al. (15) performed quantitative analysis of 
myocardial perfusion on 21 CA patients without coronary artery 
disease using positron emission tomography (PET), their results 
revealed that CA patients had lower myocardial blood flow and 
coronary flow reserve than hypertensive LV hypertrophy patients. 
And the correlation between microcirculation perfusion and LVEF 
was insignificant, which is in accordance with the present results. Li 
et al. (16) expounded that there was a positive relationship between 
first-pass perfusion parameters and the myocardial wall thickening 
of AL patients, which is inconsistent with our results and the reasons 
could be as follow: the study population were both limited (Li: n = 32, 

this study: n = 40); and the study design were both retrospective, it is 
possible that there was a patient selection bias; what is more, the 
amyloid burden of Li’s subjects was under-explored as they did not 
include CMR mapping parameters and LGE information, which 
neglected the effect of amyloid burden on cardiac function.

Our results showed that the native T1 of rLVEF patients is higher 
than that of pLVEF patients, but there was no difference in ECV between 
the two groups. The possible explanation for this is as follows: Native T1 
reflects not only extracellular changes, but also intracellular changes. 
Myocardial edema, caused by the cardiotoxicity of amyloid fibrin, can 
lead to the elevating of native T1 value. However, the increasing in ECV 
caused by intracellular edema is almost negligible. Native T1 reflects two 
parts of pathological changes in CA patients, while ECV focuses on just 
one of them. That might be  the reason why the native T1 showed 
difference between rLVEF and pLVEF patients while ECV did not. In 
addition, the numerical value of native T1 is relatively larger than ECV, 
which may contribute native T1 a more sensitive parameter to reflect the 
amyloid load of CA patients.

The significant negative correlation between LVEF and LVEDVi/
LVESVi showed the tight link between LV functional remodeling and 
LV morphologic remodeling. The volume load gradually increases as the 
cardiac function decreases, inducing serial addition of sarcomeres to 
accommodate the greater ventricular volumes and subsequent 
ventricular dilatation (33).

Our study has several limitations. First, due to the low incidence of 
CA and the restriction of inclusion criteria, the sample of our study is 
relatively small, and more patients need to be included in the future to 
further verify the current findings. Furthermore, because of the skewed 
proportion of ATTR and AL in this study, we cannot subdivide them 
and compare the two types of CA patients.

FIGURE 3

Representative cardiac magnetic resonance plots of rLVEF patient, pLVEF patient and control. Images from left to right are end-diastolic short-axis cine, 
end-diastolic 4-chamber cine, native T1 mapping, end-diastolic first-pass perfusion and late gadolinium enhancement, respectively. All short-axis images 
are acquired in middle segment. rLVEF, reduced left ventricular ejection fraction; pLVEF, preserved left ventricular ejection fraction; sax, short-axis; 4ch, 
4-chamber; LGE, late gadolinium enhancement.
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Conclusion

The overload of amyloid fibrin in myocardial interstitium is 
significantly associated with adverse LV functional remodeling in CA 
patients, while microcirculation impairment shows no significant 
correlation with LVEF, suggesting that it may play a minor role in LV 
systolic dysfunction.
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FIGURE 4

Correlation analysis between LVEF and morphologic, perfusion and quantitative mapping parameters. *p < 0.05. (A,C,E) the correlation between LVEF and 
rest first-pass perfusion parameters, indicating the negative correlation was not statistically significant. (B) the negative correlation between LVEF and native 
T1 was statistically significant. (D,F) LVEF was significantly correlated with LV morphologic parameters. LVEF, left ventricular ejection fraction; Slope%BL, 
slope dividing baseline signal intensity; TTM, time to maximal signal intensity; MaxSI-BL, maximal signal intensity subtracting baseline signal intensity; 
LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index.
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Improved computation of 
Lagrangian tissue displacement 
and strain for cine DENSE MRI 
using a regularized spatiotemporal 
least squares method
Sona Ghadimi , Mohamad Abdi  and Frederick H. Epstein *

Department of Biomedical Engineering, University of Virginia, Charlottesville, VA, United States

Introduction: In displacement encoding with stimulated echoes (DENSE), tissue 
displacement is encoded in the signal phase such that the phase of each pixel 
in space and time provides an independent measurement of absolute tissue 
displacement. Previously for DENSE, estimation of Lagrangian displacement used 
two steps: first a spatial interpolation and, second, least squares fitting through time 
to a Fourier or polynomial model. However, there is no strong rationale for such a 
through-time model,

Methods: To compute the Lagrangian displacement field from DENSE phase 
data, a minimization problem is introduced to enforce fidelity with the acquired 
Eulerian displacement data while simultaneously providing model-independent 
regularization in space and time, enforcing only spatiotemporal smoothness. 
A regularized spatiotemporal least squares (RSTLS) method is used to solve the 
minimization problem, and RSTLS was tested using two-dimensional DENSE data 
from 71 healthy volunteers.

Results: The mean absolute percent error (MAPE) between the Lagrangian 
displacements and the corresponding Eulerian displacements was significantly 
lower for the RSTLS method vs. the two-step method for both x- and y-directions 
(0.73±0.59 vs 0.83 ±0.1, p < 0.05) and (0.75±0.66 vs 0.82 ±0.1,  p < 0.05), respectively. 
Also, peak early diastolic strain rate (PEDSR) was higher (1.81±0.58 (s-1) vs. 1.56±0. 63 
(s-1), p<0.05) and the strain rate during diastasis was lower (0.14±0.18 (s-1) vs 0.35±0.2 
(s-1), p < 0.05) for the RSTLS vs. the two-step method, with the former suggesting that 
the two-step method was over-regularized.

Discussion: The proposed RSTLS method provides more realistic measurements 
of Lagrangian displacement and strain from DENSE images without imposing 
arbitrary motion models.

KEYWORDS

DENSE, cardiac MRI, strain, segmental strain, global strain, heart

Introduction

Many myocardial strain imaging methods are referred to as “tracking” methods, such as 
speckle tracking, tag tracking, and feature tracking, as they employ image processing techniques 
to track specific patterns or image features through a time sequence of images by searching for 
the most probable correspondence from one frame to the next (1). Harmonic phase (HARP) 
imaging is also a feature-tracking method as it tracks pixels of a common phase from frame to 
frame (2). In contrast, displacement encoding with stimulated echoes (DENSE) (3) provides 
fundamentally different data than tracking-based methods, and, accordingly, displacement and 
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strain analysis of DENSE images do not involve tracking features from 
frame to frame. In cine DENSE (4), the phase of each pixel of the 
myocardium (or other tissue of interest) in space and time provides 
an independent measurement of absolute tissue displacement relative 
to the time when the initial displacement-encoding pulses were 
applied, typically upon detection of the ECG R-wave. In other words, 
DENSE intrinsically measures the Eulerian displacement of each pixel. 
To compute the Lagrangian displacement, where one can observe the 
pathline of an element of myocardium starting from the beginning of 
the cardiac cycle as it moves through time, displacement field 
estimation can be  formulated as a regularized least squares 
minimization problem seeking to find the Lagrangian displacement 
field with the least mean squared error relative to the measured 
Eulerian displacements subject to regularization to reduce the effects 
of noise in the measurements.

Previously for DENSE, Lagrangian displacement estimation used 
two steps, including a first step of spatial interpolation or application 
of a spatial model (spatial interpolation with spatial regularization) 
combined with a second step of least squares fitting through time to 
fifth-order Fourier basis functions or a polynomial model (5–10). 
Alternatively, analysis of DENSE data has used spatial interpolation or 
modeling without exploiting the time dimension, i.e., treating each 
frame independently of other frames (11). Limitations of these prior 
methods are that there are no strong rationales for particular temporal 
models such as fifth-order Fourier basis functions or polynomial 
functions and that treating the data independently from frame to 
frame does not exploit temporal information that is available to 
denoise the resulting Lagrangian displacement and strain. In the 
present study, we  develop a method to compute the Lagrangian 
displacement (and, subsequently, strain) for cine DENSE that uses a 
least squares minimization method to enforce fidelity with the 
acquired Eulerian displacement data while simultaneously providing 
model-independent regularization in space and time enforcing only 
spatiotemporal smoothness (Figure 1). Furthermore, we demonstrate 
improved quantification of cardiac mechanics using the new method 
compared to the prior two-step method using data from 
healthy subjects.

Methods

Lagrangian displacement estimation

Prior to computing the myocardial Lagrangian displacement, 
we assume that the myocardial tissue has been segmented, and if 
phase wrapping occurred, phase unwrapping would be applied such 
that for each pixel the phase is directly proportional to Eulerian tissue 
displacement. These steps may require some manual input by a user 
or may be completed automatically (12). To compute the Lagrangian 
displacement field from the Eulerian displacement field, we formulate 
a minimization problem as:

 
( ) ( ) ( )2 2 2

1argmin
f

f f f f f
L

AL E BL L Lλ µ −
 − + + − 
 

 
(1)

where Lf  is the desired Lagrangian displacement trajectory field of 
frame f, E f  is the Eulerian displacement computed directly from the 
unwrapped phase of myocardial pixels in frame f, and A  is the spatial 
bilinear interpolation matrix. B is the operator taking second derivatives 
in each spatial direction. ( ) 2

f fAL E−  enforces agreement of the 
Lagrangian displacement with the measured Eulerian displacement data, 
( ) 2

fBL  represents regularization enforcing spatial smoothness of the 
Lagrangian displacement, 2

1f fL L −−  represents regularization 
enforcing temporal smoothness of the Lagrangian displacement, and λ  
and μ are the weights for the regularization terms.

To develop a least squares solution to Eq. 1, we rewrite it as:
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where F is the total number of image frames, and we assumed 
there is no Lagrangian displacement before the first frame ( L0 0= ).

Assuming that Â is a full-rank matrix, the Lagrangian 
displacement can be computed using a least squares solution of Eq. 2 
given by Eq. 3 (refer to Appendix I for a derivation):

 
( ) ( )1ˆ ˆ ˆ ˆT T

f fL A A A E
−

=

 

(3)

The minimization problem of Eq. 1 and its solution given by Eq. 3 
are applied separately for each displacement-encoding direction when 
more than one displacement-encoding direction is employed. In the 
present study, because our datasets are from two-dimensional (2D) 
DENSE imaging, we confine our Lagrangian displacement estimations 
to 2D, although, in theory, the method should be applicable to 3D 
data. To further denoise the resulting Lagrangian displacement, Lf , 
as a final step, we apply a moving mean filter in time with a kernel size 
of three frames. In addition to denoising, this filter will also add 
temporal smoothing. More implementation details regarding A  and 
E  are provided in Appendix II.

Figure  2 shows examples of short-axis 2D Lagrangian 
displacement trajectories computed using the proposed RSTLS 
method and the prior two-step method that first applies agreement 
with the measured data and spatial regularization (Eq. 1 with µ = 0)  
and subsequently performs through-time fitting of a 10th order 
polynomial. Figure 2B shows three magnified example Lagrangian 
trajectories computed with both the two-step and RSTLS methods, 
and Figure 2C shows the same magnified trajectories projected to the 
Eulerian domain. Also shown in Figure  2C are the raw Eulerian 
trajectories (at all discrete time points) calculated directly from the 
unwrapped DENSE phase data. Example Lagrangian displacement 
movies and circumferential strain movies computed using the 
two-step method and the RSTLS method are shown in the 
supplementary presentation. These examples illustrate that RSTLS 
better captures abrupt changes in Lagrangian and Eulerian trajectories 
and shows better agreement with the raw Eulerian data whereas the 

Abbreviations: DENSE, Displacement Encoding with Stimulated Echoes; MRI, 

Magnetic resonance imaging; ECG, Electrocardiogram; LV, Left ventricular; RSTLS, 

Regularized spatiotemporal least squares; MAPE, Mean absolute percent error; 

PEDSR, Peak early diastole strain rate; Ecc, Circumferential strain.
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two-step method tends to over-smooth the Lagrangian and Eulerian 
trajectories and shows worse agreement with the raw Eulerian data.

Data acquisition protocol

For this study, we used two-dimensional (2D) short-axis cine 
DENSE MRI data acquired from 71 healthy volunteers. All CMR was 

performed in accordance with a protocol approved by the Institutional 
Review Board for Human Subjects Research at our institution, and all 
experiments were performed in accordance with relevant guidelines 
and regulations. Data were acquired using a 3 T system (Magnetom 
Prisma, Siemens, Erlangen, Germany). Cine DENSE image acquisition 
parameters included a pixel size of 3.4 mm2 × 3.4 mm2, FOV = 200 mm2 
(using outer volume suppression), slice thickness = 8 mm, a temporal 
resolution of 15 ms (with view sharing), 2D in-plane displacement 

FIGURE 1

Schematic diagrams of the proposed regularized spatiotemporal least squares method (green path) and the commonly used two-step method (red 
path) to estimate Lagrangian displacement trajectories from DENSE phase images. The input images are the segmented and phase-unwrapped x- and 
y-encoded cine DENSE phase images and the output is the left-ventricular myocardial Lagrangian displacement trajectories.

A B C

FIGURE 2

(A) An example of 2D Lagrangian displacement trajectories computed using the two-step method with a through-time polynomial function and the 
proposed regularized spatiotemporal least squares (RSTLS) method from a healthy subject. Panel (B) shows three magnified example Lagrangian 
trajectories computed with both the two-step and RSTLS methods, and panel (C) shows the same magnified trajectories projected to the Eulerian 
domain. The raw Eulerian trajectories (at all discrete time points) calculated directly from the unwrapped DENSE phase data are also shown in (C). 
These examples demonstrate that abrupt changes in trajectories are over-smoothed using the two-step method but are better depicted using the 
RSTLS method.  The Lagrangian trajectories projected into the Eulerian domain show that RSTLS maintains better agreement than the two-step 
method with the raw Eulerian measurements.
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encoding using the simple three-point method (13), displacement-
encoding frequency = 0.06 or 0.1 cycles/mm, ramped flip angle with a 
final flip angle of 15°, echo time = 1.08 or 1.26 ms, and a spiral k-space 
trajectory with 4 interleaves, providing a breath-hold scan time of 14 
heartbeats. For most volunteers, cine DENSE images were acquired at 
basal, mid-ventricular, and apical levels.

Comparison of displacement, strain, and 
strain rate computed with the two-step 
and RSTLS methods

To quantitively evaluate and compare the RSLTS and two-step 
methods, we first computed the agreement between the computed 
Lagrangian displacements and the corresponding Eulerian 
displacements obtained from DENSE unwrapped phase images for 
each frame. Specifically, the mean absolute percent error (MAPE) was 
computed as:

 
MAPE

n
E AL

Ef
i

n
i f i f

i f
( ) =

−

=
∑1

1

, ,

,  
(4)

where n is the total number of myocardial pixels in frame f, Li f,  
is the estimated Lagrangian displacement, and Ei f,  is the measured 
Eulerian displacement of pixel i in frame f. The Lagrangian 
displacement Li f,  is multiplied by the bilinear interpolation matrix 
A  to compute the Eulerian displacement. The purpose of choosing 

the percent error as opposed to the absolute error was to determine 
how close an estimated displacement is to a measured displacement 
regardless of the displacement magnitude, which differs substantially 
between various cardiac phases.

To investigate the effects of RSTLS vs. the two-step method on 
strain and strain rate, global (whole-slice) and segmental 
circumferential strain (Ecc) and strain rate curves were computed from 
Lagrangian displacements calculated using both methods. 
End-systolic strain is widely used as an important metric of systolic 
function, and strain rate is widely considered an important metric of 
diastolic function (14–16). The 2D Lagrangian finite strain tensor E 
was computed using Eq. 5
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where I is the identity matrix and F is the deformation gradient 
tensor. F represents the relationship between the myocardium in the 
undeformed configuration (first frame) and in a deformed 
configuration (e.g., a phase in cardiac systole). Let the positions of the 
myocardial points in the undeformed and deformed configurations 
be X and x, respectively. Then,
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In Eq. 6, dX is the position difference between myocardial points 
in the undeformed (first) frame, which is transformed to dx in the 
deformed frame. Each entry of this tensor ( Fij ) is defined as 
∂ ∂x Xi j and determines how the distance between any two elements 
along the jth direction in the reference configuration is projected to the 
ith direction in the deformed configuration. After computing F and E 
in the Cartesian coordinate system, strain tensors are mapped to the 
heart’s short-axis polar coordinate system using the rotation matrix 
shown in Eq.  7, in which Epolar 11,( )  is the radial (Err) and 
Epolar 2 2,( )  is the circumferential strain (Ecc).
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Once circumferential strain is calculated for all myocardial points 
and all time points, the strain rate is obtained by taking the difference 
of strain values in two consecutive frames divided by the repetition 
time (TR).

Finally, to explore how the proposed RSTLS method and the 
two-step method propagate errors in the calculation of Lagrangian 
displacement, we arbitrarily added simulated measurement errors to 
a specific pixel in various time frames and visually compared the 
resulting computed Lagrangian trajectories of that pixel to 
uncorrupted trajectories. The simulated error displacement vector 
was perpendicular to the original vector with a magnitude of 50% of 
the uncorrupted displacement vector.

Results

Figure 3A shows an example of the calculation of MAPE for the 
RSTLS and two-step methods. While the time of 330 ms represented 
end systole in this example, the highest MAPE values occurred in 
early- and late-diastolic phases, some of which have small absolute 
displacements. Using paired t-tests to compare the MAPE (averaged 
over time) for Lagrangian displacement computed using the RSTLS 
and two-step methods for displacement encoding applied in the x- 
and y-directions, Figure  3B shows that MAPE was significantly 
lower for the RSTLS method in both the x- and y-directions 
(0.73 ± 0.59 vs. 0.83 ± 0.1, p < 0.05), (0.75 ± 0.66 vs. 0.82 ± 0.1, 
p < 0.05), respectively.

Figure 4 demonstrates segmental and global Ecc strain and strain 
rate vs. time curves of a healthy volunteer. Qualitatively, it can 
be observed that RSTLS preserves the visualization of post-systolic 
shortening, which is over-smoothed by the two-step method. In 
addition, model-driven strain oscillations that are commonly 
observed in diastasis using the two-step method, related to the 
though-time polynomial fit, are avoided using the RSTLS method. To 
quantify the advantages of RSTLS vs. the two-step method for the 
analysis of diastole, we computed the peak early diastolic strain rate 
(PEDSR) and the strain rate during diastasis. For global strain and 
strain-rate data, Figure 5 shows the mean ± standard deviation of 
PEDSR and of the strain rate during diastasis. The PEDSR was higher 
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(1.81±0.58 (s-1) vs. 1.56±0. 63 (s-1), p < 0.05) and the strain rate during 
diastasis was lower (0.14±0.18 (s-1) vs 0.35±0.2 (s-1), p < 0.05) for the 
RSTLS vs. the two-step method. The higher PEDSR likely reflects less 
temporal over-smoothing, and the lower diastasis strain rate likely 
reflects the absence of model-induced oscillation artifacts for the 
RSTLS method.

Figure 6 illustrates how errors added to the specific pixel at 
different time frames propagate through the Lagrangian 
displacement calculations. Figure  6A depicts the uncorrupted 
Eulerian displacement derived from DENSE unwrapped phase 
data from one pixel at all time points. The dark blue arrow 
corresponds to the Eulerian displacement of the time frame 
selected for adding a simulated measurement error. The new 
corrupted Eulerian displacement with a simulated measurement 
error is shown in Figure 6B, where the error displacement vector 

(blue vector) is perpendicular to the original vector. Next, 
Figure 6C shows the computed Lagrangian trajectories using the 
RSTLS method without and with the simulated error (the dotted 
black line shows the uncorrupted Lagrangian trajectory and the 
solid red line shows the corrupted Lagrangian trajectory). The 
blue dots in the Lagrangian trajectories show the time point where 
the simulated error was inserted. Figure  6D is the same as 
Figure 6C, except it was generated using the two-step method 
instead of the RSLTS method for computing the Lagrangian 
trajectories. For both the two-step and RSTLS methods, these 
computations show that when errors occur, instead of leading to 
further and increasing errors through time along the trajectory, 
both methods demonstrate a self-correction property, as the 
trajectories quickly return to their uncorrupted form within just 
a few time frames after the errors were inserted.

A

B

FIGURE 3

(A) Examples of the mean absolute percentage error for the two-step and RSTLS methods as a function of time in the cardiac cycle for displacement 
measured in the x- and y-directions. The greatest percent of errors appear in early systole and early and late diastole. (B) Comparison of mean 
absolute percentage error for healthy subjects averaged over time. The graphs are plotted based on 182 slices from 71 volunteers. Error bars represent 
standard error. *p < 0.05.
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A B

C D

FIGURE 4

An example from a heathy subject comparing circumferential strain (Ecc) curves and strain rate (Ecc/s) curves computed using the two-step and RSTLS 
methods. In both segmental (A, B) and global (C, D) assessments, the RSTLS method better captures features such as post-systolic shortening, early 
diastole, and diastasis, that are over-smoothed or have oscillation artifacts when computed using the two-step method. PSS = post-systolic 
shortening, and PEDSR = peak early diastolic strain rate.

FIGURE 5

Comparison of global peak early diastolic strain rate and strain rate during diastasis for healthy subjects. The graphs are plotted based on 182 slices 
from 71 volunteers. Error bars represent standard deviations. *p < 0.05.
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Discussion

We have developed an improved approach to estimate Lagrangian 
displacement and strain from DENSE phase images that supports 
spatial and temporal regularization, enforces fidelity with the acquired 
Eulerian displacement data, and does not impose model-based 
assumptions on the displacement solution. While our experiments did 
not include a gold standard reference for measurements of cardiac 
mechanics, comparisons with the prior two-step displacement 
estimation method suggest that RSTLS provides a better depiction of 
the strain–time curve, particularly with regard to post-systolic 
shortening, early diastolic strain, and diastasis. Specifically, the 
proposed RSTLS method likely avoids temporal over-smoothing and 
model-driven oscillations. The model-driven oscillations are often 
seen in diastasis (as in Figure 4), but they can also manifest in other 
ways, such as false prestretch at the beginning of the cardiac cycle, as 
shown in Figure 7.

An important characteristic of the RSTLS method is that it 
processes spatiotemporal DENSE data in an integrated fashion, as 
opposed to separately processing the spatial and temporal data. Prior 
methods for the analysis of DENSE phase images first perform 
spatial interpolation, and subsequently model the through-time 
dimension or simply apply the spatial calculations to each frame 
independent of other frames. These other methods include the radial 
point interpolation method described by Kar et al. (17), another 
finite element method described by Young et al. (8), and our previous 
study that first performed spatial interpolation and then handled the 
time dimension (6). To the best of our knowledge, the present RSTLS 
method is the first to treat the 2D + time DENSE data in a 
unified way.

Our investigations showed that measurement errors introduced 
at one cardiac phase do not propagate to subsequent cardiac phases, 
but instead the calculation of the Lagrangian trajectory has a self-
correction property. This property occurs because fidelity with the 
acquired data is enforced for each cardiac phase. This is an important 

A B C D

FIGURE 6

Examples of errors added to measured Eulerian displacements and their effects on computed Lagrangian displacements. (A) depicts the uncorrupted 
Eulerian displacements derived from DENSE unwrapped phase data from one pixel at all time points. The dark blue arrow corresponds to the Eulerian 
displacement of the time frame selected for adding a simulated measurement error. The new corrupted Eulerian displacements with simulated 
measurement errors are shown in (D), where the error displacement vector (blue vector) is perpendicular to the original vector. Panel (C) shows the 
computed Lagrangian trajectories using the RSTLS method without and with the simulated error (the dotted black line shows the uncorrupted 
Lagrangian trajectory and the solid red line shows the corrupted Lagrangian trajectory). The blue dots in the Lagrangian trajectories show the time 
points where the simulated error was inserted. Panel (D) is the same as (C), except it was generated using the two-step method instead of the RSLTS 
method for computing the Lagrangian trajectories.

146

https://doi.org/10.3389/fcvm.2023.1095159
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Ghadimi et al. 10.3389/fcvm.2023.1095159

Frontiers in Cardiovascular Medicine 08 frontiersin.org

property of DENSE and is an advantage compared to traditional 
block-matching methods, where an error in one phase can propagate 
and accumulate over time (18, 19).

Applications, where RSTLS may have advantages, include the 
assessment of late mechanical activation in patients who may 
be candidates for cardiac resynchronization therapy (20), as model-
driven oscillations in the strain–time curve using the two-step 
method can mimic early stretch in the circumferential direction (as 
shown in Figure  6), and RSTLS avoids these model-driven 
oscillations. In addition, due to the advantages of RSTLS for 
measuring diastolic strain rate, this method may be preferred when 
the assessment of diastolic function is important such as for heart 
failure with preserved ejection fraction (14) and pulmonary 
hypertension (15).

Our study had limitations. First, we confined our investigations 
to two dimensions, while, in reality, myocardial displacement and 
strain are three-dimensional. In the future, the RSTLS method can 
be  extended to three dimensions. Second, we  did not include 
patient data in our analysis and also there is a lack of multi-center 
validation in this study. Third, while in Appendix II, we  give 
recommendations for suggested values of the regularization 
weights, μ and λ, based on our experience applying RSTLS in 
human subjects (21, 22), we  have not provided a rigorous 
optimization of these values. To rigorously optimize μ and λ, ideally, 
we  would make use of computer simulations with known 
displacements that closely match in vivo myocardial mechanics, 
both spatially and temporally. We  could then apply RSTLS to 
simulated DENSE data and identify values of μ and λ that lead to 
RSTLS estimates of Lagrangian displacement that most closely 
agree with the known values. However, while very good models 
exist for mimicking the spatial mechanics of the heart (23), to the 
best of our knowledge, there are no such models that 
comprehensively mimic spatiotemporal myocardial mechanics. 
Since RSTLS incorporates spatiotemporal motion, the lack of an 
appropriate spatiotemporal model is an obstacle to rigorous 
optimization of the regularization weights. Finally, Eq. 1, which 

describes the RSTLS model, utilizes the one-sided first-order 
difference for temporal regularization, whereas the central 
difference would be more accurate for estimating the derivative. 
We chose the one-sided first-order difference because it facilitates 
the use of a simple least squares solution to Eq.  1 by Eq.  3. If 
we instead used the central difference in Eq. 1, the least squares 
method would not be suitable for solving it and a more complicated 
iterative method would need to be  used to solve the 
minimization equation.

A disadvantage of the RSTLS method compared to the two-step 
method may be less robustness to noise. To address this problem, 
noise reduction filtering with a mean filter was applied after using the 
RSTLS method to compute the Lagrangian displacement trajectories. 
Although fitting a through-time polynomial model imposes some 
artifacts and some over-smoothing, the two-step method may provide 
better results for very noisy data.

Conclusion

The present study developed an approach to estimate Lagrangian 
displacement from DENSE images using a regularized spatiotemporal 
least squares method. Evaluations using images from healthy subjects 
demonstrated that the RSTLS method combines spatial regularization, 
temporal regularization, and agreement with measured Eulerian 
displacement to provide a model-free computation of myocardial 
Lagrangian displacement and strain that provides reduced mean 
absolute percent error and higher peak early diastolic strain rate, 
suggesting better accuracy and less over-regularization compared to 
the competing two-step method.

Data availability statement

Requests to access these datasets should be directed to fhe6b@
virginia.edu.

FIGURE 7

Example demonstrating artifactual pre-stretch in early systole in the apical-lateral wall using the two-step method that is not observed using the RSTLS 
method from a patient with ischemic heart disease.
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The total kinetic energy (KE) of blood can be decomposed into mean KE (MKE) and
turbulent KE (TKE), which are associated with the phase-averaged fluid velocity
field and the instantaneous velocity fluctuations, respectively. The aim of this
study was to explore the effects of pharmacologically induced stress on MKE
and TKE in the left ventricle (LV) in a cohort of healthy volunteers. 4D Flow MRI
data were acquired in eleven subjects at rest and after dobutamine infusion, at a
heart rate that was ∼60% higher than the one in rest conditions. MKE and TKE
were computed as volume integrals over the whole LV and as data mapped to
functional LV flow components, i.e., direct flow, retained inflow, delayed
ejection flow and residual volume. Diastolic MKE and TKE increased under
stress, in particular at peak early filling and peak atrial contraction. Augmented
LV inotropy and cardiac frequency also caused an increase in direct flow and
retained inflow MKE and TKE. However, the TKE/KE ratio remained comparable
between rest and stress conditions, suggesting that LV intracavitary fluid
dynamics can adapt to stress conditions without altering the TKE to KE balance
of the normal left ventricle at rest.

KEYWORDS

4D flowMRI, dobutamine stress, kinetic energy, left ventricle, turbulent kinetic energy, flow

physiology, stress cardiovascular magnetic resonance, hemodynamics

Introduction

Turbulent flow exhibits spatiotemporal velocity fluctuations, as well as chaotic and

unsteady vortical structures at different scales. Non-turbulent vortices are relatively long

lasting, orderly, and continuous. In turbulent flow, relatively small vortices can quickly

appear and disappear and have varying lifetime, vortex size, and density (1, 2).

Turbulence can be assessed through Reynolds decomposition, in which velocity is

separated into phase-averaged (i.e., mean) velocity and time-varying fluctuating velocity,

where the latter is characterized by fast apparently random velocity fluctuations. Similarly,

the total fluid kinetic energy (KE) can be decomposed into mean KE (MKE) and

turbulent KE (TKE) (3). MKE is a function of the mean fluid velocity field and intensifies

in regions with high velocities. TKE is characterized by the root mean square of the fast
01 frontiersin.org149
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velocity fluctuations. Because TKE is dissipated through energy

transfer to small eddies, it is frequently used as an index of flow

inefficiency associated with turbulent features (4–7).

Intracardiac blood flow is predominantly laminar under

normal physiological conditions (8). However, several

cardiovascular diseases and intracavitary dysfunctions may

facilitate blood flow transition into turbulence (9, 10), with

altered blood flow being associated with hemolysis, platelet

activation and thrombus formation (11–13). Turbulent blood

flow can be investigated in vitro, using laser doppler or particle

image velocimetry on mock circulation loops (14, 15), in silico,

including the effect of turbulence in computational fluid dynamic

simulations (16, 17), and in vivo, by three-dimensional (3D)

time-resolved phase contrast cardiac magnetic resonance (MR)

with three-directional velocity encoding (4D Flow MRI).

Through dedicated sequences, 4D Flow MRI allows the

quantification of turbulent intensity of small-scale velocity

fluctuations in cardiovascular flows and of mean velocity, thus

enabling the quantification of TKE and MKE from one MRI

acquisition (4, 5, 9, 18, 19).

4D Flow MRI offers the unique advantage to estimate in vivo

blood flow turbulence in healthy subjects and patients, avoiding

simplifications, required by in vitro mock loops (20), as well as

assumptions and input parameters required by in silico

approaches (21). Also, the total 4D Flow MRI scan time is

limited (∼10 min) and data post-processing, despite non-trivial,

is significantly less demanding if compared to the time-expense

required by computational simulations. 4D Flow MRI is still far

from reaching the spatial and temporal granularity of numerical

simulations, however its application is increasingly and rapidly

expanding to investigate a wide spectrum of cardiovascular

disorders, offering a reasonable trade-off between reliability and

uncertainty of the analysis (22).

Several studies have employed 4D Flow MRI to investigate in

vivo left ventricle (LV) intracavitary flow and elucidated the

hemodynamics derangements associated with different patterns

of LV dysfunctions. Intra-cardiac energetics has been quantified

largely at rest, revealing altered ventricular MKE in several

cardiovascular diseases (23, 24). A few studies also focused on

LV hemodynamic changes during physical or pharmacological

cardiac stress tests, which increase heart rate (HR), LV cardiac

output, the contractile strength of heart muscle (i.e., inotropy)

and the proportion of ventricular work converted to MKE (25–

28). In a previous study, dobutamine-induced cardiac stress

caused an increase in the fraction of LV volume associated to the

direct flow (DF) component, i.e., blood entering and leaving the

LV in the same cardiac cycle, as well as an increase in MKE for

each of the four LV flow components, this effect being the

greatest for DF (25). This previous study speculated that this

increase in MKE reflects an improved efficiency of LV blood flow

transit in the setting of dobutamine-generated increased inotropy

and cardiac frequency.

Herein we test that speculation by exploring if the dobutamine-

induced increase in diastolic LV blood flow MKE is accompanied

by a corresponding increase in TKE, which would reveal a

transition from laminar to turbulent blood flow, detrimental to
Frontiers in Cardiovascular Medicine 02150
LV blood flow efficiency (29). This new analysis is aimed to

contribute to the understanding of the mechanisms that allow

the LV to adapt to stress conditions. To this end, 4D Flow MRI

data were acquired in healthy subjects at rest and under

dobutamine-induced cardiac stress and were used to compare

MKE and TKE between rest and stress conditions for the whole

LV chamber and LV flow components.
Methods

Study population

Fourteen subjects were enrolled in the study. No history of and

no medication for cardiovascular disease as well as a normal

physical examination were required to be included in the study.

Accordingly, exclusion criteria include abnormal LV size, wall

thickness or wall motion from cardiac MRI at rest (30), more

than moderate arterial hypertension (blood pressure at rest > 150/

90 mmHg), acute coronary disease, severe aortic stenosis and

hypertrophic obstructive cardiomyopathy. The study was

approved by the Regional Ethical Review Board in Linköping and

complies with the Declaration of Helsinki. All subjects provided

written informed consent.
Study plan

MRI scans were performed at rest and after dobutamine

infusion. Dobutamine dose was set as 5–10 µg/kg/min and

adjusted every 2 min, until reaching a HR ∼60% higher than the

one at rest. This target HR was chosen in order to achieve HR in

the range of those from previous studies on stress testing with

MRI (31–34). HR was monitored continuously throughout the

study and blood pressures were measured at rest and after

dobutamine. The dobutamine infusion was maintained until both

MR and 4D Flow MRI data under stress conditions were acquired.
Data acquisition

MRI scans were acquired on a 3 T Philips Ingenia scanner

(Philips Healthcare, Best, the Netherlands). The imaging protocol

comprised short- and long-axis cine balanced steady-state free

precession (bSSFP) images (three-chamber and four-chamber at

rest, three-chamber only under dobutamine) reconstructed to 30

timeframes throughout the cardiac cycle. The bSSFP images were

acquired during end-expiratory breath-holds with the following

scan parameters: echo time (TE) = 1.4–1.5 ms, repetition time

(TR) = 2.7–3.0 ms, flip angle = 45°, pixel spacing = (0.9–1.0) ×

(0.9–1.0) mm2, slice thickness = 8 mm.

The 4D Flow MRI data were acquired during free breathing,

using a navigator-gated gradient-echo pulse-sequence and

retrospective gating. Scan parameters were: velocity encoding

(VENC) = 120–150 cm/s, flip angle = 5°, TE = 3 ms, TR = 5.1–

5.2 ms, parallel imaging (SENSE) speed up factors = 3 (AP
frontiersin.org
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direction), ×1.6 (RL direction), k-space segmentation factor = 2,

elliptical k-space acquisition, acquired and reconstructed spatial

resolution = (2.3–2.7) × (2.3–2.7) × 2.8 mm3, effective temporal

resolution = 40.8–41.6 ms, which was reconstructed to 40

timeframes. Asymmetric four-point flow encoding was used to

obtain velocity as well as intravoxel standard deviation data. Scan

time was approximately 7–8 min including navigator efficiency.

4D Flow MRI velocity data were corrected for concomitant

gradient fields on the scanner, as well as background phase-

offsets due to eddy currents and phase wraps during post-

processing (35, 36).

The magnitude images of the individual flow-encoding

segments were reconstructed to compute TKE per unit volume as

(37):

TKE ¼ 1
2
r
X3
i¼1

s2
i

J
m3

� �
(1)

where r is the blood density (1.060 kg/m3), and si is the velocity

fluctuation intensity in three orthogonal directions. For the

asymmetric four-point flow encoding, si was obtained as (4, 5):

si ¼ 1
kv

ffiffiffiffiffiffiffiffiffiffi
2
jSj
jSij

s
m
s

h i
(2)

where jSj and jSij are the magnitude of MR signal with and without

motion sensitivity encoding, respectively. kv represents the motion

sensitivity and is defined as:

kv ¼ p

VENC
s
m

h i
(3)

TKE data were filtered by a 3 × 3 × 3 median filter to reduce noise.
Data analysis

The data were analyzed by computing the diastolic and peak

MKE and TKE in the LV volume, as well as the MKE and TKE

in the different flow components, which reflects the MKE and

TKE the blood experiences along their trajectory through the LV.

Furthermore, the TKE/KE ratio was computed for both

approaches.

To accomplish this, the LV was segmented throughout the

entire cardiac cycle in the cine short-axis images at rest and after

dobutamine, using Segment (v1.9, Medviso, Lund, Sweden) (38).

Papillary muscles and trabeculae were considered as part of the

LV cavity volume (i.e., blood pool). End-systolic (ES) and end-

diastolic (ED) volume, stroke volume, ejection fraction, and

cardiac output were computed. The entire processing pipeline

was implemented through ad hoc scripts coded in Matlab

(MathWorks, Natick, USA). LV segmentations were resampled to

match the spatial and temporal resolution of the 4D Flow MRI

data spatial and temporal resolution. At each time point, global
Frontiers in Cardiovascular Medicine 03151
LV TKE was computed by integrating the TKE in all the voxels

in the LV segmentation. To account for the effect of LV size,

TKE values were normalized to the current LV (TKEV). Likewise,

MKE was computed for the whole chamber as:

MKE ¼
XN
i¼1

1
2
rViv

2
i (4)

where Vi the ith voxel volume, v the velocity magnitude and N the

total number of voxels within the LV. At each time-point, global

MKE was then indexed to the current volume of LV (MKEV).

LV flow components were computed using a consolidated

method described previously (39) and whose accuracy has

already been tested (25, 40). Briefly, pathlines were emitted from

each voxel inside the LV at ED and traced forward and backward

in time until ES. ED and ES were defined as the timeframes

corresponding to the largest and the smallest ventricular

volumes, respectively. Pathlines were separated into four flow

components, according to their route through the LV

(Supplementary Figure S1): direct flow (DF), blood that enters

the LV during diastole and leaves during systole in the analyzed

heartbeat; retained inflow (RI), blood that enters the LV but does

not leave in the analyzed heartbeat; delayed ejection flow (DE),

blood that resides in the LV during diastole and leaves during

systole in the analyzed heartbeat; residual volume (RV), blood

that resides in the LV for at least two cardiac cycles. Pathlines

that did not meet any of these criteria were classified as non-

physiological flow. Subjects with more than 15% non-

physiological flow in at least one dataset were excluded from the

study. Additionally, subjects with LV inflow vs. LV outflow

discrepancy > 15% in at least one dataset were excluded as well

(see Supplementary Material). In addition to the global LV

TKE, the TKE of the subvolume of blood associated with each

flow component was computed as follows (Supplementary

Figure S2):

(1) The trajectory of each pathline was downsampled so as to

obtain the Lagrangian positions corresponding to the

reconstructed 4D Flow MRI time frames (i.e., 40) for the

acquired cardiac cycle;

(2) A value of TKE was assigned to each point of the pathline at

each time frame using trilinear space-interpolation:

TKEt
pathlinepoint ¼

P8
j¼1 wj � Vj � TKEt

jP8
j¼1 wj

(5)

where TKEt
j is the TKE in the jth voxel at timeframe t and wj is

a weight function defined as:

wj ¼ e�
j pj�dj2
(d2)2 with j ¼ 1, . . . , 8 (6)

where d is the voxel diagonal, pj is the distance between the

pathline point and the jth voxel center. The summation was
frontiersin.org
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TABLE 1 Demographical and clinical data for the study population.

Rest (n = 11) Dobutamine (n = 11) p-value
Age (years) 28 [23; 42] –

Sex (F:M) 7:4 –

Height (cm) 174 ± 9 –

Weight (kg) 69 ± 9 –

BSA (m2) 1.82 ± 0.15 –

HR (bpm) 64 ± 10 105 ± 19 <0.0001

BP systolic (mmHg) 119 ± 11 133 ± 17 0.06

BP diastolic (mmHg) 67 ± 10 78 ± 27 0.30

EDVi (ml/m2) 84 ± 13 73 ± 16 0.0008

ESVi (ml/m2) 38 ± 9 23 ± 8 <0.0001

SVi (ml/m2) 47 ± 7 50 ± 9 0.278

EF (%) 56 ± 6 69 ± 5 0.0002

CI (l/min/m2) 3.0 ± 0.5 5.1 ± 0.7 <0.0001

Diastolic length (s) 0.59 ± 0.11 0.36 ± 0.07 <0.0001

Data are expressed as mean ± SD. BP, blood pressure; BSA, body surface area; CI,

cardiac index; EDV, end-diastolic volume; ESV, end-systolic volume; HR, heart rate;

SV, stroke volume.
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always extended to the 8 voxels closest to the pathline position

at time t. This choice guaranteed that TKEt
pathlinepoint

accounted for the contribution of at least one voxel on each

side of the pathline point, while reducing computational

effort.

(3) Finally, for each flow component, TKE was integrated over the

cardiac cycle for each pathline belonging to that flow

component and subsequently normalized by the volume of

each flow component (FC), yielding TKEFC
V , where FC = DF,

RI, DE and RV.

The MKE of flow components normalized by the component

volume (MKEFC
V ) was computed as described in (40).

Peak E-wave (i.e., early diastolic filling) and peak A-wave (i.e.,

late diastolic filling) were identified based on the time course of

MKEV as the two highest values throughout diastole, respectively.

Volumetric and FC-specific TKEV and MKEV values were

extracted at these time-points. Temporal curves for all computed

variables were also integrated over time throughout diastole.

As a way of exploring the TKE relative to the total KE of the

flow, the TKE/KE ratio was computed as:
TKE
KE

¼ TKE
TKE þMKE

(7)
The TKE/KE ratio represents the portion of total KE dissipated due

to turbulence and thus it is an index of energetic efficiency. The

ratio was evaluated for all computed variables, considering the

instantaneous values at peak E-wave and peak A-wave, as well as

the time integrals over the diastolic phase.
Statistical analysis

All results are reported as mean ± SD, unless otherwise stated.

Normality of distribution of continuous data was assessed through

the Shapiro-Wilk test. Data were compared using t-test, if normally

distributed, and using Wilcoxon signed-rank test, otherwise.

Statistical analysis was performed with GraphPad Prism 8

(GraphPad Software Inc., La Jolla, CA, USA); a p-value < 0.05

was considered significant.
FIGURE 1

Box and whiskers plot for integral diastolic (A MKEV and B) TKEV for the
whole LV. Each box ranges between 25th and 75th percentile with a line
pointing out the median value; whiskers indicate the 10th and the 90th
percentile, respectively. *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001; ****, p≤
0.0001.
Results

Three subjects were excluded due to inflow-outflow

discrepancies >15% or non-physiological flow percentage >15%

under dobutamine. Demographic and morphological

characteristics for the study population are detailed in Table 1.

Pharmacologically induced stress resulted in a significant increase

in HR, EF and CO, and significant decrease in LV volumes.

Moreover, dobutamine infusion significantly shortened the

diastolic phase.
Frontiers in Cardiovascular Medicine 04152
MKEV and TKEV diastolic time integrals

Upon dobutamine infusion, the diastolic time integral of

MKEV significantly increased for the global LV (Figure 1A). The

diastolic time integral of TKEV significantly increased for the

whole LV (Figure 1B).

The diastolic time integral of MKEFC
V and of TKEFC

V

significantly increased under stress conditions for all FCs

(Figure 2, Supplementary Table S2).
MKEV and TKEV at peak E-wave and peak
A-wave

In all subjects, both at rest and upon dobutamine infusion, two

peaks in global LV MKEV were observed in diastole: the first peak

occurred during the E-wave; the second peak was smaller and
frontiersin.org
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FIGURE 2

Box and whiskers plot of (A) MKEFC
V and (B) TKEFC

V during diastole for each flow component. Box plot in dark color (left) represents values at rest and box
plot in bright color (right) represents values after dobutamine infusion. Each box ranges between 25th and 75th percentile with a line pointing out the
median value; whiskers indicate the 10th and the 90th percentile, respectively. *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001. FC, flow component; MKE,
mean kinetic energy; TKE, turbulent kinetic energy.
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occurred during the A-wave (Figures 3A,B). At rest, the two peaks

were clearly separated; under dobutamine-induced stress

conditions, the A-wave peak was in continuity with the end of

the E-wave.

Peak E-wave and peak A-wave MKEV significantly increased

under stress for global LV (Figures 4A,B).

After dobutamine infusion, peak E-wave and peak A-wave

TKEV significantly increased for the entire LV (Figures 4C,D).
Flow components and associated MKE
and TKE

Dobutamine infusion induced changes on flow components

and on associated kinetic energies, namely:

• altered LV flow subdivision, resulting in significantly increased

DF and significantly decreased DE and RV (Supplementary

Figure S3);

• significant increase in MKEFC
V for every FC at peak E-wave

(Figure 5A) and at peak A-wave (Figure 5B);

• significant increase in TKEDF
V , TKEDE

V , and TKERV
V but not in

TKERI
V (p = 0.341) at peak E-wave (Figure 5C, Supplementary

Table S1);

• significant increase in TKEDF
V , TKERI

V , and TKEDE
V , but not in

TKERV
V (p = 0.083) at peak A-wave (Figure 5D,

Supplementary Table S1).
TKE/KE ratio

Dobutamine infusion did not induce significant changes in the

ratio between TKE and KE time-integrals computed for the entire

LV (0.4 ± 0.09 at rest, 0.41 ± 0.06 under stress, p = 0.62). No

significant changes were induced in the ratio between TKE and

KE time-integrals associated to flow components, with the
Frontiers in Cardiovascular Medicine 05153
exception of RV, which showed a significant decrease in the ratio

under stress (Figure 6).

The TKE/KE ratio, evaluated at peak E-wave (0.33 ± 0.08 at

rest, 0.34 ± 0.06 under stress) and at peak A-wave (0.40 ± 0.21 at

rest, 0.44 ± 0.14 under stress), remained comparable between the

two HR conditions for the whole LV (p = 0.15 and p = 0.37,

respectively).

When analyzed based on flow components, the TKE/KE ratio

at peak E-wave significantly increased for DF and for DE, and

significantly decreased for RI, while no significant differences

were found for RV. At peak A-wave, no significant differences

were found between rest and stress conditions (Table 2).
Discussion

The effect of dobutamine-induced stress on MKE and TKE was

investigated non-invasively using 4D Flow MRI in a cohort of

healthy volunteers by measuring MKE, TKE and the TKE/KE

ratio throughout diastole for the whole LV and for flow

components. Resembling moderate exercise conditions,

dobutamine infusion led to significantly increased HR, cardiac

output and ejection fraction and to significantly decreased end-

diastolic volume, end-systolic volume and diastolic length.

Moreover, it generally caused a significant increase in MKE and

TKE throughout diastole generally for global and compartmental

LV flow. However, the TKE/KE ratio was similar for the two HR

conditions in the analyzed cohort.
Rest condition energetics

Under physiologic rest conditions, human LV function is often

considered to be closer to maximal efficiency when compared to

pathologic rest conditions. LV efficiency depends on multiple

factors, including myofibers metabolic efficiency and mechanics

as well as intracavitary fluid dynamics. For the latter, efficiency is
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FIGURE 3

Velocity color-coded streamlines (A,B) and TKEV maps (C,D) at rest (left) and under stress (right) represented at peak E-wave (dashed white line) for one of
the analyzed subjects. A, peak A-wave; Ao, aorta; BP, blood pressure; E, peak E-wave; HR, heart rate; LA, left atrium; MKE, mean kinetic energy; RV, right
ventricle; S, peak systole; TKE, turbulent kinetic energy.
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typically analyzed focusing on LV systolic pump function only and

no established criteria are available to elucidate the potential role of

each factor.

For instance, when considering LV wall myofiber mechanics,

the Frank-Starling law states that there is an optimal end-

diastolic length between sarcomeres at which the tension in the

muscle fiber is maximized (41). Also, the tension generated by

myofibers, which is linked to intracavitary pressure, increases as

their rate of shortening, which is linked to heart rate, decreases

(42). Consequently, the mechanical power per unit volume

produced by myofibers is maximal for intermediate values of

stress and strain rate, and hence of intracavitary pressure and

heart rate.
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When considering intracavitary LV blood flow, clear criteria

are not yet established and different flow features may be

considered depending on whether efficiency is analyzed over the

whole cycle, the systolic phase or the diastolic phase. In the

present study, we analyzed intracavitary flow components during

the cardiac cycle and the analysis of diastolic blood flow MKE

and TKE, and the TKE/KE ratio, in an attempt to gain insight

into diastolic LV flow efficiency in rest and stress-induced

conditions.

Previous studies suggest that physiological rest conditions are

characterized by distinct proportions of intracardiac flow

components (39). DF follows the most efficient path (i.e.,

shortest and fastest) for optimal flow ejection into the systemic
frontiersin.org
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FIGURE 4

Box and whiskers plot for global LV MKEV at peak E-wave (A) and at peak
A-wave (B) and for global LV TKEV at peak E-wave (C) and at peak
A-wave (D). Each box ranges between 25th and 75th percentile with a
line pointing out the median value; whiskers indicate the 10th and the
90th percentile, respectively. *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001;
****, p≤ 0.0001.
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circulation. MKE was mainly stored by the DF and RI flow

components, in accordance with previous studies (24, 43). DF

pathlines follow an efficient pathway to the LVOT, characterized

by shortest distance, more favorable angle and conserved linear

momentum as compared to the other flow components (44). DF

and RI decelerate at the end of diastole and then acquire

additional MKE prior to being ejected during the subsequent

systole (45). As previously reported (24, 43), MKE associated to

RI could be transferred to DE and RV, converted into potential

energy (either stored within the elastic recoil of the myocardium

or elevating ventricular pressure) or dissipated. As for MKE, TKE

was mainly found in DF and RI components. At rest, TKE

accounts for a non-negligible part of the total fluid KE (∼30%–
40%), as highlighted by the TKE/KE ratio. Of note, this is the

first study to report TKE data mapped to flow components, as

well as to analyze LV flow efficiency though the combined

quantification of MKE and TKE.
Rest vs. stress conditions

In high-demand situations, such as physical exercise, the

working point defined by the Frank-Starling law is shifted, as CO
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increases, maintaining oxygen supply to muscles. Priority is

diverted to LV pumping output and the LV flow pattern might

change accordingly (46, 47). In the present study, at higher HR,

diastasis between early and late diastolic filling was barely visible;

this led to higher MKE conservation throughout diastole. In the

studied cohort, MKE significantly increased after dobutamine

infusion. MKE also increased for all LV flow components, with

the most notable increase for DF and RI, as in (25, 47). While

results on MKE confirm previously published data, results on

TKE provide new insights. Significantly increased TKE values

were found throughout diastole for the whole LV. As observed

for MKE, TKE increased for all LV flow components. The

combined analysis of both KE components, through the TKE/KE

ratio, revealed that the increase in MKE was paired with a

proportional increase in TKE and thus TKE/KE was similar for

the two HR conditions for most LV flow components and

throughout the diastolic phase. Interestingly, dobutamine

administration did not alter significantly the TKE/KE ratio at

peak A-wave, suggesting that, despite increasing myocardial

contractility, it does not affect significantly atrial contraction at

late diastole, at least not enough to impact blood energetics

during late diastolic filling.
Preserved TKE/KE ratio of the LV under
dobutamine-induced stress

The comprehensive analysis of both KE components has never

been addressed before: the combined analysis of MKE and TKE

could provide a more exhaustive understanding of hemodynamic

phenomena in the LV. This study showed that, under

dobutamine-induced stress conditions, MKE increases

consistently with the increase in ejection fraction and HR. This

increase in MKE was complemented by an increase in TKE,

which indicates a greater dissipation of energy. However, the

TKE/KE ratio was similar at rest and stress conditions,

suggesting that, as far as the analyzed variables are concerned,

the efficiency of LV diastolic intracavitary fluid dynamics in the

two conditions is similar. Notably, these results are for healthy LVs.
Clinical perspectives

Some cardiac pathologies may remain asymptomatic, with no

notable impact on LV inflow and ejection, under rest conditions.

Yet, their presence may be revealed by functional derangements

under even mild physical activity such as walking a few stairs.

For example, the discrimination between pathological LV

hypertrophy, due to early myopathies, and physiological

hypertrophy, due to physical training, can be difficult at resting

conditions. However, cardiac stress can unmask a LV dysfunction

in a heart with pathological hypertrophy, unlike in a heart with

physiological hypertrophy. Likewise, a mitral valve that is

obstructed to a certain degree, due to rheumatic disease or post

intervention for example, may show normal inflow at rest but

impaired inflow at cardiac stress.
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FIGURE 5

MKEFC
V (top panel) and TKEFC

V (bottom panel) [J/m3] for each flow component at peak E-wave (A,C) and at peak A-wave (B,D). Box plot in dark color (left)
represents values at rest and box plot in bright color (right) represents values after dobutamine infusion. Each box ranges between 25th and 75th percentile
with a line pointing out the median value; whiskers indicate the 10th and the 90th percentile, respectively. *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001. FC, flow
component; DF, direct flow; RI, retained inflow; DE, delayed ejection flow; RV, residual volume; MKE, mean kinetic energy; TKE, turbulent kinetic energy.

FIGURE 6

Box and whiskers plot for diastolic time integrals TKE/KE for flow
components. Box plot in dark color (left) represents values at rest and
box plot in bright color (right) represents values after dobutamine
infusion. Each box ranges between 25th and 75th percentile with a line
pointing out the median value; whiskers indicate the 10th and the 90th

percentile, respectively. *, p≤ 0.05. FC, flow component; KE, kinetic
energy; TKE, turbulent kinetic energy.

TABLE 2 TKE/KE ratio for each flow component at peak E-wave and at
peak A-wave.

Rest (n = 11) Dobutamine (n = 11) p-
value

Peak E-wave TKE=KE [-]
Direct Flow 0.22 ± 0.06 0.28 ± 0.07 0.03

Retained Inflow 0.32 ± 0.10 0.23 ± 0.05 0.001

Delayed Ejection Flow 0.47 ± 0.12 0.59 ± 0.09 0.002

Residual Volume 0.42 ± 0.12 0.47 ± 0.11 0.24

Peak A-wave TKE=KE [-]
Direct Flow 0.37 ± 0.21 0.38 ± 0.15 0.81

Retained Inflow 0.31 ± 0.16 0.37 ± 0.15 0.38

Delayed Ejection Flow 0.46 ± 0.26 0.62 ± 0.13 0.05

Residual Volume 0.44 ± 0.26 0.48 ± 0.25 0.78

Data are expressed as mean± SD. KE, kinetic energy; TKE, turbulent kinetic energy.

Riva et al. 10.3389/fcvm.2023.1103751

Frontiers in Cardiovascular Medicine 08156
Along this line, here we speculate that the comparison of LV

blood flow features such as the LV TKE/KE ratio in stress

conditions vs. rest conditions may reveal the presence of cardiac
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pathologies, related to LV flow efficiency, that remain subclinical in

rest conditions.
Limitations

The cohort of analyzed subjects is relatively small and

participants spanned a wide range of age.

Stress conditions were induced by dobutamine and not

obtained through real physical exercise. This approach provided

better quality of imaging under stress-induced conditions, if

compared to physical exercise, and could be easily extended to

real patients, including those who could not perform physical

exercise. However, dobutamine administration makes the test

semi-invasive due to the need for an intravenous catheter, can

make ECG signals difficult to interpret, and though mimicking

the effects of physical exercise may not be fully equivalent to it.

Also, pressure data are missing for one subject at rest and for

two subjects under dobutamine. VENC ranged from 120 to

150 cm/s, which could lead to some variability in noise.

However, VENC was set to 140 cm/s for 9 of 11 subjects and all

these relatively high VENC values minimize the risk of TKE

underestimation due to noise floor effect in MR magnitude

images (6). MRI scans were performed in supine conditions and

with still body, hence the results do not replicate the ones in

posture conditions (48).
Conclusion

This 4D Flow MRI study employed a combined analysis of

MKE and TKE in intracavitary blood flow, specifically focusing

on their relationship between rest and dobutamine-induced stress

conditions. MKE and TKE increased in healthy LVs at stress.

However, the TKE/KE ratio was similar at rest and stress in the

analyzed cohort of normal individuals, suggesting that the

energetic efficiency was maintained at stress. If further extended

to clinically relevant scenarios, the TKE/KE ratio may provide

additional insight into LV pathophysiology.
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Background: Cardiac involvement constitutes the primary cause of mortality in
patients with Danon disease (DD). This study aimed to explore the cardiac
magnetic resonance (CMR) features and progressions of DD cardiomyopathies
in a family with long-term follow-up.
Methods: Seven patients (five females and two males), belonging to the same
family and afflicted with DD, were enrolled in this study between 2017 and
2022. The cardiac structure, function, strain, tissue characteristics on CMR and
their evolutions during follow-up were analyzed.
Results: Three young female patients (3/7, 42.86%) exhibited normal cardiac
morphology. Four patients (4/7, 57.14%) displayed left ventricle hypertrophy
(LVH), and mostly with septal thickening (3/4, 75%). A single male case (1/7,
14.3%) showed decreased LV ejection fraction (LVEF). Nonetheless, the global LV
strain of the four adult patients decreased in different degree. The global strain
of adolescent male patients was decreased compared to the age-appropriate
female patients. Five patients (5/7, 71.43%) exhibited late gadolinium
enhancement (LGE), with proportion ranging from 31.6% to 59.7% (median value
42.7%). The most common LGE location was the LV free wall (5/5, 100%),
followed by right ventricle insertion points (4/5, 80%) and intraventricular
septum (2/5, 40%). Segmental radial strain (rs=−0.586), circumferential strain
(r= 0.589), and longitudinal strain (r= 0.514) were all moderately correlated with
the LGE proportions of corresponding segments (P < 0.001). T2 hyperintense
and perfusion defect foci were identified, overlapping with the LGE areas.
During follow-up, both the young male patients exhibited notable deterioration
of their cardiac symptoms and CMR. The LVEF and strain decreased, and the
extent of LGE increased year by year. One patient underwent T1 mapping
examination. The native T1 value was sensitively elevated even in regions
without LGE.
Conclusions: Left ventricular hypertrophy, LGE with sparing or relatively less
involved IVS, and LV dysfunction are prominent CMR features of Danon
cardiomyopathy. Strain and T1 mapping may have advantages in detecting early-
stage dysfunction and myocardial abnormalities in DD patients, respectively.
Multi-parametric CMR can serve as an optimal instrument for detecting DD
cardiomyopathies.

KEYWORDS

Danon disease, glycogen storage disease, LAMP2, cardiovascular magnetic resonance, late

gadolinium enhancement, feature tracking
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Introduction

Danon disease (DD) (OMIM#300257) is a rare X-linked

dominant lysosomal glycogen storage disorder induced by

lysosome-associated membrane protein-2 (LAMP-2) deficiency

(1). Dozens of LAMP-2 mutations have been revealed thus far.

The systemic accumulation of glycogen primarily affects organs

such as the heart and skeletal muscle. Clinically, it is

characterized by a triad of cardiac abnormalities, skeletal

myopathy, and varied intellectual disabilities. Cardiac

involvements including hypertrophy cardiomyopathy (HCM),

dilated cardiomyopathy (DCM), Wolffe-Parkinsone-White

(WPW) syndrome, and ventricular arrhythmias, are the leading

cause of death in patient with DD (2). Among male DD patients

who have not received cardiac transplantation, death before the

age of 25 is prevalent (2, 3). The prognosis for female DD

patients is relatively better than for males and is primarily

dependent on the severity of cardiac disease (4, 5). Early

diagnosis is crucial for predicting the course of DD, diagnosing

family members to establish appropriate medical follow-up, and

preventing transmission to subsequent generations. Genetic

testing is the gold standard for diagnosis. Nevertheless, both

initial screening and assessment of cardiac involvement largely

rely on non-invasive cardiac imaging techniques.

As is well known, cardiac magnetic resonance (CMR) is well-

established for accurately evaluating cardiac structure, function,

and tissue characteristics in various types of cardiomyopathies

(6). Most notably, late gadolinium enhancement (LGE) has an

unparalleled advantage in displaying focal fibrosis in vivo (7, 8).

The utility of CMR in DD has been demonstrated in a few

previous studies (9–12). A high prevalence of left ventricular

hypertrophy (LVH), LGE of the left ventricle (LV), and reduced

LV ejection fraction (LVEF) has been reported. However, due to

the rarity of DD all over the world, prior research has mainly

focused on case or series reports with small patient populations.

Most of these patients came from different families with different

mutation types, and did not undergo CMR follow-up.

Consequently, comprehensive information about CMR features

and follow-up changes in large cohorts of patients with the same

mutation types remains limited. In this study, we present seven

patients with DD from the same family with long-term follow-up

to elucidate the main features of DD, specifically focusing on its

CMR findings and evolutions.
Materials and methods

Patients

The proband experienced palpitations following conscious

activity since age 13. He was initially admitted to our hospital at

14 years old due to palpitations accompanied by transient loss of

consciousness. Echocardiography showed that the thickness of

left ventricular (LV) posterior wall and interventricular septum

(IVS) were 15 mm and 14 mm, respectively. LVEF remained
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within the normal range (65%). Additionally, electrocardiogram

(ECG) demonstrated WPW syndrome. Subsequently, Danon

disease was diagnosed at Beijing Union Hospital through electron

microscopic examinations and genetic testing (13).

In 2017, his family underwent clinical and genetic evaluation at

our hospital. Clinical data and related examination results were

collected from electronic patient records, and follow-up

continued until July 2022. For deceased family members,

information was obtained through a medical history survey. The

study protocol was approved by the institutional review board.

Signed inform consent was obtained from all study participants.
CMR protocol

All CMR examinations were conducted on 3.0 T MRI scanners

(MAGNETOM Verio, Siemens, Erlangen, Germany, or Ingenia

CX, Philips Healthcare, Best, The Netherlands) with eight-

channel or thirty-two-channel coil using retrospective ECG gating.

Cine cardiac images were performed by breath-hold steady-

state free precession (SSFP) in short-axis (from base to apex),

four-chamber, two-chamber, and left ventricle outflow tract

(LVOT) views. T2-weighted short-tau inversion recovery (T2w-

STIR) images were obtained in multiple short-axis views with an

8 mm slice thickness, encompassing the entire LV and four-

chamber views. First-pass perfusion imaging was acquired along

with the administration of a bolus intravenous injection of

0.05 mmol/kg gadolinium-DTPA (Magnevist, Bayer Healthcare,

Berlin, Germany) at 4 ml/s through an arm vein. LGE images

were obtained 10–15 min after intravenous administration of

another 0.15 mmol/kg gadolinium-DTPA in multiple short-axis

(from base to apex), two- and four-chamber views with phase-

sensitive inversion recovery sequence. Native and post-contrast

T1 mapping were obtained before and 15 min after the

administration of gadolinium-DTPA, respectively, by a modified

Look-Locker inversion recovery (MOLLI) method (14).
CMR analysis

CMR data were analyzed on an offline workstation using

commercially available software (CVI42, 5.13.5 version, Circle

Cardiovascular Imaging, Calgary, Alberta, Canada). All the

images were measured and assessed through consensus by two

cardio-radiologist experts who were blinded to the clinical data.

Any inconsistency was resolved by a senior supervisor.

Segmental end-diastolic LV wall thickness (LVWT) was

measured using short-axis cine images in a 16-segment American

Heart Association (AHA) model. Moreover, the right ventricular

(RV) wall thickness, end-diastolic dimension of LV (LVEDd) and

RV (RVEDd) were measured. LV phenotype, asymmetric

hypertrophy, and symmetric hypertrophy were defined according

to the previous literature (15, 16). RV hypertrophy was defined as

a maximal RV free wall thickness exceeding 5 mm (10). The

short-axis cine stack was used to calculate the LV end-systolic

volume, LV end-diastolic volume, LV ejection fraction (LVEF),
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1159576
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 1

Pedigree of the family with Danon disease. Circles, female individuals;
squares, male individuals; slashes symbols, deceased individuals; black
shapes, affected subjects; white shapes, unaffected subjects; arrow,
proband. I-1 died of heart disease at the age of 45. III-1 suddenly died
of heart disease at 22.
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cardiac output, and LV mass. Meanwhile, the body surface area was

employed to index the volume and mass data. Global and segmental

LV strain was computed via CMR feature-tracking technique from

short-axis, two- and four-chamber cine images, and the reference

range was determined according to the previous study (17).

To avoid any influence on the judgment, T2-weighted images

and perfusion images were assessed prior to LGE images.

Hyperintense T2-weighted signal would be recognized if the ratio

of myocardial signal intensity to skeletal muscle was greater than

1.9 (10). Perfusion defect was defined as a regional decrease in

myocardial signal during the LV first-pass of contrast agent,

unrelated to artifacts (18). LGE of the LV was recorded on a 17-

segment AHA model (including the apex), and RV insertion

points (RVIP) was assigned to proximal intraventricular septum

(IVS) segment with additional markings. LGE patterns were

categorized into four types according to their distribution from

endocardium to epicardium: subendocardial, mid-mural,

subepicardial, and transmural (when more than 50% of the

myocardial thickness was involved) (19). Global and segmental

LGE proportions (LGE mass/LV mass) were acquired by setting a

signal intensity threshold at 5 standard deviations above the mean

intensity of a reference region with no visible LGE (9, 20) in

multiple short-axis views using 16-segment AHA model. The

presence of LGE of the RV free wall, if any, was also recorded.

Native T1 maps were automatically calculated, and subsequently

the global and segmental native T1 values (the mean, minimum,

and maximum) were acquired. Extracellular volume fraction

(ECV) was calculated by using the previously-established equation:

myocardial ECV= (1-hematocrit)×(δR1myocardium/δR1blood), where

R1 = 1/T1, and hematocrit level was determined from a venous

blood sample prior to the CMR examination within 24 h. Then we

obtained the maximal and minimal ECV by drawing areas of

interest in regions with and without LGE, respectively.
Data analysis

Data analysis was performed by SPSS software (version 25.0,

IBM, Armonk, New York). Normality was determined using the

Shapiro–Wilk statistical test. Continuous variables were presented

as median and ranges. Categorical variables were presented as

frequency and proportion. The correlation between segmental

LVWT, LV strain and LGE proportions were assessed using

Pearson’s correlation coefficient (for jointly normally distributed

data) and Spearman’s correlation coefficient (for non-normally

distributed data). All tests were two-sided, and P-values less than

0.05 were considered statistically significant.
Result

Study population and the baseline clinical
feature in 2017

By summarizing the genetic analysis and medical history, the

pedigree of the family was obtained (Figure 1). Among the
Frontiers in Cardiovascular Medicine 03161
fourteen family members from generation II–IV, eight

individuals [including the proband (III-1)] were confirmed to

have frameshift mutation secondary to a 2-bp deletion

(c.257_258delCC) in the exon 3 of the LAMP2 gene.

CMR examination of IV-1, an asymptomatic 8-year-old boy,

was failed due to lack of cooperation and subsequently excluded

from the study. Therefore, seven patients (II-2, II-3, III-1, III-2,

III-4, III-5, and III-6) performed CMR examinations were

eventually enrolled, including five females (median age 23 years

old, range from 14 to 44 years old) and two males (14 and 20

years old). Their demographic features, clinical manifestations,

ECG and laboratory results are summarized in Table 1.

Both IV-1 and IV-6 experienced cardiomyopathy with earlier

onset during their second decade of life. II-2, II-3, and III-2 manifest

cardiomyopathy during adulthood. Four patients presented with

palpitation (II-2, II-3, III-4, and III-1), three with dyspnea (II-2, II-3,

and III-1), three with fatigue (III-2, III-5, and III-6), and one with

syncope (III-1). Moreover, III-1 exhibited attention deficit and

learning difficulty, and III-6 displayed learning difficulty. During the

12-lead ECG examination, III-2, III-1 and III-6 were accompanied

by WPW syndrome. Additionally, ECG of II-2, II-3, III-4, and III-5

showed inverted T waves.

Serum enzyme analyses, including aspartate aminotransferase

(AST), creatine kinase (CK), creatine kinase isoenzyme-MB (CK-

MB), α-hydroxybutyrate dehydrogenase (HBDH) and lactate

dehydrogenase (LDH) were performed. In III-1 and III-6, the levels

of all aforementioned markers were significantly elevated. In the five

female patients, only HBDH and LDH levels were slightly elevated.
Baseline cardiac structure characteristics on
CMR in 2017

The cardiac structural features of DD are summarized in

Table 2. Three young female patients (3/7, 42.86%) showed
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normal cardiac morphology (III-2, III-4, and III-5). Four

patients (4/7, 57.14%) presented with HCM phenotype,

including two with symmetric patterns (III-1 and III-6;

Figures 2A, 3A) and two with asymmetric patterns (II-2 and

II-3; Figure 4A). The maximal LV walls thickness ranged from

16.5 mm to 27.2 mm (median 21.4 mm), predominantly

located in the IVS (3/4, 75%), followed by the LV free wall

(1/4, 25%). LVOT obstruction was not observed. Except for

one case with slight enlargement of LVEDd (III-1), the

LVEDd in other patients were all within the normal range.

Moreover, the RVEDd and RVWT of the seven patients were

all within the normal range.
Baseline cardiac function and strain
characteristics on CMR in 2017

Except for one case with decreased LVEF (III-1, 34.23%), LVEF

in the remaining six cases was normal (Table 3). Global radial

strain (GRS), global circumferential strain (GCS), and global

longitudinal strain (GLS) were all significantly diminished in

III-1, and slightly diminished in II-3. GRS and GCS of II-2 and

GLS of III-4 were slightly diminished. As for the adolescent

patients, GLS, GCS, and GRS of the male patient (III-6) were all

decreased compared to the female patients (III-2 and III-5) of

his age.
Baseline cardiac tissue characteristics on
CMR in 2017

The cardiac tissue characteristics of DD are summarized

in Table 2. Five patients (5/7, 71.43%) exhibited LGE

(Figures 2–4), including four patients with HCM phenotype and

one patient with normal cardiac morphology (III-4). The LGE

proportion of these five patients ranged from 31.6% to 59.7%

(median value 42.7%). The most common LGE location was LV

free wall (5/5, 100%), followed by RVIP (4/5, 80%) and IVS (2/5,

40%). From the AHA segments perspective, there were 69 LGE

segments in a total of 85 segments (69/85, 81.18%), with

segments 5, 6, 12 and 15 being the most susceptible. Each

segment from base to apex may be involved. With regard to the

distribution of endocardium-to-epicardium direction, 31 LGE

segments (31/69, 44.93%) exhibited transmural involvement, 25

(25/69, 36.23%) with mid-mural involvement, and 13 (13/69,

18.84%) with subendocardial involvement. No LGE was detected

in the RV free wall.

Mild to moderate hyperintensity on T2w-STIR were

revealed in all five patients with LGE and all emerged in the

LGE areas. Likewise, among the five patients with LGE,

perfusion defect foci were demonstrated in some areas with

LGE (Figure 3B). Regarding the two patients without LGE, no

abnormal signal on T2w-STIR and perfusion images were

detected.
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FIGURE 2

Images of representative patient with Danon disease (III-6, a 14-year-old male). In 2017, cine cardiac images revealed diffusely thickened left ventricle (LV)
wall (A,B). Patchy late gadolinium enhancement (LGE) involved the LV lateral wall (C,D). In 2019, hyperintense T2 signal foci (yellow arrows in E) were
revealed and corresponding to the LGE areas (red arrows in F). The extent of LGE was increased and predominantly present in the LV free wall (G).
The bull’s-eye view of LGE proportion showed the apical involvement (H). In 2021, LV dilation was detected on cine cardiac image (I). T1 value
elevated significantly in the LGE areas, and slightly in regions without LGE (J–L). In 2022, hypointense T2 signal foci were emerged (yellow arrows in
M). The LGE extent was increased with the involvement of the intraventricular septum and right ventricle (red arrows in N). Moreover, the elevation of
T1 value was aggravated (O,P).

Liu et al. 10.3389/fcvm.2023.1159576
Correlation between segmental LVWT, LV
strain and LGE proportions

Segmental LVWT, LV strain and LGE proportions were adopted

for correlation analysis. There was no significant correlation between

the segmental LVWT and the corresponding segmental LGE

proportions (Spearman’s r = 0.238, P = 0.058). However, segmental

radial strain (Spearman’s r =−0.586), circumferential strain

(Pearson’s r = 0.589), and longitudinal strain (Pearson’s r = 0.514)

were all moderately correlated with the LGE proportions of

corresponding segments (P < 0.001) (Figure 5).
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Follow-up and outcome

Follow-up for all the seven patients lasted from 2017 to May

2022. Three patients (II-2, III-1 and III-6) underwent follow-up

CMR and summarized in Tables 2, 3.

Patient III-6, a male adolescent, experienced multiple

hospitalizations due to acute heart failure exacerbation.

Cardioverter defibrillator implantation was indicated, but refused

by the patient and his parents. Follow-up CMR were performed

in 2019, 2021 and 2022 (Figure 2). The LVEF and strains

deteriorated over time. LV dilated gradually with an increased
frontiersin.org
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FIGURE 3

Images of representative patient with Danon disease (III-1, a 20-year-old male). In 2017, cine cardiac image showed symmetrically increased thickness of
left ventricle (LV) wall (A). Resting perfusion defect foci (yellow arrows in B) were revealed corresponding to the late gadolinium enhancement (LGE) areas
(C,D), which predominantly present in the LV free wall and right ventricle insertion points. In 2019, LV dilation was detected on cine cardiac image (E).
Both the perfusion defect (red arrows in F) and LGE foci (G) were increased. The bull’s-eye view of LGE proportion showed the severe involvement in LV
free wall and apex (H).

FIGURE 4

Images of representative patient with Danon disease (II-2, a 44-year-old female). In 2017, cine cardiac image in short-axis view showed increased
thickness of intraventricular septum (A). Late gadolinium enhancement predominantly involved the right ventricle insertion points, the left ventricle
free wall and intraventricular septum (B–D). In 2019, the change of cardiac structure was slight on cine image (E). The extent of late gadolinium
enhancement (F–H) showed mild to moderate progression compared to 2017.

Liu et al. 10.3389/fcvm.2023.1159576
LVEDd (74.5 mm in 2022). The LVWT reached its peak in 2019

and then decreased consistently, whereas the RV free wall

thickness increased gradually. The extent of LGE in III-6

expanded with the involvement of the IVS and RV free wall.

Furthermore, significant low T2 signal foci were detected
Frontiers in Cardiovascular Medicine 07165
(Figure 2M). In 2021 and 2022, native T1 and ECV were added

into the CMR protocol. The global mean, minimum, and

maximum T1 values were 1,388, 1,311, and 1,541 ms respectively

in 2021; and 1,439, 1,350, and 1,661 ms in 2022. The minimal

and maximal ECV were 28% and 72% respectively in 2021; 33%
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TABLE 3 Function and strains of LV on CMR and their evolutions during follow-up.

Case no.
and time

Sex/age (Y) LVEF (%) EDVI (ml/m2) ESVI (ml/m2) CI (L/min/m2) GRS (%) GCS (%) GLS (%)

II-2 2017 F/44 60.43 78.33 31.00 2.98 27.16 −16.7 −19.35
2019 F/46 49.89 75.94 38.05 2.23 22.65 −14.9 −11.18

II-3 2017 F/41 51.02 101.06 49.49 2.84 24.76 −15.9 −15.59
III-1 2017 M/20 34.23 110.62 72.75 1.90 9.63 −7.03 −4.52

2019 M/22 8.03 127.57 117.33 0.72 3.84 −3.3 −2.31
III-2 2017 F/15 65.63 76.51 26.30 3.21 34.58 −19.9 −15.89
III-4 2017 F/23 60.92 76.61 29.94 3.08 27.46 −16.6 −11.98
III-5 2017 F/14 57.67 69.57 29.45 2.73 30.56 −18.4 −13.63
III-6 2017 M/14 54.12 89.73 41.17 3.37 21.08 −12.2 −10.88

2019 M/16 45.15 130.29 71.46 3.39 10.97 −7.69 −4.95
2021 M/18 24.37 139.40 105.42 2.45 8.24 −6.64 −3.45
2022 M/19 18.65 162.38 132.10 1.97 6.68 −5.33 −2.71

F, female; M, male; LVEF, left ventricle ejection fraction; EDVI, end-diastolic volume index; ESVI, end-systolic volume indexed; CI, cardiac index; GRS, global radial strain;

GCS, global circumferential strain; GLS, global longitudinal strain.

FIGURE 5

Correlation between segmental left ventricle wall thinckness, strain and late gadolinium enhancement (LGE) proportions. Correlation between the
segmental left ventricle wall thinckness and the corresponding segmental LGE proportions (A). Correlation between the segmental LGE proportions
and the corresponding radial strain (B). Correlation between the segmental LGE proportions and the corresponding circumferential strain (C).
Correlation between the segmental LGE proportions and the corresponding longitudinal strain (D). rs, Spearman’s r; r, Pearson’s r.
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and 86% in 2022. Regarding the regions without LGE, only native

T1 values were elevated in 2021, and both native T1 values ECV

were elevated in 2022.

Regarding patient III-1, a young male, the most prominent

CMR change was the decrease of LVEF and strain values in 2019
Frontiers in Cardiovascular Medicine 08166
compared to 2017 (Figure 3). The LV wall slightly thinned,

while the RV free wall significantly thickened, with moderately

increased LVEDd (64.5 mm) and RVEDd (36.6 mm). The extent

of LGE expanded, with the new involvement of the IVS, apex,

and RV free wall. Additionally, significant low T2 signal foci
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emerged within the LGE areas. Cardioverter defibrillator

implantation was recommended, but refused by the patient.

Unfortunately, he succumbed to heart failure at the age of 22 in

2019.

None of the five female patients (II-2, II-3, III-2, III-4, and

III-5) exhibited substantial symptom deterioration. With regard

to II-2, the extent and proportion of LGE markedly increased,

the LV wall slightly thickened, and the LVEF mildly decreased in

2019 (Figure 4).
Discussion

This study presents the clinical and CMR features of seven DD

patients followed up since 2017. To the best of our knowledge, this

is the first study to assess the comprehensive CMR characteristics

and evolutions of DD in a large family with long term follow-up.

In our cohort, young male patients suffer from DD with severe

presentation and aggressive progression vs. female patients.

Furthermore, cardiac involvements are the most prominent

clinical feature, such as arrhythmias and heart failure. The

typically CMR features of DD were LVH, LGE of the LV,

diminished strain (global and regional), and preserved or

reduced LVEF. Moreover, both T2 hyperintensity and resting

perfusion defect were also frequently observed. Consistent with

the clinical characteristics, these CMR changes in male patients

appeared earlier and more significant, and progressed faster than

female patients. As males have one X chromosome, while females

have two. The haploinsufficiency of the X-linked LAMP2 gene in

male patients, and the degree of skewed X inactivation in females

lead to the sex-specific differences in clinical and CMR

characteristics (4).

Three young female patients showed normal cardiac

morphology. This in part may reflect the late-onset of CMR

change in female patients for both of the young males of similar

ages presented with profound LVH. In our cohort, LVH in

female patients tended to be asymmetric phenotype with

predominantly thickened IVS, echoing the previous studies

(10, 21). According to previous literatures, DCM may be revealed

in affected females (21). Nevertheless, no DCM phenotype was

found in our cohort. During follow-up, both of the male patients

(III-1 and III-6) exhibited dilated LV. Considering the persistent

LVH, we classified them as “burned-out” HCM phenotype rather

than DCM. In the end-stage DD, the thickened LV wall become

thinner gradually, accompanied by the LV dilation. Furthermore,

asymmetric HCM phenotype may convert to symmetric HCM

phenotype or even DCM phenotype at last. Therefore, although

LVH is the most common morphological manifestation of DD,

patients of different genders and disease stages can exhibit

various morphologies.

The global longitudinal, radial, and circumferential peak strain

of LV in the adult patients were all decreased to varying degrees.

However, LVEF was reduced in only one young male patient.

Additionally, the global strain of the adolescent male patient

(III-6) was decreased compared to the age-appropriate female

patients. The high incidence and premature onset of global strain
Frontiers in Cardiovascular Medicine 09167
diminution indicate that DD may impact the ventricular

contraction and relaxation resulting in a heart failure with

preserved ejection fraction in initial stage. This advantage of

global strain over LVEF has also been confirmed in previous

studies on other heart disease (22, 23). During follow-up, the

LVEF and global strain significantly decreased in male patients

and slightly decreased in female patients. In comparison to

typical HCM, the present male DD patients demonstrated more

prematurely, rapidly and significantly reduced LVEF and global

strain, which can be used for differential diagnosis of both

conditions (5).

LGE is nearly always seen in affected patients. A controlled

CMR and histopathological study revealed that LGE regions

corresponded closely to the distribution and extent of fibrosis

and scarring in Danon cardiomyopathy (24). In our cohort, five

patients associated with LGE, including four with HCM

phenotype and one with normal cardiac morphology. Hence,

LGE may appreciate before morphological changes. Consistent

with previous literature, LGE predominantly involve the LV free

wall and the RVIPs, rather than the IVS between the anterior

and posterior RVIPs (9, 10, 25). Furthermore, most of the LGE

areas exhibit transmural or intramyocardial distributions. The

patterns of LGE in DD are unlike those in typical HCM,

amyloidosis, and sarcoidosis and help in the differential diagnosis

(26, 27). During follow-up, LGE of IVS and RV free wall may be

demonstrated with disease progression and fibrosis development

(28). The degree of LGE corresponds to the risk of cardiac events

in multiple types of cardiomyopathies (29, 30). Likewise, LGE

may also be applicable to the risk stratification of DD. For

example, depending on the LGE proportion of LV and whether

the RV is involved. However, a multicenter study with a large

sample is still needed for further confirmation.

Native T1 and ECV are predominant quantitative parameters

for CMR myocardial tissue characteristics, serving as optimal

instruments for detecting diffuse and early-stage myocardial

abnormalities. To our knowledge, there are only two previous

literatures involving native T1 and ECV alterations in DD

(9, 31). In the present study, both native T1 values and ECV

significantly elevated in LGE regions, and increased with

progression of the condition during follow-up. Regarding the

follow-up CMR for patient III-6 performed in 2021, native T1

values were sensitively elevated in regions without LGE, while

ECV was in normal range. This phenomenon was also seen in a

previous study (31). The T1 mapping pattern of DD with

elevated T1 values and normal ECV are similar to those of other

intracellular storage disorders (32). However, this change is

stage-specific, since both T1 values and ECV increase as the

aggravation of interstitial and replacement fibrosis.

Our study further investigated the correlation between the

segmental LVWT, LV strain and LGE proportions. The results

suggest the correlation between the segmental LVWT and the

corresponding segmental LGE proportions was not significant

(rs = 0.238, P = 0.058). However, in a previous study concerning

typical HCM, the regional LGE proportion moderately correlated

with the corresponding LVWT (r = 0.36, P < 0.001) (33). One

possible reason is that the distribution of the LVH and LGE in
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DD cardiomyopathies is relatively mismatched, while both the

LVH and LGE are predominantly located in the IVS and the

RVIPs in typical HCM (7). Regarding segmental LV strain,

segmental radial strain (rs =−0.586), circumferential strain (r =

0.589), and longitudinal strain (r = 0.514) were all moderately

correlated with the LGE proportions of corresponding segments

(P < 0.001). These findings suggest that the segmental radial

strain value, as well as the absolute values of circumferential and

longitudinal strains are negatively correlated with the extent of

segmental LGE. Moreover, the global strain is diminished in the

stage of heart failure with preserved ejection fraction in DD as

revealed in this study. Therefore, it can be speculated that

fibrosis and scarring in Danon cardiomyopathy may directly

affect the regional LV strain, then the global strain, and

eventually the LVEF.

T2w-STIR imaging is one of the best approaches for oedema-

weighted CMR, as it suppresses the signal of fat and flowing

blood, and enhances sensitivity to myocardial free water content

(12, 34). The presence of T2 hyperintensity in Danon

cardiomyopathy may represent focal oedema accompanying

inflammation and/or ischemia, and reflect an active rather than

healed process (34). Notably, low T2 signal foci emerged within

the LGE areas in the follow-up CMR of patient IV-1 and IV-6.

Low T2 signal suggests excessive fibrosis with minimal free water

or even coagulative necrosis and can be considered as a late-stage

change (10). In addition, five patients showed resting perfusion

defect, with all defect areas coinciding with LGE areas. These

perfusion defects are presumed to represent the diminished

microvascular bed volume in regions of pronounced fibrosis.

Hence, akin to low T2 signal, defected resting perfusion may be

used to reflect the extent of fibrosis (20).

There are several limitations to the present study. Firstly, a

mere seven cases were incorporated. However, this in part

reflects the relatively low prevalence of DD in the general

population. It is exceedingly rare for all the seven patients come

from the same family. Secondly, follow-up CMR were not

conducted for all participants. The CMR follow-up of female

patients needs to be further supplemented in. Thirdly, only a

single patient underwent quantitative CMR, including T1

mapping and ECV.
Conclusion

Left ventricular hypertrophy, LGE with sparing involved IVS,

and LV dysfunction are common CMR features of Danon

cardiomyopathy. LGE of IVS and RV free wall may emerge with

the disease progression. Both abnormal T2 signal and perfusion

defect foci are not rare, and may be employed to reflect the

severity of the lesion. LV strain and T1 mapping may have

advantages in detecting early-stage dysfunction and myocardial

abnormalities, respectively, in DD patients. Therefore, further

investigation is warranted to explore the applications of

quantitative CMR techniques in DD.
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Background: The impairment of atrial function and atrial-ventricular coupling in
diseases with left ventricular (LV) hypertrophy has been increasingly recognized.
This study compares left atrium (LA) and right atrium (RA) function, as well as
LA-LV coupling, in patients with hypertrophic cardiomyopathy (HCM) and
hypertension (HTN) with preserved LV ejection fraction (EF), using cardiovascular
magnetic resonance feature tracking (CMR-FT).
Methods: Fifty-eight HCM patients, 44 HTN patients, and 25 healthy controls were
retrospectively enrolled. LA and RA functions were compared among the three
groups. LA-LV correlations were evaluated in the HCM and HTN groups.
Results: LA reservoir (LA total EF, εs, and SRs), conduit (LA passive EF, εe, SRe), and
booster pump (LA booster EF, εa, SRa) functions were significantly impaired in
HCM and HTN patients compared to healthy controls (HCM vs. HTN vs. healthy
controls: εs, 24.8 ± 9.8% vs. 31.3 ± 9.3% vs. 25.2 ± 7.2%; εe, 11.7 ± 6.7% vs.
16.8 ± 6.9% vs. 25.5 ± 7.5%; εa, 13.1 ± 5.8% vs. 14.6 ± 5.5% vs. 16.5 ± 4.5%,
p < 0.05). Reservoir and conduit functions were more impaired in HCM patients
compared to HTN patients (p < 0.05). LA strains demonstrated significant
correlations with LV EF, LV mass index, LV MWT, global longitudinal strain
parameters, and native T1 in HCM patients (p < 0.05). The only correlations in
HTN were observed between LA reservoir strain (εs) and booster pump strain
(εa) with LV GLS (p < 0.05). RA reservoir function (RA εs, SRs) and conduit
function (RA εe, SRe) were significantly impaired in HCM and HTN patients
(p < 0.05), while RA booster pump function (RA εa, SRa) was preserved.
Conclusions: LA functions were impaired in HCM and HTN patients with preserved
LV EF, with reservoir and conduit functions more affected in HCM patients.
Moreover, different LA-LV couplings were apparent in two different diseases,
and abnormal LA-LV coupling was emphasized in HTN. Decreased RA reservoir
and conduit strains were evident in both HCM and HTN, while booster pump
strain was preserved.

KEYWORDS

atrial function, feature tracking, hypertrophic cardiomyopathy, hypertension, magnetic

resonance imaging
01 frontiersin.org170

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1027665&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2023.1027665
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1027665/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1027665/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1027665/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1027665/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1027665/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1027665/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2023.1027665
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2023.1027665
1. Introduction

Hypertrophic cardiomyopathy (HCM) and hypertension (HTN)

are two common cardiovascular diseases involving left ventricular

hypertrophy (LVH), characterized by distinct histological changes of

replacement fibrosis and diffuse interstitial fibrosis (1, 2). Myocardial

hypertrophy and diastolic dysfunction of the left ventricle (LV) are

the main manifestations of these diseases (2, 3). Hemodynamically,

the left atrium (LA) plays a crucial role in modulating LV diastolic

filling through the following basic functional elements: (1) reservoir

function (collection of pulmonary venous return during ventricular

systole); (2) conduit function (passage of blood to the LV during

early diastole); and (3) contractile booster pump function

(augmentation of ventricular filling during late diastole). LA

remodeling and dysfunction have been increasingly recognized and

are closely related to atrial fibrillation and the development of

cardiovascular disease, as demonstrated by conventional indices such

as LA size and volume (4–7) and the latest strain measurements

(8, 9). Deformation studies have shown that LA functions,

particularly reservoir and conduit functions, are impaired prior to LA

enlargement in the early stages of HCM and HTN (8–12). However,

most of these findings have been reported in separate studies and

have rarely been compared together.

Although both HCM and HTN present with pathological LVH,

they are two distinct diseases with specific pathophysiological

mechanisms. HCM is the most common inheritable heart

disorder activated via genetic pathways (13, 14), while HTN is an

acquired chronic disease initiated by pressure-related LV diastolic

dysfunction triggered by increased afterload (12, 15). Further

exploration of LA-LV coupling in these two different diseases has

gradually gained attention but has not been sufficiently

investigated thus far. We hypothesize that impaired LA-LV

coupling plays a key role in LA dysfunction.

On the other hand, the right heart, previously considered a

“dispensable” part of the heart, has recently become a research

hotspot in pathophysiological conditions such as heart failure

and pulmonary hypertension (16). Numerous studies have

revealed that right ventricular (RV) hypertrophy and diastolic

dysfunction are essential components of cardiac damage in HCM

and systemic hypertension, possibly secondary to ventricular

interaction (2, 17). However, data focusing on right atrial (RA)

function in diseases with LVH are limited, even though RA plays

a critical role in modulating RV diastolic filling (18). It has been

reported that RA deformation is significantly impaired in

hypertensive patients who are untreated or ineffectively treated

using echocardiographic speckle tracking (STE) (19). CMR-

feature tracking (CMR-FT) is a novel offline technique for

myocardial deformation evaluation based on routinely acquired

balanced steady-state free precession sequence (SSFP) cine

images. It offers a larger field of view encompassing the four

chambers and has superior reproducibility compared to STE

(20, 21). Recent studies have demonstrated that CMR-FT can be

used for RA strain in various diseases (22–24).

Therefore, the present study aims to compare LA function

between patients with HCM and HTN with preserved EF and

further explores LA-LV coupling in these two diseases. We also
Frontiers in Cardiovascular Medicine 02171
investigate the feasibility of CMR-FT in RA deformation

assessment and whether early RA dysfunction can be detected in

HCM and HTN patients.
2. Materials and methods

2.1. Patient population

We retrospectively enrolled 58 consecutive HCM and 44 HTN

patients between January 2019 and November 2022. The HCM

inclusion criteria were as follows: CMR demonstrating LVH

(maximal wall thickness ≥15 mm in adults or ≥13 mm in adults

with relatives who had HCM) without other hypertrophy-causing

diseases (25). HTN was defined as a SBP >140 mmHg and/or a

DBP >90 mmHg based on at least two office readings (26). HTN

patients included individuals receiving antihypertensive treatment

and newly diagnosed patients. SBP and DBP measurements were

obtained during hospitalization or outpatient visits. The

exclusion criteria were: (1) claustrophobia, impaired renal

function, pacemaker/defibrillator devices, or other metallic

implants; (2) LV EF <50%; (3) atrial fibrillation; (4) history of

septal myectomy or alcoholic septal ablation; (5) coronary artery

stenosis >50% confirmed by coronary CT angiography or

coronary angiography; (6) severe valvular diseases. Twenty-five

normotensive subjects (11 females, 14 males) with no history of

cardiovascular disease and normal physical examination results

were selected as the control group. The local institutional ethics

committee approved this study, and all subjects provided written

informed consent.
2.2. CMR protocol

2.2.1. Image acquisition
All CMR images were obtained using two clinical 3.0-T MR

scanners (Magnetom Prisma, Siemens, Erlangen, Germany and

Ingenia, Philips Healthcare, Best, the Netherlands). Transverse dark

blood images were acquired with the following parameters: slice

thickness: 8 mm; TR: 882 ms; TE: 40 ms; FOV: 344 mm× 343 mm.

Balanced SSFP breath-held cine images were acquired in the

two-chamber, three-chamber, four-chamber, and 8–11 equidistant

short-axis planes, covering the entire LV and RV. Typical imaging

parameters included: slice thickness: 8 mm; TR: 3.4 ms; TE:

1.1–1.5 ms; FOV: 360 mm× 315 mm; spatial resolution: 1.3 mm×

1.3 mm× 8.0 mm; flip angle: 60–70°; temporal resolution 42 ms.

2.2.2. Image analysis
Conventional size parameters were obtained from dark blood

images and balanced SSFP cine images. LV EDD was measured

at the papillary level of LV short-axis cine images, and RV EDD

was measured on the extension cord of the left measuring line.

MWT was defined as end-diastolic wall thickness selected in the

thickest segment from the LV short-axis cines without involving

trabeculations from both ventricles. AP diameters of LA and RA

were measured on transverse dark blood images.
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Functional and strain analyses were performed on balanced

SSFP cine images using dedicated software (cvi42; Circle

Cardiovascular Imaging Inc., Calgary, Canada, version 5.5). The

following LV functional parameters were calculated from all of

the phases on the short-axis and three long-axis cine images in

end-systole and end-diastole: LV EDV, LV ESV, LV EF, and LV

mass. The following RV functional parameters were calculated

from all of the phases on the short-axis and four-chamber cine

images in end-systole and end-diastole: RV EDV, RV ESV, RV

EF, and RV mass. Papillary muscles were included in the

volume and excluded from the mass calculations.

LV and RV strain measurements were carried out based on

long-axis images by tracing endocardial and epicardial borders

at end-systole and end-diastole. Endocardial and epicardial

borders were semi-automatically detected and manually

corrected, excluding the papillary muscles. Then, all frames

throughout the entire cardiac cycle were propagated. LV GLS

was derived from two-, three-, and four-chamber views, and RV

GLS was derived from a four-chamber view. Associated peak

global systolic and diastolic strain rates (SRs) were obtained

simultaneously. Native T1 mapping of LV was obtained from

the basal and mid-ventricular short-axis sections before contrast

medium administration.

LA volumes were calculated using the biplane area–length

method (27). Manual tracking of the LA outline and length

was performed in two- and four-chamber views, excluding

pulmonary veins and the LA appendage. RA volumes were

calculated using the single-plane area–length method (28).

Manual tracking of the RA area and length was performed in a

four-chamber view (24). The LA volumes indexed based on

BSA were assessed at LV end-systole (LAV max), at LV diastole

before LA contraction (LAV pac), and at late LV diastole after

LA contraction (LAV min). The RA volumes indexed based on

BSA were assessed at RV end-systole (RAV max), at RV

diastole before RA contraction (RAV pac), and at late RV

diastole after RA contraction (RAV min). Bi-atrial total,

passive, and booster EFs were defined according to the

following equations: EF total = (Vmax − Vmin) × 100%/Vmax; EF

passive = (Vmax − Vpac) × 100%/Vmax; and EF booster = (Vpac −
Vmin) × 100%/Vpac.

For strain analysis, LA endocardial and epicardial borders

were tracked in two- and four-chamber views (Figures 1A,B).

RA endocardial and epicardial borders were tracked in a

four-chamber view (Figure 1C). The atrial borders were

manually delineated in end-systole and end-diastole and then

propagated to all frames automatically. Bi-atrial global

longitudinal strain parameters were evaluated as εs (total

strain, reflective of atrial reservoir function during ventricle

systole), εe (passive strain, reflective of atrial conduit function

during early ventricle diastole), and εa (active strain, reflective

of atrial booster pump function during late ventricle diastole).

Accordingly, their corresponding strain rate parameters were

obtained as SRs (peak positive strain rate), SRe (peak early

negative strain rate), and SRa (late peak negative strain rate).

Five HCM and four HTN patients were excluded due to poor

LA or RA tracking quality.
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2.3. Reproducibility

Intra-observer reproducibility for global strain and SR

parameters was assessed in 30 randomly selected subjects

(10 HCM patients, 10 HTN patients, and 10 healthy controls)

with a four-week interval between analyses (H.L. with four years

of cardiovascular MRI experience). Inter-observer reproducibility

was assessed in the same 30 subjects by comparing results from

a second experienced observer (T.W. with five years of

cardiovascular MRI experience).
2.4. Statistical analysis

Continuous variables were represented as means ± standard

deviations. Categorical variables were represented as numbers

and percentages. Comparisons of continuous variables among

the three groups were performed using one-way ANOVA.

Comparisons between the two groups (HCM vs. controls, HTN

vs. controls, and HCM vs. HTN) were performed using

independent t-test for normally distributed data or Mann–

Whitney U-test for non-normally distributed data. Categorical

variables were evaluated using chi-square test or Fisher’s exact

test. Pearson’s or Spearman’s correlation analysis was

performed to investigate the relationship between LA strains

and LV parameters. The correlation was considered weak if r

was <0.5, moderate if r was between 0.5 and 0.7, and strong if r

was >0.7 (29). Intra- and inter-observer variabilities of the

atrial strain indices were evaluated using the Bland–Altman

test. Reproducibility analysis was performed using intra-class

correlation coefficients (ICCs) for absolute agreement and

coefficients of variation (CoVs). All statistical analyses were

performed with the IBM SPSS Statistical program for Windows

(version 21.0, Armonk, NY), MedCalc software (version 15.0,

Mariakerke, Belgium), and GraphPad Prism 8.0. p-Values of

<0.05 were considered significant.
3. Results

3.1. Population characteristics

Table 1 lists the population characteristics of the study. BSA,

BMI, and resting DBP were significantly higher in HTN patients

than in HCM patients and healthy controls (all p < 0.05). No

significant difference was observed in the rate of diabetes, resting

SBP, and NYHA distribution between HCM and HTN patients.
3.2. Conventional functional and strain
parameters of LV and RV

HCM and HTN patients exhibited higher LV massi, LV EDD,

LV MWT, RV massi, and RV EDD compared to healthy controls

(all p < 0.05; Table 2). HCM patients had higher levels of LV EF,

LV massi, LV MWT, RV EF, and RV EDD, as well as lower RV
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FIGURE 1

Representative HCM example for bi-atrial CMR feature tracking analysis. LA endocardial and epicardial contours at end-diastole shown on two- and four-
chamber views (A,B). RA endocardial and epicardial borders at end-diastole shown on four-chamber view (C). Strain and strain rate parameters were
obtained from strain curves (D,F) and strain rate curves (E,G), respectively. LA, left atrium; RA, right atrium; εs, total strain; εe, passive strain; εa, active
strain; SRs, total strain rate; SRe, passive strain rate; SRa, active strain rate.
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EDVi and RV ESVi compared to HTN patients and healthy

controls (all p < 0.05).

Impaired LV GLS and peak diastolic global longitudinal strain rate

(dGLSR) were observed in HCM and HTN patients compared to

healthy controls. Furthermore, HCM patients had lower levels of

GLS, sGLSR, and dGLSR compared to HTN patients (HCM vs.

HTN vs. healthy controls: LV GLS, −10.3 ± 3.0% vs. −13.2 ± 2.7% vs.

−17.9 ± 1.9%, all p < 0.05). Native T1 was elevated in HCM patients,

but no significant difference was noted in HTN patients compared to

healthy controls (HCM vs. HTN vs. healthy controls: 1,300.1 ±

67.7 ms vs. 1,253.7 ± 50.2 ms vs. 1,226.9 ± 18.8 ms, p < 0.05).

Impaired RV GLS was observed in HCM patients, but no significant

difference was found in HTN patients (HCM vs. HTN vs. healthy

controls: −16.7 ± 8.5% vs. −18.8 ± 4.5% vs. −19.3 ± 2.9%, p > 0.05).
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3.3. Volumetric and strain parameters of LA
and RA

HCM and HTN patients had larger AP diameters of LA and

RA compared to healthy controls, with HCM patients showing

the highest values (p < 0.05). Table 3 displays the volumetric and

strain parameters of LA and RA. HCM patients had the largest

LA volumes, including Vmaxi, Vpaci, and Vmini, followed by HTN

patients and healthy controls (p < 0.05).

LA reservoir function (LA total EF, εs, SRs), conduit function (LA

passive EF, εe, SRe), and booster pump function (LA booster EF, εa,

SRa) were significantly reduced in HCM and HTN patients compared

to healthy controls (HCM vs. HTN vs. healthy controls: εs, 24.8 ±

9.8% vs. 31.3 ± 9.3% vs. 25.2 ± 7.2%; εe, 11.7 ± 6.7% vs. 16.8 ± 6.9%
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TABLE 1 Study population characteristics.

HCM (n = 58) HTN (n = 44) Healthy controls (n = 25) p‡

Age, years 52.1 ± 12.4*,† 47.7 ± 15.4 43.8 ± 15.5 0.043

Male gender, n (%) 40 (69.0%) 34 (77.3%)* 14 (56.0%) 0.183

BSA, m2 1.7 ± 0.2† 1.9 ± 0.2* 1.7 ± 0.2 0.001

BMI, kg/m2 25.0 ± 3.9† 27.3 ± 3.7* 23.4 ± 3.4 <0.001

Diabetes, n (%) 4 (6.9%) 5 (11.4%) 0 (0.0%) 0.494

Hypercholesterolemia, n (%) 14 (24.1%) 19 (43.2%)* 4 (16.0%) 0.030

Resting SBP, mmHg 137.7 ± 25.3 140.5 ± 23.4* 124.8 ± 13.1 0.128

Resting DBP, mmHg 80.5 ± 17.2† 88.8 ± 19.0* 75.7 ± 13.8 0.032

NYHA
I, n (%) 46 (79.3%) 36 (81.8%) –

II, n (%) 10 (17.2%) 5 (11.4%) –

III, n (%) 2 (3.4%) 3 (6.8%) –

IV, n (%) 0 (0.0%) 0 (0.0%) –

Data are represented as means ± standard deviations or n (%). Bold values indicate statistical significance. HCM, hypertrophic cardiomyopathy; HTN, hypertension; BSA,

body surface area; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure. NYHA, New York Heart Association.

*Indicates p < 0.05 when compared to healthy controls.
†Indicates p < 0.05 when compared to HTN patients.
‡Significance of differences among three groups.
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vs. 25.5 ± 7.5%; εa, 13.1 ± 5.8% vs. 14.6 ± 5.5% vs. 16.5 ± 4.5%, p <

0.05). Moreover, LA reservoir function (LA total EF, εs, SRs) and

conduit function (LA passive EF, εe, SRe) were more impaired in

HCM patients compared to HTN patients (p < 0.05; Figure 2).

Although RA volumetric parameters, including Vmaxi,

Vpaci, and Vmini, showed no significant differences among

the three groups, RA reservoir strain (εs, SRs) and conduit
TABLE 2 Conventional functional and strain parameters of left and right ven

HCM (n = 58) HTN (n = 44

LV parameters
LVEF, % 67.3 ± 7.3*,† 63.2 ± 8.9

LV massi, g/m2 102.7 ± 36.8*,† 75.1 ± 25.6*

LV EDD, mm 50.9 ± 5.6* 50.7 ± 5.9*

LV MWT, mm 17.7 ± 4.0*,† 12.3 ± 2.5*

LV EDVi, ml/m2 80.1 ± 17.3 79.4 ± 17.1

LV ESVi, ml/m2 26.2 ± 9.4 30.0 ± 13.2

LV GLS, % −10.3 ± 3.0*,† −13.2 ± 2.7*

LV sGLSR, s−1 −0.7 ± 0.2*,† −0.8 ± 0.2

LV dGLSR, s−1 0.6 ± 0.2*,† 0.7 ± 0.2*

Native T1, ms 1,300.1 ± 67.7*,† 1,253.7 ± 50.2

RV parameters
RVEF, % 58.1 ± 9.0† 53.0 ± 11.6

RV massi, g/m2 19.6 ± 4.5* 18.5 ± 4.6*

RV EDD, mm 34.4 ± 4.5*,† 32.3 ± 4.8*

RV EDVi, ml/m2 59.8 ± 11.7*,† 67.9 ± 14.8

RV ESVi, ml/m2 24.9 ± 7.6*,† 32.2 ± 11.6

RV GLS, % −16.7 ± 8.5* −18.8 ± 4.5

RV sGLSR, s−1 −1.2 ± 0.7 −1.2 ± 0.3

RV dGLSR, s−1 1.1 ± 0.5 1.1 ± 0.3

Data are represented as means ± standard deviations; Bold values indicate statistical s

LV, left ventricular; RV, right ventricular; EF, ejection fraction; massi, mass indexed by b

end-diastolic volume indexed by body surface area; ESVi, end-systolic volume indexe

longitudinal strain; dGLSR, peak diastolic global longitudinal strain rate. ECV, extracellu

*Indicates p < 0.05 when compared to healthy controls.
†Indicates p < 0.05 when compared to HTN patients.
‡Significance of differences among three groups.
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strain (εe, SRe) were significantly impaired in HCM and

HTN patients compared to healthy controls (HCM vs. HTN

vs. healthy controls: εs, 31.8 ± 12.9% vs. 35.1 ± 12.2% vs.

41.3 ± 10.2%; εe, 15.9 ± 8.2% vs. 19.8 ± 8.5% vs. 25.6 ± 9.0%,

p < 0.05). In addition, RA conduit function (passive EF, εe,

SRe) was more impaired in HCM patients compared to

HTN patients (p < 0.05). However, RA booster pump
tricles.

) Healthy controls (n = 25) p‡

62.9 ± 6.2 0.012

49.7 ± 8.2 <0.001

48.1 ± 3.1 0.063

8.0 ± 1.3 <0.001

78.5 ± 12.7 0.970

29.3 ± 5.7 0.157

−17.9 ± 1.9 <0.001

−1.0 ± 0.2 <0.001

0.9 ± 0.2 <0.001

1,226.9 ± 18.8 <0.001

56.9 ± 7.3 0.033

15.2 ± 4.6 0.001

27.2 ± 5.3 <0.001

75.1 ± 9.9 <0.001

32.3 ± 6.6 <0.001

−19.3 ± 2.9 0.138

−1.3 ± 0.3 0.696

1.2 ± 0.3 0.338

ignificance.

ody surface area; EDD, end-diastolic diameter; MWT, maximal wall thickness; EDVi:

d by body surface area; GLS, global longitudinal strain; sGLSR, peak systolic global

lar volume.
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TABLE 3 Volumetric and strain parameters of left and right atria.

HCM (n = 58) HTN (n = 44) Healthy Controls (n = 25) p‡

LA AP diameter, mm 39.3 ± 9.9*,† 34.3 ± 9.8* 30.3 ± 5.6 <0.001

RA AP diameter, mm 49.7 ± 5.7*,† 45.1 ± 6.1* 41.2 ± 5.6 <0.001

LA volumetric parameters
LA Vmaxi, ml/m2 47.1 ± 16.7*,† 37.8 ± 12.6 33.7 ± 8.2 <0.001

LA Vpaci, ml/m2 40.4 ± 15.8*,† 30.4 ± 11.2* 25.2 ± 7.2 <0.001

LA Vmini, ml/m2 25.3 ± 12.9*,† 17.1 ± 7.6* 12.3 ± 3.5 <0.001

LA reservoir function
LA total EF, % 48.4 ± 11.6*,† 55.8 ± 8.4* 63.3 ± 7.2 <0.001

εs, % 24.8 ± 9.8*,† 31.3 ± 9.3* 41.9 ± 9.1 <0.001

SRs, s−1 1.3 ± 0.5*,† 1.6 ± 0.5* 1.9 ± 0.5 <0.001

LA conduit function
LA passive EF, % 14.9 ± 8.2*,† 20.5 ± 8.7* 25.7 ± 6.3 <0.001

εe, % 11.7 ± 6.7*,† 16.8 ± 6.9* 25.5 ± 7.5 <0.001

SRe, s−1 −1.0 ± 0.5*,† −1.6 ± 0.6* −2.7 ± 0.9 <0.001

LA booster pump function
LA booster EF, % 39.2 ± 13.6* 43.4 ± 13.9* 50.3 ± 9.8 0.002

εa, % 13.1 ± 5.8* 14.6 ± 5.5* 16.5 ± 4.5 0.035

SRa, s−1 −1.4 ± 0.6* −1.6 ± 0.9* −1.9 ± 0.5 0.009

RA volumetric parameters
RA Vmaxi, ml/m2 33.6 ± 10.8 35.9 ± 9.8 37.1 ± 8.6 0.300

RA Vpaci, ml/m2 29.2 ± 8.9 28.6 ± 8.8 29.2 ± 7.8 0.932

RA Vmini, ml/m2 16.9 ± 7.3 17.1 ± 6.7 18.7 ± 5.2 0.513

RA reservoir function
RA total EF, % 51.3 ± 11.2 51.3 ± 9.5 50.8 ± 7.9 0.932

εs,% 31.8 ± 12.9* 35.1 ± 12.2* 41.3 ± 10.2 0.006

SRs, s−1 1.8 ± 0.7* 1.9 ± 0.7* 2.5 ± 0.8 0.001

RA conduit function
RA passive EF, % 14.7 ± 5.9*,† 20.4 ± 6.7 23.0 ± 7.4 <0.001

εe, % 15.9 ± 8.2*,† 19.8 ± 8.5* 25.6 ± 9.0 <0.001

SRe, s−1 −1.3 ± 0.7*,† −1.6 ± 0.6* −2.1 ± 0.9 <0.001

RA booster pump function
RA booster EF, % 40.6 ± 12.2 38.7 ± 11.3 36.0 ± 12.1 0.078

εa, % 15.9 ± 7.5 15.3 ± 8.2 15.8 ± 6.3 0.911

SRa, s−1 −1.9 ± 0.9 −1.9 ± 0.8 −1.8 ± 0.8 0.767

Data are represented as means ± standard deviations. Bold values indicate statistical significance.

LA, left atrial; RA, right atrial; AP, anterior-posterior; Vmaxi, maximal volume indexed by body surface area; Vpaci, pre-atrial contractile volume indexed by body surface area;

Vmini, minimal volume indexed by body surface area; EF, emptying fraction; εs, total strain; εe, passive strain; εa, active strain; SRs, total strain rate; SRe, passive strain rate;

SRa, active strain rate.

*Indicates p < 0.05 when compared to healthy controls.
†Indicates p < 0.05 when compared to HTN patients.
‡Significance of differences among three groups.
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function (RA booster EF, εa, SRa) was preserved in both

HCM and HTN patients (p > 0.05).
3.4. LA-LV coupling

Significant correlations were found between LA reservoir

strain (εs), conduit strain (εe), and booster pump

strain (εa) with LV EF, LV massi, LV MWT, global

longitudinal strain parameters, and native T1 in HCM

patients (p < 0.05; Table 4, Figure 3). The only correlations

present in HTN were those between LA reservoir strain

(εs) and booster pump strain (εa) with LV GLS (p < 0.05;

Table 4).
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3.5. Intra-observer and inter-observer
reproducibility

Table 5 summarizes the ICCs and CoVs of LA and RA

global strain and SR parameters derived using CMR-FT.

Bland–Altman plots for global strain measurements of LA

and RA are shown in Figure 4. Both LA and RA strains

and SR parameters demonstrated good intra- and inter-

observer reproducibility values (intra ICC: 0.794–0.852, inter

ICC: 0.752–0.845). Intra- or inter-observer analysis results

for LA strains and SRs showed much higher reproducibility

than RA strains and SRs. The lowest reproducibility was

observed in RA SRe at the inter-observer level (ICC: 0.752).
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FIGURE 2

Comparisons of left and right atrial global strain parameters among HCM, HTN, and healthy control groups. LA, left atrial; RA, right atrial; εs, total strain; εe,
passive strain; εa, active strain; SRs, total strain rate; SRe, passive strain rate; SRa, active strain rate. *Indicates p < 0.05 when compared to healthy controls;
†indicates p < 0.05 when compared to HTN patients.
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4. Discussion

The current study compared LA function and LA-LV coupling

in patients with HCM and HTN who have preserved LV EF using
TABLE 4 Correlations between LA strains and LV functional and
deformation parameters in HCM and HTN patients.

LA εs, % LA εe, % LA εa, %

r p r p r p

HCM
LV EF, % 0.415 0.001 0.363 0.005 0.352 0.007

LV massi, g/m2 −0.351 0.007 −0.524 0.007 −0.267 0.042

LV EDD, mm 0.043 0.751 0.160 0.229 −0.033 0.805

LV MWT, mm −0.483 <0.001 −0.399 0.002 −0.399 0.009

GLS,% −0.448 <0.001 −0.422 0.001 −0.254 0.055

sGLSR, s−1 −0.487 <0.001 −0.352 0.007 −0.448 0.004

dGLSR, s−1 0.352 0.007 0.214 0.106 0.378 0.003

Native T1, ms −0.325 0.014 −0.288 0.031 −0.265 0.049

HTN
LV EF, % 0.110 0.477 −0.134 0.387 0.275 0.070

LV massi, g/m2 −0.078 0.615 −0.021 0.894 −0.132 0.393

LV EDD, mm 0.108 0.484 0.159 0.303 −0.037 0.810

LV MWT, mm −0.178 0.247 −0.033 0.833 −0.256 0.094

GLS, % −0.342 0.023 −0.067 0.666 −0.488 0.001

sGLSR, s−1 −0.077 0.619 −0.058 0.710 −0.051 0.742

dGLSR, s−1 −0.063 0.683 −0.214 0.164 0.172 0.264

Native T1, ms −0.156 0.386 −0.103 0.570 −0.079 0.661

Bold values indicate statistical significance.

HCM, hypertrophic cardiomyopathy; HTN, hypertension; LV, left ventricular; EF,

ejection fraction; massi, mass indexed by body surface area; EDD, end-diastolic

diameter; MWT, maximal wall thickness; GLS, global longitudinal strain; sGLSR, peak

systolic global longitudinal strain rate; dGLSR, peak diastolic global longitudinal

strain rate; LA, left atrial; εs, total strain; εe, passive strain; εa, active strain.
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CMR-FT and investigated the feasibility of CMR-FT in evaluating

RA deformation. The main findings are as follows: (1) LA reservoir,

conduit, and booster pump functions were impaired in both HCM

and HTN patients, with reservoir and conduit functions more

impaired in HCM patients; (2) HCM and HTN exhibited

different LA-LV couplings, with significant correlations between

LA strains (εs, εe, εa) and LV compliance and systolic strain

parameters in HCM, while in HTN, correlations were only found

between LA reservoir strain (εs) and booster pump strain (εa)

with LV GLS; (3) RA reservoir and conduit strains were reduced

prior to RV dysfunction in both HCM and HTN patients, while

booster pump function was preserved.

Based on the structural parameter data, LA morphological

remodeling was observed in our patients, as evidenced by

enlarged LA size and volume. LA reservoir and conduit functions

were impaired in both HCM and HTN patients, which was

consistent with previous studies (21, 30, 31). The potential

mechanisms are associated with increased LV wall stiffness,

elevated LV filling pressure, and impaired LA-LV coupling

(11, 32). Furthermore, we discovered that LA reservoir and

conduit functions were more severely impaired in HCM patients

compared to those with HTN, which may have been due to

greater LV wall thickening and more severe diastolic dysfunction

in HCM. In addition to LV diastolic dysfunction, studies have

shown that LA dysfunction is also correlated with LV fibrosis

(33). Contractile function, which is primarily modulated by

intrinsic atrial contractility and related to LA size, has been

reported to be inconsistent, with some studies reporting normal

(31, 34, 35), increased (15, 36), or reduced (37) contractile

function. This inconsistency may be attributed to different

inclusion criteria. Impaired booster pump function was observed
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TABLE 5 Reproducibility of global strain measurements performed using
CMR-FT.

Intra-observer
reproducibility

Inter-observer
reproducibility

ICC (95% CI) CoV (%) ICC (95% CI) CoV (%)
LV GLS, % 0.937 0.873–0.970 10.81 0.910 0.818–0.956 12.09

RV GLS, % 0.898 0.797–0.950 11.56 0.891 0.784–0.947 15.28

LA εs, % 0.852 0.713–0.926 21.53 0.845 0.700–0.923 21.93

LA εe, % 0.827 0.671–0.913 29.79 0.820 0.657–0.910 27.90

LA εa, % 0.838 0.568–0.931 20.14 0.813 0.635–0.908 23.13

LA SRs, s−1 0.840 0.691–0.920 23.80 0.828 0.673–0.914 25.22

LA SRe, s−1 0.849 0.708–0.925 29.05 0.823 0.664–0.911 29.95

LA SRa, s−1 0.811 0.642–0.905 25.91 0.803 0.624–0.901 24.04

RA εs, % 0.819 0.651–0.910 22.22 0.800 0.617–0.900 23.61

RA εe, % 0.803 0.630–0.901 27.92 0.794 0.613–0.896 27.82

RA εa, % 0.793 0.611–0.895 28.31 0.761 0.559–0.878 29.21

RA SRs, s−1 0.797 0.617–0.898 24.25 0.766 0.566–0.881 25.13

RA SRe, s−1 0.767 0.506–0.890 29.26 0.752 0.357–0.896 30.25

RA SRa, s−1 0.794 0.615–0.896 28.29 0.765 0.567–0.880 29.31

LV, left ventricular; RV, right ventricular; GLS, global longitudinal strain; LA, left

atrial; RA, right atrial; εs, total strain; εe, passive strain; εa, active strain; SRs, total

strain rate; SRe, passive strain rate; SRa, active strain rate; ICC, intra-class

correlation coefficient; CoV, coefficient of variation.

FIGURE 3

Correlations between LA strains and LV massi and LV GLS in patients with HCM. LA, left atrial; εs, total strain; εe, passive strain; εa, active strain; LV, left
ventricular; massi, mass indexed by body surface area; GLS, global longitudinal strain.
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in both HCM and HTN patients in our study, reflecting a state of

“decompensation” and a progressive stage of LA dysfunction in the

study population (3). Additionally, a trend of more severe

contractile function impairment was noted in HCM patients
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compared to those with HTN, although the difference was not

statistically significant.

Interestingly, the present study showed that different atrio-

ventricular interactions occurred in the two different diseases.

Significant correlations were found between LA strains (εs, εe and

εa) and LV compliance (LV massi, LV MWT) as well as systolic

parameters (LV EF, GLS, sGLSR and native T1) in HCM patients.

In contrast, fewer correlations were found in HTN, with the only

correlation observed between LA strains (εs, εa) and impaired LV

GLS. These findings indicate that HCM and HTN display

different patterns of LA-LV coupling, which is in line with

previous STE-based studies (8, 34). In a similar CMR study, Zhou

et al. also reported that LA function correlated with the severity of

LV diastolic function in HCM, but more closely with LV systolic

function in HTN (31). However, another CMR study conducted

by Song et al. (38) demonstrated that LV diastolic deformation

indices were significantly correlated with LA reservoir and conduit

function in HTN patients. The discrepancy may be ascribed to

differences in the patient population stages. As previously

mentioned, the impaired booster pump function indicates a

progressive stage in the present study. Thus, we speculate that

normal LA-LV interaction may be disrupted during a progressive

stage of hypertension. Interestingly, although normal LA-LV

interactions were not discovered, booster pump strain (εa) was

demonstrated to be associated with impaired LV GLS. This finding

suggests that LA contractile function might be a superior index

reflecting atrio-ventricular state in the advanced stages of
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FIGURE 4

Bland–Altman plots for intra- and inter-observer variability obtained for global left and right atrial strains. LA, left atrial; RA, right atrial; εs, total strain; εe,
passive strain; εa, active strain.
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hypertension. In this context, we propose that future studies should

pay more attention to abnormal LA-LV coupling, which may

enhance our understanding of the course of hypertension.

RV hypertrophy and dysfunction are frequently observed in both

HCM and systemic hypertension (39, 40). Previous studies have

reported that RV global strain is also deteriorated, possibly due to

ventricular interaction (2, 19). The present study data showed that

HCM patients had impaired RV GLS with preserved RV EF, while

RV GLS in HTN did not significantly differ from healthy controls.

To the best of our knowledge, there were fewer related studies
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reporting on RA strain determined using CMR-FT in HCM and

HTN. In the present study, RA enlargement and decreases in

reservoir and conduit strains were observed in both HCM and HTN

patients, demonstrating that RA structural remodeling and

dysfunction can occur before RV dysfunction in the disease process.

This finding is consistent with previous STE studies, which have

shown that RA reservoir and conduit functions were impaired in

HCM patients and that longitudinal strain was damaged in untreated

and uncontrolled hypertensive patients (19, 41). The potential

mechanism could involve a constant increase in RV filling pressure,
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similar to that in the LA and LV. Preserved RA contractile function (εa)

and increased late diastolic SRa observed in our study patients represent

a compensatory reaction tomaintain stroke volume and RV filling with

mild diastolic dysfunction (31).

There are some limitations to our study. First, the study sample size

was relatively small, and the cohort predominantly consisted of Chinese

participants. Therefore, these findings require further validation and

confirmation in larger-scale studies with a more diverse population.

Second, subgroup analysis was not performed in this study due to its

small sample size. The HCM cohort included patients with and

without obstruction of the LV outflow tract, and patients with and

without LV hypertrophy were included in the HTN cohort. Third,

since some of our patients did not undergo the hematocrit (HCT)

laboratory test on the day of the CMR examination, extracellular

volume fraction (ECV) data could not be obtained. Lastly, due to

the thin RA wall and the tricuspid valve attachment point not

being as clearly visible as the bicuspid valve, tracking the RA

endocardial and epicardial borders was more challenging than

tracking those of the LA. Furthermore, while the LA outline was

tracked on two long-axis views, the RA outline was tracked on

only one long-axis view. Consequently, RA strains and SRs

demonstrated weaker intra- and inter-observer reproducibility

compared to the LA in the present study.
5. Conclusion

This study demonstrated the feasibility of using CMR-FT in

evaluating RA deformation and provided insight into the

differences in LA function and LA-LV coupling between patients

with HCM and HTN. LA reservoir, conduit, and booster pump

functions were impaired in both HCM and HTN patients, with

reservoir and conduit functions more impaired in HCM patients.

HCM and HTN exhibited different patterns of LA-LV coupling,

which may have clinical implications for understanding the

disease course and developing targeted therapies. Furthermore,

RA structural remodeling and dysfunction were found to occur

before RV dysfunction in both HCM and HTN patients. Future

larger-scale studies with diverse populations are needed to

validate and confirm these findings, potentially leading to

improved understanding and management of these diseases.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Cardiovascular Medicine 10179
Ethics statement

The studies involving human participants were reviewed and

approved by the First Affiliated Hospital of AnHui Medical

University. The patients/participants provided their written

informed consent to participate in this study. Written informed

consent was obtained from the individual(s) for the publication

of any potentially identifiable images or data included in

this article.
Author contributions

HL: Conceptualization, Methodology, Software, Formal

Analysis, Writing—Original Draft. HW: Resources, Supervision.

TW: Software. CJ: Resources, Data collection. ML:

Conceptualization, Methodology, Supervision. BL: Validation,

Supervision. All authors contributed to the article and approved

the submitted version.
Acknowledgements

We thank International Science Editing (http://www.
internationalscienceediting.com) for editing this manuscript.
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. Tseng WY, Dou J, Reese TG, Wedeen VJ. Imaging myocardial
fiber disarray and intramural strain hypokinesis in hypertrophic
cardiomyopathy with MRI. J Magn Reson Imaging. (2006) 23(1):1–8. doi: 10.
1002/jmri.20473

2. Yang L, Zhang L, Cao S, Gao C, Xu H, Song T, et al. Advanced myocardial
characterization in hypertrophic cardiomyopathy: feasibility of CMR-based feature
tracking strain analysis in a case-control study. Eur Radiol. (2020) 30(11):6118–28.
doi: 10.1007/s00330-020-06922-6

3. Soullier C, Niamkey JT, Ricci JE, Messner-Pellenc P, Brunet X, Schuster I.
Hypertensive patients with left ventricular hypertrophy have global left atrial
dysfunction and impaired atrio-ventricular coupling. J Hypertens. (2016) 34
(8):1615–20. doi: 10.1097/HJH.0000000000000971
frontiersin.org

http://www.internationalscienceediting.com
http://www.internationalscienceediting.com
https://doi.org/10.1002/jmri.20473
https://doi.org/10.1002/jmri.20473
https://doi.org/10.1007/s00330-020-06922-6
https://doi.org/10.1097/HJH.0000000000000971
https://doi.org/10.3389/fcvm.2023.1027665
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2023.1027665
4. Cameli M, Lisi M, Focardi M, Reccia R, Natali BM, Sparla S, et al. Left atrial
deformation analysis by speckle tracking echocardiography for prediction of
cardiovascular outcomes. Am J Cardiol. (2012) 110(2):264–9. doi: 10.1016/j.amjcard.
2012.03.022

5. Guttmann OP, Rahman MS, O’Mahony C, Anastasakis A, Elliott PM. Atrial
fibrillation and thromboembolism in patients with hypertrophic cardiomyopathy:
systematic review. Heart. (2014) 100(6):465–72. doi: 10.1136/heartjnl-2013-304276

6. 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. Eur Heart J Cardiovasc Imaging. (2015) 16
(3):233–70. doi: 10.1093/ehjci/jev014

7. Debonnaire P, Joyce E, Hiemstra Y, Mertens BJ, Atsma DE, Schalij MJ, et al. Left
atrial size and function in hypertrophic cardiomyopathy patients and risk of new-
onset atrial fibrillation. Circulation Arrhythmia and Electrophysiology. (2017) 10(2):
e004052. doi: 10.1161/CIRCEP.116.004052

8. Iio C, Inoue K, Nishimura K, Fujii A, Nagai T, Suzuki J, et al. Characteristics of
left atrial deformation parameters and their prognostic impact in patients with
pathological left ventricular hypertrophy: analysis by speckle tracking
echocardiography. Echocardiography. (2015) 32(12):1821–30. doi: 10.1111/echo.12961

9. Demir M, Aktas I, Yildirim A. Left atrial mechanical function and stiffness in
patients with nondipper hypertension: a speckle tracking study. Clin Exp Hypertens.
(2017) 39(4):319–24. doi: 10.1080/10641963.2016.1246566

10. Miyoshi H, Oishi Y, Mizuguchi Y, Iuchi A, Nagase N, Ara N, et al. Effect of an
increase in left ventricular pressure overload on left atrial-left ventricular coupling in
patients with hypertension: a two-dimensional speckle tracking echocardiographic
study. Echocardiography. (2013) 30(6):658–66. doi: 10.1111/echo.12117

11. Miyoshi H, Oishi Y, Mizuguchi Y, Iuchi A, Nagase N, Ara N, et al. Early
predictors of alterations in left atrial structure and function related to left
ventricular dysfunction in asymptomatic patients with hypertension. J Am Soc
Hypertens. (2013) 7(3):206–15. doi: 10.1016/j.jash.2013.02.001

12. Li L, Chen X, Yin G, Yan W, Cui C, Cheng H, et al. Early detection of left atrial
dysfunction assessed by CMR feature tracking in hypertensive patients. Eur Radiol.
(2020) 30(2):702–11. doi: 10.1007/s00330-019-06397-0

13. Kim JB, Porreca GJ, Song L, Greenway SC, Gorham JM, Church GM, et al.
Polony multiplex analysis of gene expression (PMAGE) in mouse hypertrophic
cardiomyopathy. Science. (2007) 316(5830):1481–4. doi: 10.1126/science.1137325

14. Semsarian C, Ingles J, Maron MS, Maron BJ. New perspectives on the prevalence
of hypertrophic cardiomyopathy. J Am Coll Cardiol. (2015) 65(12):1249–54. doi: 10.
1016/j.jacc.2015.01.019

15. Yang L, Qiu Q, Fang SH. Evaluation of left atrial function in hypertensive
patients with and without left ventricular hypertrophy using velocity vector
imaging. Int J Cardiovasc Imaging. (2014) 30(8):1465–71. doi: 10.1007/s10554-014-
0485-x

16. Gorter TM, van Melle JP, Rienstra M, Borlaug BA, Hummel YM, van Gelder IC,
et al. Right heart dysfunction in heart failure with preserved ejection fraction: the
impact of atrial fibrillation. J Card Fail. (2018) 24(3):177–85. doi: 10.1016/j.cardfail.
2017.11.005

17. Kawut SM, Barr RG, Lima JA, Praestgaard A, Johnson WC, Chahal H, et al.
Right ventricular structure is associated with the risk of heart failure and
cardiovascular death: the multi-ethnic study of atherosclerosis (MESA)–right
ventricle study. Circulation. (2012) 126(14):1681–8. doi: 10.1161/
CIRCULATIONAHA.112.095216

18. Hensley N, Dietrich J, Nyhan D, Mitter N, Yee MS, Brady M. Hypertrophic
cardiomyopathy: a review. Anesth Analg. (2015) 120(3):554–69. doi: 10.1213/ANE.
0000000000000538

19. Tadic M, Cuspidi C, Suzic-Lazic J, Andric A, Stojcevski B, Ivanovic B, et al. Is
there a relationship between right-ventricular and right atrial mechanics and
functional capacity in hypertensive patients? J Hypertens. (2014) 32(4):929–37.
doi: 10.1097/HJH.0000000000000102

20. Zareian M, Ciuffo L, Habibi M, Opdahl A, Chamera EH, Wu CO, et al. Left
atrial structure and functional quantitation using cardiovascular magnetic resonance
and multimodality tissue tracking: validation and reproducibility assessment.
J Cardiovasc Magn Reson. (2015) 17:52. doi: 10.1186/s12968-015-0152-y

21. Leng S, Tan RS, Zhao X, Allen JC, Koh AS, Zhong L. Validation of a rapid semi-
automated method to assess left atrial longitudinal phasic strains on cine
cardiovascular magnetic resonance imaging. J Cardiovasc Magn Reson. (2018) 20
(1):71. doi: 10.1186/s12968-018-0496-1

22. Steinmetz M, Broder M, Hosch O, Lamata P, Kutty S, Kowallick JT, et al. Atrio-
ventricular deformation and heart failure in ebstein’s anomaly—a cardiovascular
magnetic resonance study. Int J Cardiol. (2018) 257:54–61. doi: 10.1016/j.ijcard.2017.11.097

23. Truong VT, Palmer C, Young M, Wolking S, Ngo TNM, Sheets B, et al. Right
atrial deformation using cardiovascular magnetic resonance myocardial feature
Frontiers in Cardiovascular Medicine 11180
tracking compared with two-dimensional speckle tracking echocardiography in
healthy volunteers. Sci Rep. (2020) 10(1):5237. doi: 10.1038/s41598-020-62105-9

24. Vos JL, Leiner T, van Dijk APJ, van der Zwaan HB, Sieswerda GT, Snijder RJ,
et al. Right atrial and ventricular strain detects subclinical changes in right
ventricular function in precapillary pulmonary hypertension. Int J Cardiovasc
Imaging. (2022):1–12. doi: 10.1007/s10554-022-02555-6

25. Authors/Task Force m, Elliott PM, Anastasakis A, Borger MA, Borggrefe M,
Cecchi F, Charron P, et al. 2014 ESC guidelines on diagnosis and management of
hypertrophic cardiomyopathy: the task force for the diagnosis and management of
hypertrophic cardiomyopathy of the European society of cardiology (ESC). Eur
Heart J. (2014) 35(39):2733–79. doi: 10.1093/eurheartj/ehu284

26. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al.
2018 ESC/ESH guidelines for the management of arterial hypertension. Eur Heart J.
(2018) 39(33):3021–104. doi: 10.1093/eurheartj/ehy339

27. Hudsmith LE, Cheng AS, Tyler DJ, Shirodaria C, Lee J, Petersen SE, et al.
Assessment of left atrial volumes at 1.5 tesla and 3 tesla using FLASH and SSFP
cine imaging. J Cardiovasc Magn Reson. (2007) 9(4):673–9. doi: 10.1080/
10976640601138805

28. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, et al.
Recommendations for chamber quantification: a report from the American society of
echocardiography’s guidelines and standards committee and the chamber
quantification writing group, developed in conjunction with the European
association of echocardiography, a branch of the European society of cardiology.
J Am Soc Echocardiogr. (2005) 18(12):1440–63. doi: 10.1016/j.echo.2005.10.005

29. Akoglu H. User’s guide to correlation coefficients. Turk J Emerg Med. (2018) 18
(3):91–3. doi: 10.1016/j.tjem.2018.08.001

30. Thomas L, Marwick TH, Popescu BA, Donal E, Badano LP. Left atrial structure
and function, and left ventricular diastolic dysfunction: JACC state-of-the-art review.
J Am Coll Cardiol. (2019) 73(15):1961–77. doi: 10.1016/j.jacc.2019.01.059

31. Zhou D, Yang W, Yang Y, Yin G, Li S, Zhuang B, et al. Left atrial dysfunction
may precede left atrial enlargement and abnormal left ventricular longitudinal
function: a cardiac MR feature tracking study. BMC Cardiovasc Disord. (2022) 22
(1):99. doi: 10.1186/s12872-022-02532-w

32. Yang Y, Yin G, Jiang Y, Song L, Zhao S, Lu M. Quantification of left atrial
function in patients with non-obstructive hypertrophic cardiomyopathy by
cardiovascular magnetic resonance feature tracking imaging: a feasibility and
reproducibility study. J Cardiovasc Magn Reson. (2020) 22(1):1. doi: 10.1186/
s12968-019-0589-5

33. Pedrizzetti G, Claus P, Kilner PJ, Nagel E. Principles of cardiovascular magnetic
resonance feature tracking and echocardiographic speckle tracking for informed
clinical use. J Cardiovasc Magn Reson. (2016) 18(1):51. doi: 10.1186/s12968-016-
0269-7

34. Badran HM, Faheem N, Elnoamany MF, Kenawy A, Yacoub M. Characterization
of left atrial mechanics in hypertrophic cardiomyopathy and essential hypertension
using vector velocity imaging. Echocardiography. (2015) 32(10):1527–38. doi: 10.
1111/echo.12885

35. Kowallick JT, Silva Vieira M, Kutty S, Lotz J, Hasenfu G, Chiribiri A, et al. Left
atrial performance in the course of hypertrophic cardiomyopathy: relation to left
ventricular hypertrophy and fibrosis. Invest Radiol. (2017) 52(3):177–85. doi: 10.
1097/RLI.0000000000000326

36. Kowallick JT, Kutty S, Edelmann F, Chiribiri A, Villa A, Steinmetz M, et al.
Quantification of left atrial strain and strain rate using cardiovascular magnetic
resonance myocardial feature tracking: a feasibility study. J Cardiovasc Magn Reson.
(2014) 16(1):60. doi: 10.1186/s12968-014-0060-6

37. Fujimoto K, Inoue K, Saito M, Higashi H, Kono T, Uetani T, et al. Incremental
value of left atrial active function measured by speckle tracking echocardiography in
patients with hypertrophic cardiomyopathy. Echocardiography. (2018) 35
(8):1138–48. doi: 10.1111/echo.13886

38. Song Y, Li L, Chen X, Shao X, Lu M, Cheng J, et al. Early left ventricular diastolic
dysfunction and abnormal left ventricular-left atrial coupling in asymptomatic
patients with hypertension: a cardiovascular magnetic resonance feature tracking
study. J Thorac Imaging. (2022) 37(1):26–33. doi: 10.1097/RTI.0000000000000573

39. Cuspidi C, Negri F, Giudici V, Valerio C, Meani S, Sala C, et al. Prevalence and
clinical correlates of right ventricular hypertrophy in essential hypertension.
J Hypertens. (2009) 27(4):854–60. doi: 10.1097/HJH.0b013e328324eda0

40. Rosca M, Calin A, Beladan CC, Enache R, Mateescu AD, Gurzun MM, et al.
Right ventricular remodeling, its correlates, and its clinical impact in hypertrophic
cardiomyopathy. J Am Soc Echocardiogr. (2015) 28(11):1329–38. doi: 10.1016/j.echo.
2015.07.015

41. Huang J, Yang C, Ni CF, Yan ZN, Fan L, Song XT. Right atrial function assessed
by volume-derived values and speckle tracking echocardiography in patients with
hypertrophic cardiomyopathy. BMC Cardiovasc Disord. (2020) 20(1):335. doi: 10.
1186/s12872-020-01610-1
frontiersin.org

https://doi.org/10.1016/j.amjcard.2012.03.022
https://doi.org/10.1016/j.amjcard.2012.03.022
https://doi.org/10.1136/heartjnl-2013-304276
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1161/CIRCEP.116.004052
https://doi.org/10.1111/echo.12961
https://doi.org/10.1080/10641963.2016.1246566
https://doi.org/10.1111/echo.12117
https://doi.org/10.1016/j.jash.2013.02.001
https://doi.org/10.1007/s00330-019-06397-0
https://doi.org/10.1126/science.1137325
https://doi.org/10.1016/j.jacc.2015.01.019
https://doi.org/10.1016/j.jacc.2015.01.019
https://doi.org/10.1007/s10554-014-0485-x
https://doi.org/10.1007/s10554-014-0485-x
https://doi.org/10.1016/j.cardfail.2017.11.005
https://doi.org/10.1016/j.cardfail.2017.11.005
https://doi.org/10.1161/CIRCULATIONAHA.112.095216
https://doi.org/10.1161/CIRCULATIONAHA.112.095216
https://doi.org/10.1213/ANE.0000000000000538
https://doi.org/10.1213/ANE.0000000000000538
https://doi.org/10.1097/HJH.0000000000000102
https://doi.org/10.1186/s12968-015-0152-y
https://doi.org/10.1186/s12968-018-0496-1
https://doi.org/10.1016/j.ijcard.2017.11.097
https://doi.org/10.1038/s41598-020-62105-9
https://doi.org/10.1007/s10554-022-02555-6
https://doi.org/10.1093/eurheartj/ehu284
https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.1080/10976640601138805
https://doi.org/10.1080/10976640601138805
https://doi.org/10.1016/j.echo.2005.10.005
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1016/j.jacc.2019.01.059
https://doi.org/10.1186/s12872-022-02532-w
https://doi.org/10.1186/s12968-019-0589-5
https://doi.org/10.1186/s12968-019-0589-5
https://doi.org/10.1186/s12968-016-0269-7
https://doi.org/10.1186/s12968-016-0269-7
https://doi.org/10.1111/echo.12885
https://doi.org/10.1111/echo.12885
https://doi.org/10.1097/RLI.0000000000000326
https://doi.org/10.1097/RLI.0000000000000326
https://doi.org/10.1186/s12968-014-0060-6
https://doi.org/10.1111/echo.13886
https://doi.org/10.1097/RTI.0000000000000573
https://doi.org/10.1097/HJH.0b013e328324eda0
https://doi.org/10.1016/j.echo.2015.07.015
https://doi.org/10.1016/j.echo.2015.07.015
https://doi.org/10.1186/s12872-020-01610-1
https://doi.org/10.1186/s12872-020-01610-1
https://doi.org/10.3389/fcvm.2023.1027665
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


TYPE Original Research
PUBLISHED 16 June 2023| DOI 10.3389/fcvm.2023.1136760
EDITED BY

Xiaoyue Zhou,

Siemens Healthineers Ltd., China

REVIEWED BY

Laurent Marc Riou,

Institut National de la Santé et de la Recherche

Médicale (INSERM), France

Michel Salomon,

Université Bourgogne Franche-Comté, France

*CORRESPONDENCE

Nicolas Duchateau

nicolas.duchateau@creatis.insa-lyon.fr

RECEIVED 03 January 2023

ACCEPTED 06 June 2023

PUBLISHED 16 June 2023

CITATION

Duchateau N, Viallon M, Petrusca L, Clarysse P,

Mewton N, Belle L and Croisille P (2023) Pixel-

wise statistical analysis of myocardial injury in

STEMI patients with delayed enhancement MRI.

Front. Cardiovasc. Med. 10:1136760.

doi: 10.3389/fcvm.2023.1136760

COPYRIGHT

© 2023 Duchateau, Viallon, Petrusca, Clarysse,
Mewton, Belle and Croisille. 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
Pixel-wise statistical analysis of
myocardial injury in STEMI
patients with delayed
enhancement MRI
Nicolas Duchateau1,2*, Magalie Viallon1,3, Lorena Petrusca1,
Patrick Clarysse1, Nathan Mewton4, Loic Belle5 and Pierre Croisille1,3

1Univ Lyon, CREATIS, INSA, CNRS UMR 5220, INSERM U1294, Université Lyon 1, UJM Saint-Etienne, Lyon,
France, 2Institut Universitaire de France (IUF), Paris, France, 3Department of Radiology, Hôpital Nord,
University Hospital of Saint-Étienne, Saint-Étienne, France, 4Department of Cardiology, Clinical
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Objectives: Myocardial injury assessment from delayed enhancement magnetic
resonance images is routinely limited to global descriptors such as size and
transmurality. Statistical tools from computational anatomy can drastically improve
this characterization, and refine the assessment of therapeutic procedures aiming
at infarct size reduction. Based on these techniques, we propose a new
characterization of myocardial injury up to the pixel resolution. We demonstrate it on
the imaging data from the Minimalist Immediate Mechanical Intervention randomized
clinical trial (MIMI: NCT01360242), which aimed at comparing immediate and
delayed stenting in acute ST-Elevation Myocardial Infarction (STEMI) patients.
Methods: We analyzed 123 patients from the MIMI trial (62 ± 12 years, 98 male, 65
immediate 58 delayed stenting). Early and late enhancement images were
transported onto a common geometry using techniques inspired by statistical atlases,
allowing pixel-wise comparisons across population subgroups. A practical
visualization of lesion patterns against specific clinical and therapeutic characteristics
was also proposed using state-of-the-art dimensionality reduction.
Results: Infarct patternswere roughly comparable between the two treatments across
thewhole myocardium. Subtle but significant local differences were observed for the
LCX and RCA territories with higher transmurality for delayed stenting at lateral and
inferior/inferoseptal locations, respectively (15% and 23% of myocardial locations
with a p-value <0.05, mainly in these regions). In contrast, global measurements
were comparable for all territories (no statistically significant differences for all-
except-one measurements before standardization / for all after standardization),
although immediate stenting resulted in more subjects without reperfusion injury.
Conclusion:Our approach substantially empowers the analysis of lesion patterns with
standardized comparisons up to the pixel resolution, andmay reveal subtle differences
not accessible with global observations. On the MIMI trial data as illustrative case, it
confirmed its general conclusions regarding the lack of benefit of delayed stenting,
but revealed subgroups differences thanks to the standardized and finer analysis scale.

KEYWORDS

acute myocadial infarction, delayed enhancement MRI, statistical atlas, infarct size,

microvascular obstruction
Abbreviations

EGE, early Gadolinium enhancement; LAD, left anterior descending; LCX, left circumflex; LGE, late
Gadolinium enhancement; LV, left ventricle; MIMI, Minimalist Immediate Mechanical Intervention; MRI,
magnetic resonance imaging; MVO, microvascular obstruction; RCA, right coronary artery; STEMI, ST-
elevation myocardial infarction.
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1. Introduction

Cardiac magnetic resonance imaging (MRI) has a central role

in myocardial infarction experimental and clinical trials, and is

frequently recognized as providing the best in vivo surrogate

endpoints for infarct size and microvascular obstruction

(MVO) (1–3). The lesion patterns visible on delayed

enhancement images vary from ischemia-reperfusion lesions to

final scar within the infarct zone on late Gadolinium

enhancement (LGE), with or without MVO region on early

Gadolinium enhancement (EGE) and LGE and at the acute

phase. However, most analyses only assess a tiny part of the

imaging data related to these lesions, whose distribution within

the myocardium and across slices is complex. They focus on

simple global measurements (mainly size, transmurality, and

endocardial surface area) (4–6), which drastically limit the

quantification of the mechanisms of ischemia-reperfusion and

treatment effects. Recent tools (not limited to MRI) offer more

detailed assessment and in particular standardized anatomical

diagrams (7), but are still insufficiently exploited for the

analysis of populations.

Computational tools inspired by statistical atlases can

overcome the main bottleneck to a finer analysis of such lesions,

namely anatomical differences across subjects and acquisitions

(8). First, they allow advanced statistical analysis of myocardial

shape differences across a population, as recently demonstrated

on acute myocardial infarction patients (9). In addition, as in our

study, they allow bringing all the imaging data to a standardized

geometry (the “atlas”). This means that much finer statistical

comparisons can be performed, up to examining differences in

the lesion patterns at each pixel of the myocardium in the EGE

and LGE images. This operation is a prerequisite to detect

potential inter-subject differences inaccessible and not evaluated

by global or regional descriptors of the lesions. In addition, in a

logic of personalized medicine, these tools allow understanding

and visualizing how a subject is positioned with respect to a

given population and/or how she/he responds to a given

therapeutic intervention.

In this paper, we re-examined the delayed enhancement

images from the Minimalist Immediate Mechanical Intervention

(MIMI) trial (10) with such techniques. This multicenter

randomized clinical trial aimed at comparing immediate and

delayed stenting in acute ST-Elevation Myocardial Infarction

(STEMI) patients, two treatment strategies that are still under

debate (11, 12). By examining commonly-used global descriptors

of the lesions, the original MIMI study failed to support delayed

stenting against immediate stenting, and even suggested a

deleterious effect of delayed stenting on MVO size. However,

similar studies reported potential benefits of such intervention

regarding infarct size or the incidence of MVO (13, 14). Thus, it

sounds as a relevant playground to evaluate if a finer analysis,

with standardized comparisons up to the pixel resolution, could

better characterize infarct and MVO pattern differences across

subjects and provide a fresh look at the quantification of the

intervention outcome.
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2. Materials and methods

2.1. Participants

This study retrospectively analyzed the imaging data from the

MIMI study (ClinicalTrials ID: NCT01360242), which was a

multicenter, prospective, randomized, open-label trial with

blinded endpoint evaluation. The study protocol was approved

by the local ethics committee (IRB 2010–048), and complied

with the Declaration of Helsinki and French laws. All subjects

gave written informed consent.

The included patients were adults with symptoms consistent

with STEMI ≤12 h, with ST-segment-elevation ≥1 mm in ≥2
contiguous limb leads or >2 mm in ≥2 precordial leads on the

electrocardiogram, intended for primary percutaneous coronary

intervention. The clinical and angiographic inclusion criteria and

the intervention procedure were detailed in Belle et al. (10).

Patients were randomized between two different strategies:

immediate stenting or 24–48 h delayed stenting. The primary

endpoint was MVO [% of left ventricular (LV) mass] on cardiac

magnetic resonance performed 5 days (interquartile range 4–6)

after inclusion.
2.2. Imaging protocol and labeling

The MRI protocol was performed in multiple centers 3 to 8

days after inclusion on 1.5 T systems. The analysis performed in

this paper focused on EGE and LGE images for which LV and

lesion segmentation was feasible (Figure 1), obtained according

to the detailed MRI protocol provided in the Supplementary

Material section of Belle et al. (10).

The myocardial and lesion contours were manually segmented

offline by one experienced observer (LP) and controlled by two

other experienced observers (MV, PCr) using commercial

software (CVI42 v.5.1.0 Circle Cardiovascular Imaging, Calgary,

Canada). They consisted of the endocardium, epicardium, infarct

(from LGE), and early and late MVO (EGE and LGE,

respectively) (Figure 2). The infarct zone was determined semi-

automatically on LGE images using the full-width half-maximum

method. MVO corresponded to hypo-enhancement within the

infarct zone on the EGE and LGE images, and was segmented

manually. The segmented images were exported as Dicom files.

Contours were exported in the XML format as.cvi42wsx files.

Both images and contours were loaded in Matlab (v.R2016a,

MathWorks, Natick, USA) for post-processing and analysis.

The LV-RV junction was manually identified by one

experienced observer (ND) using a single landmark on each slice.

The myocardial borders around the LV outflow tract were

marked by two landmarks to exclude this region on the

concerned slices. Finally, the slice locations corresponding to the

endocardial apex and the mitral level (the most extreme basal

slice with more than 50% myocardium around the blood cavity)

were identified. These locations were extrapolated in case the

acquisition did not cover such slices.
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FIGURE 1

Study flow chart. EGE, early Gadolinium enhancement; LGE, late Gadolinium enhancement; STEMI, ST-elevation myocardial infarction.
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2.3. Standardization onto a common
geometry1

We first parameterized the myocardium by defining radial,

circumferential, and long-axis coordinates on each slice, for each

individual. They were estimated on images oversampled by a

factor 4 to prevent artifacts in case few pixels covered the

myocardium, in particular along the radial direction. Their values

ranged from 0 to 1, corresponding to endocardium-to-

epicardium (radial), apex-to-base (long-axis), and the

anticlockwise direction starting from the LV-RV junction

(circumferential), as illustrated in Figure 3A, top row.

Then, we arbitrarily defined a common reference geometry

onto which standardizing the image data, as a semi-ellipsoid with

maximal endocardial and epicardial radii of respectively 30 and

50 pixels, represented on 21 slices of 80 × 80 pixels each

(Figure 3A, bottom row).

Finally, images were warped by mapping each patient’s

coordinates onto the reference coordinates. This was achieved by

linear interpolation tailored for data defined on a scattered grid

(here, the myocardial coordinates) (Figure 3B). No extrapolation

was performed out of the minimal and maximal slices acquired.
2.4. Pixel-wise analysis

Once standardized onto a common geometry, lesions can be

compared at each pixel of the myocardium in the EGE and LGE

images. We first estimated the representative (average) infarct
1Code and demo data corresponding to this standardization process will be

made accessible upon acceptance at: https://github.com/nicolasduchateau/

CMR-imageDataAlignment
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pattern for each coronary territory and each treatment subgroup,

and visualized it at each slice of the reference geometry

(Figure 4A). A Bull’s eye representation also summarized this

information across slices (Figure 4B). The Bull’s eye consisted of

21 concentric circles corresponding to all the slices of the

reference geometry, and 24 segments around the circumference.

The following information was displayed: (i) location, estimated

as the maximal value of the infarct pattern along the radial

direction; (ii) transmurality, estimated as the average value of the

infarct pattern along the radial direction; and (iii) statistical

differences between the two treatment options, assessed by the p-

value from the Hotelling t-squared test (performed on the pixel

map), displayed in a logarithmic color scale.
2.5. Link with other characteristics

Despite being standardized onto a common geometry, the infarct

patterns still contain a lot of information, which is challenging to

visualize and relate to other patient characteristics. We therefore

estimated a simplified representation of all the individual subjects in

the studied population that can be visualized in two dimensions. To

do so, we used the t-SNE (T-distributed Stochastic Neighbor

Embedding) algorithm (15), a widespread statistical method for

reducing the dimensionality of complex data and visualizing it. Its

purpose is similar to the very popular Principal Component

Analysis algorithm, except that the latter performs linear

dimensionality reduction, which is not fully suited to medical

images compared to non-linear dimensionality reduction (16) as

performed by t-SNE.

On our data, t-SNE provided a two-dimensional cloud of points

where each point corresponds to a sample in the population, while

forcing similar patterns to be represented by nearby points, and

conversely dissimilar patterns to be represented by distant points.

Then, we examined the link between infarct patterns and other

variables of interest by coloring each point according to the value
frontiersin.org
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FIGURE 2

EGE and LGE data from one representative patient with microvascular obstruction and infarct. (A,C): 3D stacks of the segmented structures on each slice.
(B,D): image data and segmented structures on a mid-cavity slice.

FIGURE 3

Data alignment steps illustrated on the representative patient from Figure 1. (A): automatically defined radial-circumferential-long axis coordinates on the
studied subject’s anatomy, and on the reference used for the statistical analysis of the whole population. The color encodes the coordinates value ranging
from 0 to 1 (long-axis coordinate = 0.625 for this slice). (B): standardization of the image data onto the reference (one slice out of two displayed for the
sake of clarity, numbers indicate the standardized long-axis coordinates). The red and dark colors encode the segmented infarct and MVO, respectively.
The blue dots stand for the location of the LV-RV junction on each slice.
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FIGURE 4

Representative infarct patterns depending on treatment (immediate vs. delayed) and territories (LAD mid or proximal, LCX, and RCA). (A): average pattern
for each subgroup, from apex to base (one slice out of two displayed for the sake of clarity). The dashed region corresponds to incomplete myocardium at
the basal level. (B): Bull’s eye representation that summarizes this information across slices: infarct location and variability, transmurality, and statistical
differences between the two treatment options (p-value displayed in a logarithmic color scale).
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of the variable we inspect. We focused on a subset of relevant clinical

and therapeutical variables related to patients’ risk: coronary artery

of concern, ejection fraction, stenting strategy, delay from onset of

symptoms to coronary intervention, sex, age, diabetic status,

smoking status, and body mass index.

This was implemented in Python, using a public open-source

version of t-SNE from the scikit-learn library2. The retained

hyperparameters were two components (for two-dimensional

visualization), perplexity of 10 (to define how much neighboring

samples are considered for non-linear dimensionality reduction),

and Principal Component Analysis initialization (for improved

stability).

Before applying t-SNE, infarct patterns were realigned to the

left anterior descending (LAD) territory, to better focus on the

pattern shape without being confounded by different infarct

localizations and analyse all the population at once. This was

achieved by rotating all infarct patterns along the circumference

such that the average infarct center of a given coronary territory
2https://scikit-learn.org/stable/modules/generated/sklearn.manifold.TSNE.

html
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is aligned to the average infarct center for the LAD territory, as

previously reported (17).
2.6. Global descriptors

We also estimated commonly-used global descriptors of the main

lesion characteristics: the proportion of damaged myocardium (for

the infarct and the MVO, in %), the average transmurality over the

infarcted myocardium (excluding the preserved myocardium, in

%), and the endocardial surface area (in %). These characteristics

were both estimated before and after standardization to the

reference geometry to quantify the consistency of global

observations regarding standardization (Table 1).
2.7. Reproducibility analysis

The identification of the LV-RV junction on each slice, and the

identification of the apex and mitral valve slice locations were

repeated by the same operator and another experienced operator

(LP). The reproducibility of these measurements (Supplementary

Figures S1, S2) and its effect on the statistical analysis of the
frontiersin.org
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TABLE 1 Global characteristics of the lesion against the treatment subgroups, before and after standardization to a common reference geometry:
proportion of lesion area compared to the whole myocardium (infarct and early/late MVO), infarct transmurality, and endocardial surface area
compared to the whole myocardium.

Before standardization After standardization

Immediate stenting
(N = 65)

Delayed stenting
(N = 58)

p-value Immediate stenting
(N = 65)

Delayed stenting
(N = 58)

p-value

Infarct area (% myocardium)
LAD mid 20.8 (19.0–27.3) 24.4 (15.9–31.2) 0.767 18.2 (11.6–23.4) 18.8 (11.1–23.4) 1.000

LAD proximal 30.3 (25.6–36.6) 26.8 (20.9–37.8) 0.571 23.1 (19.1–25.9) 21.5 (16.5–30.6) 0.792

LCX 21.1 (16.3–29.9) 19.8 (18.0–28.1) 1.000 18.7 (14.9–21.9) 18.4 (16.6–26.7) 0.481

RCA 12.0 (9.5–19.3) 13.3 (10.4–22.1) 0.412 12.3 (8.1–18.0) 11.9 (9.4–20.1) 0.611

Early MVO area (% myocardium)
LAD mid 2.0 (0.1–4.7) 1.3 (0.1–4.7) 0.976 0.8 (0.0–2.4) 0.5 (0.0–3.8) 0.976

LAD proximal 2.5 (0.9–9.6) 5.3 (3.7–9.5) 0.270 1.5 (0.5–7.8) 4.5 (2.3–7.3) 0.305

LCX 6.9 (0.2–9.7) 3.8 (1.4–7.9) 0.779 5.5 (0.1–8.0) 3.2 (1.1–6.6) 0.779

RCA 0.6 (0.0–3.7) 2.1 (0.0–4.3) 0.466 0.3 (0.0–3.0) 1.1 (0.0–3.8) 0.470

Late MVO area (% myocardium)
LAD mid 0.1 (0.0–3.0) 1.1 (0.0–3.8) 0.572 0.1 (0.0–2.6) 0.8 (0.0–2.8) 0.501

LAD proximal 1.8 (0.4–9.3) 4.1 (1.4–7.7) 0.305 1.1 (0.2–8.1) 2.9 (0.9–6.7) 0.384

LCX 3.7 (0.0–6.1) 2.7 (0.8–8.8) 0.481 3.6 (0.0–5.3) 2.3 (0.7–8.0) 0.743

RCA 0.0 (0.0–0.9) 0.6 (0.0–2.5) 0.044 0.0 (0.0–1.0) 0.4 (0.0–2.1) 0.065

Transmurality (%)
LAD mid 62.4 (50.4–81.3) 61.7 (51.3–68.2) 0.893 55.8 (51.0–75.0) 58.5 (49.4–64.4) 0.687

LAD proximal 69.8 (61.0–76.3) 69.3 (60.5–76.1) 0.910 69.0 (59.4–73.3) 66.5 (56.5–74.4) 0.792

LCX 62.0 (52.2–73.8) 69.1 (56.7–76.0) 0.321 56.5 (44.9–66.8) 64.0 (51.1–66.5) 0.481

RCA 55.6 (46.7–66.4) 63.4 (45.5–74.2) 0.184 50.6 (40.2–60.3) 57.0 (36.5–66.6) 0.182

Endocardial surface area (% endocardium)
LAD mid 25.3 (20.0–36.6) 28.2 (20.9–38.5) 0.687 24.7 (19.0–29.3) 29.8 (20.5–35.3) 0.467

LAD proximal 37.8 (27.7–41.5) 34.2 (27.6–45.4) 1.000 33.2 (30.7–38.7) 32.2 (23.5–44.6) 0.970

LCX 25.6 (15.1–35.8) 24.5 (17.4–27.6) 0.673 25.2 (19.4–34.3) 26.6 (20.7–30.3) 0.963

RCA 13.5 (8.0–19.0) 12.8 (8.4–22.5) 0.674 14.4 (8.4–21.8) 12.1 (10.2–21.8) 0.850

MVO, micro-vascular obstruction; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery. Bold font highglights statistically significant differences.
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standardized lesion patterns (Supplementary Figure S3) is

reported in Supplementary Material.
2.8. Statistical analysis

Standard statistical analysis was performed in complement of

the pixel-wise analyses exposed in the previous sections, as

follows. Continuous variables were expressed as median and

interquartile range, with Mann-Whitney U-test used for inter-

groups comparisons. Categorical variables were expressed in

percentage over the number of samples, with Fisher’s exact test

used for inter-groups comparisons. P-values below 0.05 were

considered statistically significant. All the patient and the global

lesion characteristics were analyzed using the SPSS software

(Version 21.0, IBM Corp, Armonk, NY).
3. Results

3.1. Patient characteristics

The original MIMI study enrolled 160 patients between June

2011 and December 2012, of which 140 patients had interpretable
Frontiers in Cardiovascular Medicine 06186
MRI scans (10). In the present study, the datasets of 17 patients

were unexploitable with our analysis techniques for technical issues

(sub-optimal LV coverage, or image artifacts); the EGE images

were not analyzed for these 17 patients and 6 additional patients

for which the EGE data were missing. We therefore analyzed the

EGE and LGE images for 117 and 123 patients, respectively,

corresponding to 65 patients with immediate stenting and 58

patients with delayed stenting (Figure 1). The baseline

characteristics of the patients are summarized in Table 2.

The median resolution of the analyzed images was 1.5625 ×

1.5625 × 5 mm. The LV ranged over 17 ± 2 slices, with 1 ± 1 extra

slices lying out of the acquired stack of slices.
3.2. Pixel-wise analysis

Figure 4 displays the representative infarct patterns associated

to each territory and treatment. The left side shows these patterns

slice by slice from apex to base, while the right side uses Bull’s eye

views to summarize specific characteristics of the patterns across

slices.

Infarct patterns (see “location”, “transmurality” and

“variability” Bull’s eye plots for a synthetic view) were roughly

comparable between the two treatments for all territories and
frontiersin.org
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TABLE 2 Main clinical and lesion characteristics depending on the
treatment subgroup.

Immediate stenting
(N = 65)

Delayed stenting
(N = 58)

p-value

Age (years) 55.9 (47.9–65.0) 60.7 (50.4–68.7) 0.095

Sex (% male) 55 (84.6) 43 (74.1) 0.181

Body mass index
(kg/m2)

26.5 (23.78–29.4) 26.0 (23.6–28.6) 0.413

EDV (ml) 153 (136–186) 152 (124–176) 0.221

ESV (ml) 73 (59–91) 73 (56–90) 0.914

LVEF (%) 54 (47–62) 51 (46–60) 0.256

Infarct (g) 30.38 (14.03–44.67) 27.89 (16.65–45.11) 0.905

Infarct (% of LV
mass)

18.64 (8.88–24.78) 20.75 (12.43–27.60) 0.361

MVO (g) 2.00 (0.00–8.41) 5.27 (0.53–10.31) 0.134

MVO (% of LV
mass)

1.29 (0.00–4.43) 3.86 (0.35–6.45) 0.059

Infarct artery location
LAD mid 11 14 1.000

LAD proximal 12 8 0.642

LCX 8 9 0.206

RCA 34 27 0.224

EDV, end-diastolic volume; ESV, end-systolic volume; LVEF, left ventricular ejection

fraction; MVO, micro-vascular obstruction; LAD, left anterior descending; LCX, left

circumflex; RCA, right coronary artery.

FIGURE 5

Link between infarct patterns and other variables of interest. Each subplot d
visualization (of arbitrary units) obtained with the t-SNE algorithm of how
dissimilar infarct shape are placed close/far from each other, as illustrated on
to match the LAD territory, so that observations focus on the actual pattern
the color code indicates the value of a specific clinical and therapeutic char
coronary artery territory and differ more between different territories. A slig
link is observed for the other variables.
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across all slices. However, for the left circumflex (LCX) infarcts,

higher transmurality was observed with delayed stenting at the

lateral locations (average transmurality in these segments: 36%

(immediate) vs. 53% (delayed)). A similar trend was observed

for the right coronary artery (RCA) infarcts at the inferior/

inferoseptal locations (average transmurality in these segments:

32% (immediate) vs. 38% (delayed)). These subtle observations

were confirmed by the “p-value” Bull’s eye, which quantified

statistical differences between the two treatment groups at each

location. The LAD mid and LAD proximal groups respectively

had 9% and 13% of myocardial locations with a p-value <0.05,

but rather sparsely distributed across the ventricle and not

necessarily matching the infarct zone. In contrast, the LCX and

RCA groups respectively had 15% and 23% of myocardial

locations with a p-value <0.05, including marked statistical

differences grouped over a portion of the infarct zone.

Early MVO was absent in 28/117 patients: 16/61 (28%) with

immediate stenting and 12/56 (23%) with delayed stenting. Late

MVO was absent in 48/123 patients: 32/65 (49%) with

immediate stenting and 16/58 (28%) with delayed stenting. No

infarct was observed in one patient (immediate stenting, RCA

ischemia).
epicts the same cloud of points, which is a simplified two-dimensional
subjects differ regarding their infarct shape: two subjects with similar/
subplot (A). Beforehand, infarct patterns of any territory were realigned
shape and not its position around the myocardium. On subplots (B–J),

acteristic of the patients. Infarct shapes appear consistent across a given
htly similar trend is observed regarding ejection fraction. In contrast, no
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3.3. Link with other characteristics

Figure 5 proposes a two-dimensional visualization of the whole

population where subjects with similar/dissimilar infarct shapes are

mapped close/far from each other, as estimated by the t-SNE

dimensionality reduction algorithm. On each subplot, the color

code corresponds to the values of a specific clinical or

therapeutic variable for each subject, to examine its potential link

with the infarct patterns. We remind that to construct this plot,

infarct patterns of any territory were realigned to match the LAD

territory, so that observations focus on the actual pattern shape

and not its position around the myocardium.

We first observe that even when this anatomical alignment was

performed, the shapes of infarct patterns showed anatomical

consistency across subjects from the same coronary artery. The

shapes of LAD infarcts were quite similar, while RCA and LCX

infarcts showed more dissimilar shapes that are likely related to

broader anatomical and collaterality variations across patients

having RCA and LCX culprit arteries. A more subtle grouping of

patterns was observed regarding ejection fraction, which might

reflect the varying impact of each coronary artery on the cardiac

function. In contrast, no specific grouping of patterns was

observed for the stenting strategy, confirming the main finding of

the MIMI study. The lack of grouping of patterns for all the

other selected variables (delay from onset of symptoms to

coronary intervention, sex, age, diabetic status, smoking status,

body mass index) indicated the lack of bias and the quality of

randomization.

Similar observations were obtained by multiple launches of the

t-SNE algorithm, which confirmed results against the random state

intrinsic to this algorithm.
3.4. Global descriptors

Table 2 examines the five global descriptors of the lesion

patterns (area of the infarct, early MVO, and late MVO,

transmurality, and endocardial surface area). No statistically

significant differences were observed between the two treatments,

for all territories, for all-except-one measurements before

standardization / for all after standardization to the common

reference geometry.
3.5. Reproducibility analysis

Supplementary Figure S1 summarizes the intra- and inter-

operator variability in the identification of the LV-RV junction

on each slice, for the EGE and LGE images. Angles were defined

by the lines joining the measurement of each operator and the

center of the LV cavity, on each slice. Intra-operator differences

were low, with higher differences near the apex but variability in

the range [−20.0°,8.7°]. Inter-operator differences were higher

but moderate, with higher differences near the apex but
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variability in the range [−18.9°,23.4°]. Observations were

comparable for the EGE and LGE images.

Supplementary Figure S2 complements this analysis by

summarizing the intra- and inter-operator variability in the

identification of the apical and basal slices, for the EGE and LGE

images. Differences were low, mostly ±1 slice both for the EGE

and LGE images. They were higher for the intra-operator

experiment, in particular at the basal level (more cases with a

difference of ±2 slices, a few up to ±3 slices), in part due to the

difficulty of extrapolating this location when the LV was not fully

covered by the slices.

Finally, Supplementary Figure S3 provides a display similar to

the Bull’s eyes from Figure 4 for the location, transmurality, and

variability of the infarct patterns, and for the p-value quantifying

statistical differences between the two treatment groups, for

identification of the LV-RV junction and basal/apical slices

repeated by the same operator or by a second one. Patterns are

very similar to the ones in Figure 4, and lead to equal

conclusions: comparable patterns between the two treatments for

all territories and across all slices, but higher transmurality with

delayed stenting for the LCX and RCA infarcts, confirmed by

statistically significant differences near the infarct zone, contrary

to the LAD mid and LAD proximal infarcts.
4. Discussion

We proposed a fresh look at the characterization of myocardial

lesions (infarct and early/late MVO) to go beyond global

assessment with quantitative and standardized comparisons up to

the pixel resolution. On the delayed enhancement imaging data

from the MIMI study, which aimed at assessing acute myocardial

infarction patients while comparing different reperfusion

strategies, our results not only confirmed at a much finer

resolution and in a more standardized manner that immediate

and delayed stenting led to comparable infarct and reperfusion

lesions, but revealed a deleterious effect of delayed stenting at

specific locations. They also indicated that the infarct shape was

not related to other clinical and therapeutic variables of interest.

Comparing delayed vs. immediate stenting highly depends on

the chosen MRI endpoints (2). In the original MIMI study (10),

the primary endpoint was MVO (% of total LV mass observed

by MRI 5 days after inclusion). Primary endpoints were slightly

different in similar randomized controlled trials of moderate

sample sizes. The INNOVATION study used the infarct size (%

of total LV mass observed by MRI 30 days after inclusion) (14),

while the DEFER-STEMI study considered the incidence of no-/

slow-reflow (Thrombolysis In Myocardial Infarction ≤2, 2 days

after inclusion) (13). They concluded that delayed stenting may

better preserve the myocardium, not necessarily for all territories

or supported by statistically significant differences. The much

larger DEFER-DAMANI randomized controlled trial did not find

evidence of improvement with delayed stenting using a

composite score of clinical outcomes (18). Its findings were

confirmed by a sub-study, which considered the final infarct size

as primary endpoint (19). Current guidelines do not therefore
frontiersin.org
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recommend delayed stenting (12). Nonetheless, differences in the

conclusions brought by these studies should be tempered, mainly

due to different primary endpoints, different delays in the

stenting procedure, and different spectrum of included patients

(11). Delayed stenting might still benefit a subset of patients, to

be confirmed by other randomized controlled trials and re-

analysis of the existing studies as targeted in the PRIMACY

trial (20).

In the literature, the lack of clear differences between treatment

options may also come from the simplicity of global descriptors

(occurrence, size, transmurality, or endocardial surface area as a

surrogate of the area at risk, mainly) to assess lesions of complex

shapes. Many studies investigating the cardiac function, not

necessarily with MRI, already underlined the value of regional or

local descriptors of the observed diseases (7, 16). Our approach

also goes into this direction and provides a more complete and

standardized assessment of the lesion patterns up to each pixel of

the myocardium. In our study, this local quantitative assessment

not only confirmed the lack of benefit from delayed stenting, but

also revealed subtle differences insufficiently rendered by global

measurements and suggesting a deleterious effect visible at some

locations (in particular, higher transmurality with delayed

stenting for the LCX and RCA).

Statistical atlases have been widely used to quantify shape

differences across of a population (8), as recently demonstrated

on acute myocardial infarction patients (9). In our work, we used

these techniques beyond shape assessment and analyzed the

imaging data on a common geometry. This standardization was

inspired by previous works on the statistical analysis of

myocardial infarct (21, 22), except that these considered 3D

mesh data (while we directly operated on the image data), and

did not incorporate MVO. The use of such spatial alignment

goes in the sense of recent recommendations, to better

standardize the imaging data (2).
4.1. Study limitations

Seventeen patients were not analyzed due to technical issues

related to the image quality. Besides, our population size was

moderate, and the statistical analysis of lesion patterns may be

affected by this sample size, in particular in case of small or

unbalanced subgroups as observed for some territories. We

therefore supported as much as possible our observations with

complementary measurements (the variability and statistical

differences computed locally, the global lesion characteristics, and

intra/inter-operator reproducibility analysis).

Spatial alignment required the semi-automatic segmentation of

the myocardium and the manual identification of few landmarks

on each slice, which is time-consuming and needs careful quality

control in the current implementation. This could be solved by

considering recent advances in the automatic segmentation of

delayed enhancement MRI, when its accuracy reaches acceptable

ranges on all slices on routine imaging data (23, 24).

Non-linear statistical analysis techniques may overcome some

limitations of the techniques we used here to estimate
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representative lesion patterns (21, 25), but would require larger

populations and may still provide limited rendering of sharp

transitions in the analyzed data, such as the interface between

the myocardium and the infarct (17).
5. Conclusion

Our methodology allows assessing the acute myocardial

infarction lesions much beyond commonly used global

descriptors while delivering a synthetic picture of a

population, and could be used for standardized reporting in

many cardiac MRI clinical research studies. This approach

provides quantitative finer insights into how lesions differ

between subgroups of subjects, and enables to locate a given

subject within the population/group response in a logic of

personalized medicine. On the MIMI study, it confirmed at a

much finer scale the comparable myocardial damage between

immediate and delayed stenting, and even suggested a

deleterious effect of delayed stenting visible at some locations.

This strategy appears highly promising to analyze in a much

more integrated manner the multi-parametric and longitudinal

data from ischemia-reperfusion studies, and better state on

potential therapies to reduce myocardial loss after myocardial

infarction.
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Radiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
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Background: Myocardial fibrosis, as quantified by late gadolinium enhancement
(LGE) in cardiac magnetic resonance (CMR), provides valuable prognostic
information for patients with myocarditis. However, due to the low incidence
rate of fulminant myocarditis (FM) and accordingly small sample size, the
knowledge about the role of LGE to patients with FM is limited.
Methods and results: A total of 44 adults with viral-FM receiving the Chinese
treating regimen were included in this retrospective study. They were divided
into the low LGE group and the high LGE group according to the ratio of LGE
to left ventricular mass (LGE mass%). CMR exams and LGE were performed after
hemodynamic assistance at discharge in all patients with FM. Routine
echocardiography parameters and global longitudinal strain (GLS) at discharge
and at 2-year follow-up were obtained and then compared. Both left ventricular
ejection fraction (LVEF) and GLS showed no significant difference in both groups
at discharge, whereas significant differences were observed at 2-year follow-up
between two groups. Moreover, there were significant improvements of LVEF
and GLS in the low LGE group, but not in the high LGE group during the 2-year
period. Furthermore, LGE mass% was negatively correlated with GLS and LVEF.
Conclusions: There were two distinct forms of LGE presentation in patients with FM.
Moreover, the cardiac function of patients with low LGE was significantly better than
those with high LGE at 2-year follow-up. LGE mass% at discharge provided
significant prognosis information about cardiac function of patients with FM.

KEYWORDS

fulminant myocarditis, late gadolinium enhancement, global longitudinal strain, left

ventricular function, follow-up study

1. Introduction

Myocarditis is a condition that causes ventricular systolic dysfunction due to

inflammation of the myocardium. It appears to be a major cause of sudden cardiac death

in patients under the age of 40 (1). Myocarditis is classified into fulminant myocarditis

(FM) or non-fulminant acute myocarditis (NFAM) based on clinical presentations,
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histological features, echocardiographic index, and hemodynamic

stability (2). FM, however, is the most severe type of myocarditis

characterized by acute, severe heart failure. Patients with FM are

often in cardiogenic shock and require immediate mechanical

circulatory support (MCS) (3). Even managed with aggressive

pharmacological therapy and mechanical support, the in-hospital

mortality rate of FM is considerably high (up to 40%–60%)

(4, 5). Our center recently raised the Chinese protocol in treating

FM termed as life support-based comprehensive treatment

regimen (LSBCTR), which has been proved to reduce mortality

rate to <5% (6, 7).

Endomyocardial biopsy (EMB) represents the golden standard

for the diagnosis of FM (8). However, it is limited by possible

sampling errors and its inherent procedural risk of invasive

examination (9–12). Cardiac magnetic resonance (CMR), with

the advantages of detecting signals of myocardial damage such as

myocardial edema, hyperemia, and fibrosis (13, 14), has been

applied in the diagnosis and prognosis evaluation of myocarditis.

Among them, late gadolinium enhancement (LGE) can identify

areas of fibrotic myocardium that are closely related to

ventricular arrhythmias (15). Recently, there has been an

increasing interest in the prognostic value of LGE in myocarditis

for possible adverse clinical outcomes. Grun et al. showed that

LGE was the best independent predictor of all-cause mortality

and cardiac mortality in patients with a wide range of clinical

symptoms and biopsy-proven viral myocarditis (16). Recently,

LGE has been shown to have additive prognostic value in

stratifying risk of patients with suspected myocarditis (14).

Additionally, Barone-Rochette et al. reported a trend of a worse

outcome in patients with suspected myocarditis with higher LGE

extent scores (17). Nevertheless, there are limited data (18–20)

with relatively small sample sizes focusing on the value of LGE

in FM. As a result, the role of LGE in patients with FM remains

unknown. Does the pattern of LGE in patients with FM have any

relationship with the cardiac function or prognosis of these

patients? Therefore, the aim of this study was to assess the

pattern of LGE in patients with FM and the correlation between

LGE and cardiac function at 2-year follow-up.
2. Method

2.1. Study population

A total of 97 patients with clinically suspected acute myocarditis

were admitted to the Tongji Hospital, Tongji Medical College,

Huazhong University of Science and Technology, the largest

myocarditis center in China between October 2017 and February

2021. The diagnosis of NFAM was made on the basis of clinical

evidence and two or more CMR Lake Louise criteria (myocardial

edema, hyperemia, and LGE). Endomyocardial biopsy was

performed when CMR results were inconclusive (<1 CMR

criterion). For clinically unstable FM patients, however, CMR

exams may be delayed and performed after hemodynamic assistance.

Relevant clinical data were retrieved from the patients’

electronic medical records. All patients with NFAM presented
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acute chest pain, elevated troponin, and a history of viral

infection with less than 2 weeks. Exclusion criteria were: (1)

prior history of coronary artery disease (CAD), myocardial

infarction, or other acute or chronic cardiac diseases; (2)

contraindications for CMR or fatal arrhythmias.

Invasive coronary angiography was performed on all patients,

except those younger than 35 years of old with low risk of

coronary artery disease. Fulminant myocarditis was defined as

acute myocarditis patients requiring inotropic drug and/or MCSs

(21). The primary analysis of this study focused on viral

myocarditis, defined as patients with significant viral infection-

like prodromal symptoms, while patients with EMB-proven

eosinophilic myocarditis were excluded. The detailed study

workflow is shown in Figure 1.

The final population included 44 viral-FM patients who

completed the 2-year follow-up. They were divided into high

LGE group (n = 23) and low LGE group (n = 23) according to

whether the left ventricular mass (LGE mass%) >20. Informed

consent was obtained from all patients at the time of the CMR

examination.
2.2. Patient management

The LSBCTR was applied to all FM patients enrolled in the

study. The vital of this regimen is the early administration of

MCS to provide circulatory support. At our center, we prefer to

use intra-aortic balloon pump (IABP) as first-line MCS approach

(3). In cases where hemodynamic disturbances cannot be

corrected after using IABP, venoarterial extracorporeal membrane

oxygenation (VA-ECMO) was added in combination with IABP.

Once stabilized, all FM patients with systolic dysfunction were

treated by evidence-based heart failure therapy.

After the CMR examination, all included patients with FM

were followed up by the investigators. All enrolled patients

receive routine echocardiography examination during the 2-year

follow-up, and patients who had been lost within 2 years and

patients with poor echocardiography image quality were excluded.
2.3. Conventional echocardiographic
examination and strain analysis

Conventional echocardiography was performed using a single

commercially echocardiographic system (Vivid E9; GE Vingmed,

Horten, Norway) equipped with a 3.5 MHz transducer.

The echocardiographic records were obtained and analyzed by

a professional cardiologist experienced in echocardiographic

analysis at the time of admission, before discharge, and 2-year

follow-up, respectively.

Left ventricular ejection fraction (LVEF) was calculated by the

modified biplane Simpson’s method from apical four-chamber and

two-chamber views, and averaged for continuous three beats. Other

conventional parameters including the left atrial (LA) diameter, left

ventricular end-diastolic dimensions (LVEDD), internal diameter

and LV diastolic hemodynamic indices were measured based on
frontiersin.org
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FIGURE 1

Flow diagram describing the enrolling patients and selection protocol of high LGE group and low LGE group adult patients with FM from the 97 patients
with suspected AM were screened initially in the present study and the final study population consisted of 21 FM patients in the low LGE group and 23 FM
patients in the high LGE group.
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the American Society of Echocardiography criteria and the

European Association of Cardiovascular Imaging (22).

Global longitudinal strain (GLS) was obtained by two-

dimensional (2D) speckle tracking echocardiography (STE). The

2D gray scale images of three consecutive cardiac cycles for each

of the apical two-chamber, three-chamber, and four-chamber

views at end-systole were saved for strain analysis. Data processing

was conducted offline by using Echo Pac (version: 113, 2017; GE

Vingmed, Horten, Norway). GLS was quantified by automated

functional imaging analysis, based on the AHA 17-segment LV

model, expressed as the absolute value of the mean. Representative

images of “bull’s-eye” of two FM patients with different LGE mass

% were showed in Figure 2.
2.4. CMR acquisition and analysis

CMR exams were delayed and performed in all FM patients after

hemodynamic assistance by a 3T MRI scanner (Magnetom Skyra,

Siemens Healthcare, Erlangen, Germany) using an 18-channel

body matrix coil. All cardiac MR images were assessed offline by

two independent blinded readers with 2 or more than 2 years of

experience who were blinded to the clinical and echocardiographic

data of the patients, using commercial cardiac software cvi42

(v. 5.3, Circle Cardiovascular Imaging, Calgary, Canada).

LGE imaging was performed by using segmented inversion-

recovery gradient-echo sequences at the horizontal long axis, the

vertical long axis, and the short axis as previously described (23).

The area of visually apparent LGE from the mitral valve to the
Frontiers in Cardiovascular Medicine 03194
LV apex were summed to generate total volume of LGE in grams

and calculated its percentage to total LV myocardial mass. The

manual LGE quantitation method has been shown to be the best

to histopathologically reflect total fibrosis burden (24). LGE mass

% was defined as the percentage of LGE mass to total LV mass.
2.5. Statistical analysis

Statistical analysis was performed by using software (SPSS 20.0,

Chicago, IL, United States). Continuous variables were expressed as

mean ± SD or as median and interquartile range (IQR), depending

on the normality of distribution. The Shapiro–Wilk test was

performed to test the normality of the variables. Continuous

variables between groups were analyzed by Student’s t-test or

Mann–Whitney U test, depending on the normality of the

variables. Categorical variables were evaluated with square test or

Fisher exact test. Relationships among multivariables were

analyzed by Pearson correlation analysis.

P-value lower than 0.05 was considered statistically significant.
3. Result

3.1. Population Characteristics

Baseline characteristics of the entire population and groups are

summarized in Table 1. A total of 44 patients were enrolled in this

study (21 patients with low LGE and 23 with high LGE). All
frontiersin.org
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FIGURE 2

Representative bull’s-eye displays of GLSs in a 30-year-old man (A,B) and a 39-year-old man (C,D) with FM, respectively, upon discharge and 2-year
follow-up. (A) Significant reduction of PSLSs in basal-, mid-inferior, posterior, and antero-septal segments, with the average GLS being 18.6%; (B)
complete normalization of GLS; (C) significant reduction of PSLSs in basal-, mid-, apical-inferior, posterior and antero-septal segments at discharge,
with the average GLS being 14.9%; (D) the GLS remained at 14.2%.
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patients with FM received an intra-aortic balloon pump, while 10

patients further received VA-ECMO treatment, of which 5 were

in the low LGE group. The data of FM patients at admission are

shown in Supplementary Table S1.

Age (P = 0.604) or sex (P = 0.555) did not differ significantly

between the two groups. Peak level of high-sensitivity cardiac

troponin T (hs-TNT) [50,000.00 (36,101.60–50,000) ng/ml vs.

16,670.50 (6,547.53–42,998.75) ng/ml, P = 0.001] and the level of

N-terminal pro–B-type natriuretic peptide (NT-proBNP) at

discharge [667.00 (435.50–1,220.50) pg/ml vs. 395.00 (174.25–

806.00) pg/ml, P = 0.012] of the high LGE group was significantly

higher than those of the low LGE group. There was no

significant difference in ECG abnormalities between the two

groups, with the exception that patients with ST-segment

elevation who were more likely to be present in the high LGE

group (13 of 23, 56.5%, vs. 4 of 21, 19%; P = 0.011).
3.2. Cardiac MRI Results

Because of their critical condition, CMR examination was

less feasible and often delayed in patients with FM.

The comparison of CMR between patients in these two groups

at discharge is demonstrated in Table 2. Mean time from
Frontiers in Cardiovascular Medicine 04195
admission to CMR showed no difference between the two groups

[12 (10.5–16.5) days vs. 14 (10–17) days, P = 0.715]. CMR

sequences suggestive of LGE were found in all patients; however,

LGE mass% varies among FM patients, which can categorize

them into low and high LGE groups (9.46% ± 6.29% vs. 46.48%

± 17.44%, P < 0.001). Table 2 also shows that the values of

myocardial native T1 and T2 in the high LGE group were

significantly higher than those in the low LGE group (P = 0.002).

The CMR images of FM patients with different LGE patterns are

shown in Figure 3. There were no significant differences between

the low LGE group and the high LGE group of other

conventional CMR parameters.
3.3. Conventional echocardiographic and
strain analysis

Conventional echocardiographic and strain measurements

between the low LGE group and the high LGE group at discharge

are shown in Table 3. The data of conventional echocardiography

between two patterns patients at admission are shown

in Supplementary Table S2. There was no significant

difference between the two groups at discharge for the LVEDD

(4.80 ± 0.47 cm vs. 4.67 ± 0.59 cm, P = 0.426), LVEF [52.00%
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TABLE 1 Characteristics of the low LGE and high LGE groups at discharge.

Low LGE High LGE P-value
Male - n (%) 11 (52.4) 10 (43.5) 0.555

Female - n (%) 10 (47.6) 13 (56.5) 0.555

Age (year) 33.71 ± 12.48 31.83 ± 11.46 0.604

Height (cm) 166.29 ± 9.25 167.17 ± 6.48 0.717

Weight (kg) 68.19 ± 16.33 61.67 ± 10.71 0.121

Body surface area (m2) 0.73 ± 0.21 0.65 ± 0.14 0.122

Body mass index (kg/
m2)

24.37 ± 3.86 21.98 ± 2.96 0.026

Systolic blood pressure
(mmHg)

115.86 ± 8.69 108.48 ± 12.09 0.029

Diastolic blood pressure
(mmHg)

72.95 ± 9.30 65.52 ± 8.54 0.01

Heart rate (bpm) 75.48 ± 10.97 72.81 ± 10.18 0.419

Biochemistry and urinary examination
CRP (mg/L) 12.50 (4.43–25.45) 6.10 (2.18–19.38) 0.052

Peak hs-TNT (pg/ml) 16,670.50 (6,547.53–
42,998.75)

50,000.00
(36,101.60–50,000)

0.001

hs-TNT (pg/ml) 93.15 (54.70–255.73) 166.70 (100.55–
466.58)

0.076

NT-proBNP (pg/ml) 395.00 (174.25–
806.00)

667.00 (435.50–
1,220.50)

0.012

ALT (U/L) 47.00 (33.00–77.50) 59.00 (40.00–75.25) 0.789

AST (U/L) 43.5017 (50.00–
67.00)

50.00 (21.50–86.75) 0.238

Creatinine (μmol/L) 74.00 (69.00–90.00) 63.50 (52.25–71.00) 0.006

Lactic acid (mmol/L) 1.65 (1.14–3.25) 1.68 (1.33–2.72) 0.907

Glucose (mmol/L) 7.76 ± 2.32 8.00 ± 2.92 0.766

Clinical presentation
Chest distress, n (%) 11 (52.4) 18 (78.3) 0.07

Chest pain, n (%) 10 (47.6) 10 (43.5) 0.783

Dyspnea, n (%) 5 (23.8) 7 (30.4) 0.622

Fever, n (%) 10 (47.6) 13 (56.5) 0.555

Vomit, n (%) 4 (19) 6 (26.1) 0.844

Diarrhea, n (%) 2 (9.5) 1 (4.3) 0.935

Associated autoimmune
disorders, n (%)

3 (14.3) 6 (26.1) 0.552

Arrhythmology, n (%) 15 (71.4) 21 (91.3) 0.188

ECG
T-wave inversion, n (%) 3 (14.3) 8 (34.8) 0.117

ST-segment elevation,
n (%)

4 (19) 13 (56.5) 0.011

Other abnormal ST-T
segment, n (%)

13 (61.9) 11 (47.8) 0.349

Ventricular arrhythmia,
n (%)

11 (52.4) 12 (52.2) 0.989

Bundle branch block, n
(%)

7 (33.3) 7 (30.4) 0.837

III atrioventricular
block, n (%)

2 (9.5) 4 (17.4) 0.749

Treatment
IABP, n (%) 21 (100) 23 (100)

Days of IABP use (day) 5.00 (5.00–6.50) 4.00 (1.50–8.25) 0.261

ECMO, n (%) 5 (23.8) 5 (21.7) 1

Days of ECMO use
(day)

0.00 (0.00–1.50) 0.00 (0.00–0.75) 0.831

CVVH, n (%) 9 (42.9) 5 (21.7) 0.133

Days of CVVH use
(day)

0.00 (0.00–1.00) 0.00 (0.00–0.00) 0.126

Glucocorticoid (mg) 800.00 (690.00–
1,085.00)

850.00 (515.00–
1,057.50)

0.799

(Continued)

TABLE 1 Continued

Low LGE High LGE P-value
Days of glucocorticoid
use (day)

8.00 (6.00–9.00) 7.00 (6.00–10.00) 1

R-globulin (g) 60.00 (50.00–75.00) 33.75 (55.00–65.00) 0.137

Days of r-globulin use
(day)

7.00 (6.00–7.00) 6.00 (3.75–7.00) 0.148

Post-discharge medication
Glucocorticoid, n (%) 12 (57.1) 16 (69.6) 0.392

ACEI/ARB, n (%) 17 (81) 13 (56.5) 0.082

β-blocker, n (%) 17 (81) 17 (73.9) 0.844

MRA antagonists, n (%) 0 (0) 1 (4.3) 1

SGLT2 inhibitors, n (%) 1 (4.76) 2 (8.70) 0.601

CRP, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; IABP, intra-aortic balloon pump; ECMO, extracorporeal

membrane oxygenation; CVVH, continuous venovenous hemofiltration; ACEI/

ARB, angiotensin-converting enzyme inhibitor or angiotensin receptor blocker.
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(56.00%–60.00%) vs. 58.00% (49.00%–61.50%), P = 0.962], and GLS

(16.36% ± 3.08% vs. 15.17% ± 3.42%, P = 0.233, Figures 4A,C).

The results for echocardiographic and strain parameters

between the two groups at 2-year follow-up are shown in

Table 4. In comparison with high LGE groups, the LVEF

(60.62% ± 5.72% vs. 55.74% ± 8.37%, P = 0.031) and the GLS

(19.34% ± 2.07% vs. 17.30% ± 2.47%, P = 0.005, Figures 4B,D) at

2-year follow-up were significantly higher in the low LGE group.

There was no significant improvement of LVEF in the high

LGE group at 2-year follow-up compared with that at discharge

[58.00% (48.00%–61.00%) vs. 57.00% (50.00%–62.00%),

P = 0.393, Figure 5A]. However, the LVEF was significantly

elevated at 2-year follow-up in the low LGE group [52.00%

(56.00%–60.00%) vs. 61.00% (56.50%–65.00%), P = 0.032,

Figure 5A]. In contrast to LVEF, the GLS at 2-year follow-up

was significantly higher than those at discharge in both two

groups (16.36 ± 3.08 vs. 19.34 ± 2.07 in the low LGE group,
TABLE 2 Comparison of CMR between FM patients with low LGE and
high LGE.

Low LGE High LGE P
Heart rate (/min) 73.07 ± 11.56 73.14 ± 13.15 0.987

Day in hospitalization 12 (10.5–16.5) 14 (10–17) 0.715

Mean time to CMR 7.71 ± 2.61 8.78 ± 3.59 0.269

Cardiac morphology and function
LVEF (%) 58.29 ± 10.45 54.29 ± 12.51 0.331

LVEDV (ml) 122.86 ± 30.64 112.76 ± 36.39 0.399

LVEDVi (ml/m2) 72.43 ± 14.47 67.24 ± 20.67 0.421

LVESV (ml) 53.21 ± 24.56 49.90 ± 18.68 0.654

LVESVi (ml/m2) 31.00 ± 13.10 39.05 ± 9.91 0.619

LVMi (g/m2) 67.73 ± 18.45 62.88 ± 20.87 0.486

CO (I/min) 5.10 ± 1.22 5.14 ± 1.49 0.935

SV (ml) 69.57 ± 11.77 62.86 ± 21.43 0.294

Myocardial tissue characterization
Native T1 (ms) 1,324.00 ± 56.52 1,456.77 ± 105.09 0.002

T2 (ms) 44.00 (42.75–45.00) 49.00 (46.50–58.00) 0.002

LGE mass (g) 6.48 ± 4.77 28.00 ± 17.23 <0.001

LGE mass% 9.46 ± 6.29 46.48 ± 17.44 <0.001

LVEF, left ventricular ejection fraction; LVEDVi, left ventricular end-diastolic volume

index; LVESVi, left ventricular end-systolic volume index; LVMi, left ventricular mass

index; CO, cardiac output; SV, stroke volume; LGE, late gadolinium enhancement.
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FIGURE 3

Example of typical cardiac MRI findings in a 42-year-old female FM patient with low LGE and a 21-year-old female FM patient with high LGE. (A) A 42-
year-old woman with CMR short-axis and long-axis view with septal LGE (arrows) and global native T1, T2. (B) A 21-year-old woman with CMR short-axis
and long-axis view with diffuse and a large amount of LGE in the intermediolateral segments, and global native T1, T2.

Jiang et al. 10.3389/fcvm.2023.1144469
P = 0.001 and 15.17 ± 3.42 vs. 17.30 ± 2.47 in the high LGE group,

P = 0.019, Figure 5B).
3.4. Correlation of echocardiographic and
CMR parameters of patients with FM

Taking the whole population into consideration, we next

analyzed the correlation between echocardiographic indices and

CMR parameters. We found that LGE mass% negatively

correlated with LVEF and GLS both at discharge and 2-year
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follow-up. (LVEF at 2-year follow-up: r =−0.437, P = 0.003; GLS

at 2-year follow-up: r =−0.439, P = 0.003, Figure 6). However,

there were no significant correlations between LGE mass% at

discharge and hs-TNT at discharge, as was in LGE mass (g)

(Supplementary Figure S1).
4. Discussion

In this study, we assessed the cardiac function of two groups of

patients with FM at the 2-year follow-up. The main results of the
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TABLE 3 Comparison of echocardiographic parameters between low LGE
and high LGE at discharge.

Parameters Low LGE High LGE P
IVS D (cm) 0.94 ± 0.17 0.96 ± 0.18 0.797

IVS S (cm) 1.24 ± 0.16 1.22 ± 0.22 0.837

LVEDD (cm) 4.80 ± 0.47 4.67 ± 0.59 0.426

LVEDS (cm) 3.34 ± 0.42 3.53 ± 0.64 0.278

End-diastolic volume (ml) 115.00 ± 27.20 122.47 ± 34.17 0.464

End-systolic volume (ml) 53.05 ± 16.28 57.18 ± 22.65 0.524

LA D (cm) 3.30 ± 0.55 3.25 ± 0.56 0.632

LV ejection fraction (%) 52.00 (56.00–60.00) 58.00 (49.00–61.50) 0.962

E-wave deceleration time
(cm/sec)

77.10 ± 18.62 84.86 ± 27.84 0.411

E/A 1.23 (1.00–1.58) 1.56 (1.11–2.00) 0.17

E’ 8.43 ± 2.31 8.80 ± 2.59 0.966

E/E’ 9.19 (8.55–10.49) 10.00 (8.65–11.96) 0.204

GLS 16.36 ± 3.08 15.17 ± 3.42 0.233

IVS, interventricular septum; LVEDD, end-diastolic dimensions; LVESD, end-

systolic dimensions; LA, left atrium; EF, ejection fraction; E, peak early diastolic

mitral flow velocity; A, peak late diastolic mitral flow velocity; E’, spectral pulsed-

wave Doppler–derived early diastolic velocity from the septal mitral annulus;

GLS, global peak systolic longitudinal strain.

FIGURE 4

Comparison of LVEF and GLS between low LGE and high LGE at discharge and at 2-year follow-up in FM patients. (A,C) No significant difference for both
LVEF [52.00 (56.00–60.00) vs. 58.00 (49.00–61.50), P= 0.962] and GLS (16.36 ± 3.08 vs. 15.17 ± 3.42, P= 0.233) between low LGE and high LGE at
discharge. (B,D) However, there was a significant difference for both LVEF (60.62 ± 5.72 vs. 55.74 ± 8.37, P= 0.031) and GLS (19.34 ± 2.07 vs. 17.30 ±
2.47, P= 0.005) between low LGE and high LGE at 2-year follow-up.

TABLE 4 Comparison of echocardiographic parameters between low LGE
and high LGE at 2-year follow-up.

Parameters Low LGE High LGE P
IVS D (cm) 0.90 (0.75–1.0) 0.80 (0.70–1.0) 0.375

IVS S (cm) 1.20 ± 0.24 1.03 ± 0.23 0.031

LVEDD (cm) 4.50 (4.40–4.88) 4.60 (4.30–5.10) 0.538

LVEDS (cm) 3.30 (2.93–3.55) 3.20 (2.90–3.90) 0.767

End-diastolic volume (ml) 115.76 ± 32.27 115.85 ± 30.86 0.993

End-systolic volume (ml) 46.00 (34.25–37.00) 43.00 (37.00–67.00) 0.695

LA D (cm) 3.24 ± 0.41 3.16 ± 0.34 0.512

LV ejection fraction (%) 60.62 ± 5.72 55.74 ± 8.37 0.031

E-wave deceleration time
(cm/sec)

69.95 ± 17.09 79.55 ± 18.77 0.095

E/A 1.17 (0.93–1.52) 1.58 (1.25–1.96) 0.022

E’ 9.14 ± 2.59 8.80 ± 2.07 0.643

E/E’ 8.23 (6.77–9.47) 8.78 (7.49–10.16) 0.13

GLS (%) 19.34 ± 2.07 17.30 ± 2.47 0.005

IVS, interventricular septum; LVEDD, end-diastolic dimensions; LVESD, end-

systolic dimensions; LA, left atrium; EF, ejection fraction; E, peak early diastolic

mitral flow velocity; A, peak late diastolic mitral flow velocity; E’, spectral pulsed-

wave Doppler–derived early diastolic velocity from the septal mitral annulus;

GLS, global peak systolic longitudinal strain.
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FIGURE 5

Comparison of LVEF and GLS between at discharge and at 2-year follow-up in the low LGE group and the high LGE group. (A) There was a significant
improvement for LVEF in the low LGE group [52.00% (56.00%–60.00%) vs. 61.00% (56.50%–65.00%), P= 0.032] but not for the high LGE group [58.00%
(48.00%–61.00%) vs. 57.00% (50.00%–62.00%), P= 0.393]. (B) The GLS at 2-year follow-up was significantly higher than that at discharge for both groups
(16.36 ± 3.08 vs. 19.34 ± 2.07, P= 0.001 and 15.17 ± 3.42 vs. 17.30 ± 2.47, P= 0.019).

FIGURE 6

Heatmap of correlation between echocardiography parameters and LGE-CMR in fulminant myocarditis. LGE mass% was negative correlation with LVEF
and GLS at 2-year follow-up.
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present study are as follows: (1) two main patterns of LGE were

found in patients with FM: low LGE and high LGE; (2) the high

LGE group had worse cardiac function at 2-year follow-up than

the low LGE group; (3) recovery of cardiac function was not

significant in the high LGE group at the 2-year follow-up; and

(4) the LGE mass% at discharge was negatively correlated with

LVEF and GLS at the 2-year follow-up.
4.1. Two patterns of LGE presence in FM
patients

Previous studies of patients with myocarditis revealed that LGE

was higher in FM patients than in NFAM patients (25); however,

there was a scarcity of data about the LGE patterns in patients

with FM. In this study, patients with FM were separated into two

groups: low LGE and high LGE, based on whether the LGE mass

% at discharge was greater than 20.

It has been histologically proven that LGE represents areas of

myocardial fibrosis and irreversible myocardial necrosis (26, 27),

which means more inflammation and fibrosis, leading to a worse

prognosis. Therefore, we hypothesized that the low LGE group

had less myocardial necrosis and less inflammation, whereas the

high LGE group had predominant myocardial necrosis and more

severe edema. We also tested the level of hs-TNT and NT-

proBNP, biomarkers of myocardial injury, and heart failure to

reflect the degree of myocardial necrosis. Our result suggested

that compared with the low LGE group, the peak hs-TNT and

NT-proBNP at discharge was higher in the high LGE group.

Moreover, compared with the low LGE group, the high LGE

group has increased native T1 values (representing diffuse

fibrosis or inflammation) and increased T2 values (suggesting

diffuse myocardial inflammation). To a certain extent, this result

confirms our assumptions: there are two different patterns of

LGE in patients with FM. Myocardial necrosis and diffuse

inflammation was more present in the high LGE group, while

the low LGE group had less myocardial edema and necrosis.

We speculate that the different patterns of LGE may be

associated with different strains of viral infections (28) and

pathological typing. For example, Herpesvirus 6 infects not only

T cells but also the cardiac conduction system and nervous

system, resulting in decreased myocardial contractility and

malignant arrhythmias (29). In 2019, Ammirati et al. revealed

that (30) patients with histologically proven eosinophilic

myocarditis, lymphocytic myocarditis, and giant-cell myocarditis

all exhibited poor prognosis. Nevertheless, patients with giant-cell

myocarditis had a strikingly higher rate of early death or heart

transplantation compared with eosinophilic myocarditis and

lymphocytic myocarditis.
4.2. The comparison of cardiac function
between high LGE and low LGE

LGE-MRI allows noninvasive assessment of fibrosis and scar,

playing an increasingly important role in the depiction of
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myocardial fibrosis (31–33). In LGE-MRI, imaging is performed

15–20 min after injection of a gadolinium-based contrast agent,

which allows the contrast distributing to the extravascular-

extracellular spaces and accumulating in regions of fibrosis.

Recent studies have shown that LGE assessed by CMR is an

outcome predictor of future adverse cardiac events in patients

with myocarditis (14, 16, 34). Grani et al. demonstrated that LGE

extent (every 10% increase) was a predictor of higher risk of

major adverse cardiac events (14). Additionally, LGE of 20% of

LV mass confers almost twofold increase in sudden cardiac death

risk in patients with hypertrophic cardiomyopathy (35). So far,

several studies have revealed the high specificity of LGE for the

detection of myocardial injury in myocarditis (36, 37). However,

the data on LGE in patients with fulminant myocarditis remains

challenging because of the limited number of patients. Only Li

et al. showed that patients with FM had significant differences in

LGE patterns compared to NFAM patients (25). Our study

found that the high LGE group had worse cardiac function than

those with the low LGE group at 2-year follow-up, although

there was no significant difference at discharge. Our findings

from the present study are in line with the 2014 study by

Schumm et al. and support that myocarditis with higher LGE is

worse in prognosis (38).
4.3. The comparison of cardiac
function between at discharge and at
2-year follow-up

In the present study, our analysis suggests the significant

recovery of LVEF and GLS at 2-year follow-up compared with

those at discharge in the low LGE group, whereas no difference

of LVEF in the high LGE group between at 2-year follow-up and

at discharge was observed. However, results from the GLS are

different, compared to the value at discharge; the GLS at 2-year

follow-up was significantly higher in both groups. Our data

indicate that the GLS of FM patients improved regardless of the

LGE but only the low LGE group showed an improvement in

LVEF, while the changes of LVEF in the high LGE group is not

appreciable. That is probably because strain imaging represents a

more valuable tool to reveal subtle changes of cardiac function

(39) during follow-up than LVEF. It also reflected the better

recovery of FM patients in the low LGE group (with less

scarring). Aquaro et al. (34) showed that the presence of a

myocardial scar is generally associated with increased risk for

adverse cardiovascular events, even in patients with ejection

fraction (EF) >50%. LGE is widely accepted for detecting

myocardial fibrosis and all forms of irreversible myocardial

injury, such as myocardial infarction (40), and is correlated to

LV remodeling (28). These were in fact consistent with our result

that the FM patients with higher LGE extent had poor recovery

of cardiac function. Moreover, fibrosis is associated with

contractile impairment and provides a structural basis for

ventricular reentrant arrhythmia (41, 42). In our study, more

patients in the high LGE group [13 of 23 (56.5%)] showed
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ST-segment elevation during hospitalization than the low LGE

group (4 of 21, 19%; P = 0.001) in.
4.4. The correlation between LGE and
echocardiography parameters

The meta-analysis by Georgiopoulos et al. (43) found that the

risk of experiencing the combined endpoint was doubled in

patients with more extensive LGE (i.e., >2 LV segments with

LGE or LGE > 10% of LV mass or LGE > 17 g) as compared with

those with small or no LGE burden. However, in our study, no

death occurred during hospitalization in both two groups. The

possible reason may be attributed to the LSBCTR applied in our

center, which successfully lowered in-hospital mortalities of FM

to <4%. In the present study, LGE mass% at discharge showed a

negative correlation with LV function at 2-year follow-up

detected by LVEF and GLS. Other previous studies also

demonstrated that some parameters could predict outcomes or

LV functional recovery after discharge in myocarditis. Rodriguez-

Gonzalez et al. revealed that the presence of LVEF <30% at

admission was the major predictor of poor outcomes in children

with myocarditis (44). However, Ammirati et al. did not suggest

the prognostic value of LVEF (30).
4.5. Limitation

First, this was a single-center study with relatively small sample

size. Thus, the selection bias was present and the conclusion drawn

from the study must be considered in the context of the small study

population. Next, we did not perform the EMB in all patients.

However, the diagnosis of myocarditis in the study was made by

the clinical data as elevated troponin level in combination with

typical CMR findings of myocarditis, which were common in the

clinical practice of the real world and also in many reports of

FM (45). However, due to the absence of EMB data, it was not

known whether the results obtained from this study population

were different or not for various histological type of FM. Finally,

this was an observational study including only FM patients. No

data from NFAM were included to make a comparison between

FM and NFAM, which may also affect the reliability of the study.

Overall, future study with larger sample size and longer follow-

up period is needed.
5. Conclusions

Our data demonstrate the two distinct patterns of LGE

presentation in patients with FM. The cardiac function of the

high LGE group was significantly worse than those in the low

LGE group at 2-year follow-up. Moreover, the recovery of cardiac
Frontiers in Cardiovascular Medicine 10201
function in the high LGE group was not significant during the 2-

year follow-up. LGE mass% at discharge was negatively

correlated with LVEF and GLS at 2-year follow-up.
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T1 mapping is becoming a staple magnetic resonance imaging method for
diagnosing myocardial diseases such as ischemic cardiomyopathy, hypertrophic
cardiomyopathy, myocarditis, and more. Clinically, most T1 mapping sequences
acquire a single slice at a single cardiac phase across a 10 to 15-heartbeat
breath-hold, with one to three slices acquired in total. This leaves opportunities
for improving patient comfort and information density by acquiring data across
multiple cardiac phases in free-running acquisitions and across multiple
respiratory phases in free-breathing acquisitions. Scanning in the presence of
cardiac and respiratory motion requires more complex motion characterization
and compensation. Most clinical mapping sequences use 2D single-slice
acquisitions; however newer techniques allow for motion-compensated
reconstructions in three dimensions and beyond. To further address
confounding factors and improve measurement accuracy, T1 maps can be
acquired jointly with other quantitative parameters such as T2, T∗

2 , fat fraction,
and more. These multiparametric acquisitions allow for constrained
reconstruction approaches that isolate contributions to T1 from other motion
and relaxation mechanisms. In this review, we examine the state of the literature
in motion-corrected and motion-resolved T1 mapping, with potential future
directions for further technical development and clinical translation.

KEYWORDS

T1 mapping, motion-corrected MRI, motion-resolved MRI, cardiovascular MRI,

multiparametric MRI

1. Introduction

1.1. Clinical applications of T1 mapping

The nuclear magnetic resonance tissue parameter T1 is sensitive to inflammation and

fibrosis in the heart (1). T1-weighted (T1w) magnetic resonance imaging (MRI), both pre-

and post-contrast administration, is thus highly prevalent to diagnose these conditions.

Quantitative T1 mapping can add sensitivity to subtle and diffuse pathological changes by

directly measuring the underlying tissue parameters (2, 3). The objective nature of

quantitative mapping is also promising for early diagnosis and longitudinal follow-up.
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T1 mapping is used clinically to standardize images across larger

patient populations and further refine disease stratification.

Clinically, the 2017 SCMR and EACVI recommendations paper

endorse cardiac parametric mapping, including T1 mapping, for

diagnosis and clinical management of diseases such as iron

overload, cardiac amyloidosis, myocarditis, and heart failure (4).

T1 mapping can be used as a clinical diagnosis tool for focal

and diffuse myocardial diseases. Focal diseases can be determined

by the average T1 value within a region of interest around the

lesion, and diffuse diseases can be determined by variations in

global average T1 from the institutional reference values.

However, the reliability of measurements around the left

ventricular lateral wall could be compromised by the lung-tissue

interface and the associated changes in magnetic susceptibility. It

has hence been proposed to utilize septal regions only for

diseases with diffuse myocardial involvement, which has shown

better reproducibility and minimizes the inter- and intra-observer

differences (5).

T1 mapping has demonstrated clinical utility in the diagnosis

and monitoring of nonischemic and ischemic cardiomyopathies.

Nonischemic cardiomyopathy results in myocardial impairment

and remodelling due to diffuse and subtle myocardial changes

that are hard to distinguish from normal variation, limiting early

detection and effective management. As shown in a multi-center

study, native T1 values alone were predictive of the all-cause

mortality and heart failure endpoint in nonischemic

cardiomyopathy patients (6). Another meta-analysis has also

found a significant difference in T1 between nonischemic

cardiomyopathy patients and healthy controls, supporting the

clinical potential of T1 mapping in this patient cohort (7).

Post-contrast T1w late gadolinium enhancement (LGE)

imaging has been used to characterize regions of dense scar and

heterogeneous fibrosis in patients with ischemic cardiomyopathy

to plan ventricular ablation procedures (8). Post-contrast T1

mapping has shown promise for robustly identifying

arrhythmogenic tissue in post-myocardial infarction patients

(9, 10). Recently, native and post-contrast T1 mapping has been

used to characterize diffuse fibrosis in patients with hypertrophic

cardiomyopathy and assess their risk for arrhythmias and sudden

cardiac death (11–14). Further, two recent studies showed that

native T1 and extracellular volume (ECV) values are independent

predictors of sudden cardiac death and arrhythmia recurrence in

patients with dilated cardiomyopathy (15, 16). Native T1 and

ECV mapping is also useful in the diagnosis of nonischemic

cardiomyopathies such as: Fabry’s disease (decreased native T1),

iron overload (decreased native T1), and cardiac amyloidosis

(increased native T1, increased ECV) (4).
1.2. Current clinical mapping approaches:
confounding factors and limitations

The performance and reliability of quantitative methods can be

evaluated using three metrics: accuracy, precision, and

reproducibility. Accuracy reflects the systematic errors which

remain the same given the same setting, whereas precision
Frontiers in Cardiovascular Medicine 02205
describes the errors due to random variations within a scan.

From a statistical perspective, an inaccurate method has a high

bias, whereas an imprecise method has a high variance.

Reproducibility refers to inter-scan variability. In this section, we

will examine different sources of error and evaluate their impacts

on T1 mapping quality.
1.2.1. Cardiac and respiratory motion
Every cardiac MRI image is impacted by physiological motion

inherent to the heart and observed by the heart due to respiration.

When performing multi-shot T1 mapping, parametric errors can

be introduced as a result of tissue movement during and between

T1w image acquisitions. Changes in cardiac rhythm affect the

delay time after the preparation pulse, which reduces effective

sampling of T1 relaxation and may result in a loss of T1 accuracy

and precision. Abnormal heart rhythms can also affect T1

precision and reproducibility due to varying RR interval lengths

that affect T1w image timing. Similarly, respiratory motion affects

T1 accuracy due to motion between T1w images that changes the

signal intensity at a given voxel. Clinical mapping sequences

attempt to mitigate these artifacts by using electrocardiogram

(ECG) triggering within a 10–15 heartbeat breath-hold per 2D

slice, but this may fail in patients with abnormal heart rhythms

and patients who cannot perform multiple consistent breath-

holds in series. Even in routine clinical use, ECG triggering

purposefully discards clinically valuable information provided by

images of cardiac motion, e.g. ejection fraction, which must

instead be collected in separate cine scans. Additionally, even in

subjects who can hold their breath properly, breath-hold

durations put a ceiling on the acquisition time, signal to noise

ratio (SNR), and resolution of the T1 maps. As such, T1 mapping

methods that do not require ECG gating or breath-holds have

the potential to improve clinical workflow and allow for richer

datasets to be collected.
1.2.2. Magnetic field inhomogeneities and
precession frequency offsets

Systemic imperfections such as magnetic field inhomogeneities

can be major sources of error. Inhomogeneities in the static

magnetic field B0 can cause strong banding artifacts and T1

estimation error in balanced steady-state free precession (bSSFP)-

based sequences (17). Similarly, the appearance of fat in

myocardial tissue results in multiple precession frequencies in a

single voxel, causing T1 estimation errors (18). B0-related

artifacts often occur in regions of tissue boundaries that cause

strong susceptibility gradients that affect image quality and SNR.

Imperfections in the transmit field B1 are another error source

affecting the accuracy and reproducibility of T1 estimation; most

of the existing techniques based on bSSFP or gradient echo

(GRE) are sensitive to B1 transmission inhomogeneity. It has

been demonstrated that B1-related T1 errors tend to increase

with increased flip angles (19). B0 and B1-related errors can

occur near regions of metallic implants due to the local changes

in precession frequency.
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1.2.3. T2 effects and magnetization transfer
Another major source of error comes from the interaction

between sequence design and other intrinsic tissue parameters:

for example, the apparent T1 of bSSFP sequences is affected by

a tissue’s transverse recovery time T2, leading to T2-dependent

errors. T2 dependency can be introduced via the choice of

magnetization preparation method or number of free

parameters in the T1 model fit. Magnetization transfer, i.e. the

exchange of energy between bound water molecules and free

water molecules, can also be a confounding factor to T1

mapping and cause underestimations of reported T1 (20).

However, magnetization transfer improves the sensitivity of

conventional T1 mapping methods to cardiac fibrosis, which

increases clinical utility at the cost of confounding accurate

physiological measurements.
1.2.4. Intra-scan precision
The aforementioned confounding factors primarily affect the

accuracy and/or reproducibility of T1 mapping. That is to say,

the error or bias caused from these factors can be accounted

for when these factors are characterized. On the other hand,

random errors due to noise, categorized as intra-scan

precision, also affects the utility of T1 mapping methods.

A common metric to measure precision is the standard

deviation of T1 values of each voxel over multiple repeats

under the same settings. This metric is highly dependent on

the SNR of the raw images as well as the robustness of the T1

mapping models against noise, but is susceptible to registration

errors or confounders that impact repeatability. Another

metric is the standard deviation of T1 values amongst voxels

within the same myocardial segment. However, it is only

appropriate to measure this in healthy volunteers, as this

metric will also be impacted by focal lesions that may be

present in patients.
TABLE 1 Categorization of various approaches to motion correction and
motion resolution in T1 mapping literature and how they are organized
in this review.

Cardiac motion Respiratory motion

Frozen Compensated
Frozen 2D: Section 3.1 2D: Section 3.3

3D: Section 4.1 3D: Section 4.2

Multiparametric: Section 5.1 Multiparametric: Section 5.3

Resolved 2D: Section 3.2 2D: Section 3.4

3D: Not presented 3D: Section 4.3

Multiparametric: Section 5.2 Multiparametric: Section 5.4

Methods are categorized by cardiac motion (frozen or compensated), respiratory

motion (frozen or compensated) and cardiac motion state (resolved or frozen).

In each motion type, methods are further stratified by dimension (2D, 3D) and

number of parameters mapped (T1, multiparametric). Motion handling

techniques impact 2D data different than 3D data due to the handling of

through-plane motion, and T1 data different from multiparametric data due to

the scan time available for parameter quantification.
1.2.5. Inter-scan precision and reproducibility
Separate to the intra-scan precision from random noise, inter-

scan precision (or reproducibility) is also very important for T1

mapping utility. For example, although some biases of T1

measurements can be corrected for when the confounding factors

are known, it is often difficult to accurately characterize those

confounding factors for varied subjects and varied systems over

the long time scale needed for serial measurements. To reduce

such errors, techniques that are either less sensitive to the

confounding factors, or able to accurately map out the

confounding factors, are beneficial. In clinical practice, precision

and reproducibility can be more valuable than accuracy because

precision yields consistency of measures among different type of

tissues (e.g., healthy or pathological) for a certain T1 mapping

method, which facilitates horizontal and longitudinal

comparisons. Another challenge for reproducibility in

longitudinal cardiac MRI studies in particular is the difficulty of

repeatedly localizing the same oblique planes such as short axis

and four-, three-, and two chamber views in such a way that T1
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measurements over time can be reliably localized to the same

tissue and tracked over time.
1.3. Main ideas

In this review, we examine motion-informed T1 mapping

methods that can improve patient comfort and maximize

information density. Information-dense sequences spend a large

percentage of the scan time acquiring unique data in various

cardiac motion, respiratory motion, and T1 contrast states.

Additionally, high information density allows for inline

quantification and correction of confounding factors such as

physiological motion, T2, T�
2 , fat fraction, B0, and B1 with a

reduced impact to the overall scan time. However, acquiring data

across motion states introduces challenges into the reconstruction

process due to the increasing dimensionality of the acquired data.

Our thesis with this review is that by applying robust motion

characterization and compensation techniques, rich datasets can

be acquired that account for multiple confounding factors and

accurately map T1 among other physiological parameters and

confounding factors. For a visual overview of the organization of

this review into methods that freeze and compensate for cardiac

and respiratory motion, see Table 1.
2. Theory

The T1 relaxation time is an exponential time constant

describing longitudinal magnetization recovery to thermal

equilibrium. Specifically, T1 is the amount of time required for

the longitudinal magnetization to recover to 1� e�1 of its initial

thermal equilibrium value when starting from zero longitudinal

magnetization, which can occur immediately after a saturation

pulse or a certain time after an inversion pulse. To measure T1,

multiple samples of the longitudinal spin magnetization Mz are

acquired after perturbing the initial equilibrium state (M0
z ). The

longitudinal magnetization recovers to the initial equilibrium
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state via the exchange of energy to the surrounding “lattice,” a

process known as spin–lattice interaction. The T1 value depends

on the distribution of energy across the Larmor frequency v of

the protons interacting to produce the longitudinal recovery.

Therefore, different field strengths and local disruptions of the

Larmor frequency due to metallic implants or paramagnetic

contrast agents will change T1.

T1 mapping is performed by acquiring multiple T1w images at

different preparation times to fit for the underlying time constant

T1 in each voxel. In general, T1 relaxation can be modelled as

Mz(t) ¼ M0
z � (M0

z � AM0
z )e

�t=T1 , (1)

where Mz(t) is the signal intensity of a voxel given the time

after the preparation pulse time t, and M0
z is the magnitude of

the equilibrium state. The constant A describes the ratio

between the longitudinal magnetization after a preparation pulse

and the equilibrium magnetization. It can be left as a fitting

parameter when performing a three-parameter fit, or can be set

to A ¼ 0 or A ¼ �1 to perform a two-parameter fit when

the data is assumed to be initially at thermal equilibrium and the

preparation pulse is assumed to be a perfect 90� or 180� pulse,

respectively. When used as a fitting parameter, A can capture

local differences in the longitudinal magnetization following

magnetization preparation that are caused by preparation pulse

efficiency or incomplete approach to equilibrium magnetization

prior to the preparation pulse.

T1 mapping is typically performed voxelwise, and

measurements can be further averaged across a region of interest,

cardiac segments, or the whole heart. The workflow of T1

mapping in the heart has 3 major components: (1) Multicontrast

T1w image acquisition, (2) parameter fitting to calculate the

T1 value based on a theoretical model, and (3) motion

compensation and motion correction using the raw T1w images

and derived T1 maps.
FIGURE 1

T1w imaging after magnetization preparation. Left: saturation-recovery im
Mz(t) ¼ M0(1� e�t=T1 ). Center: inversion-recovery imaging occurs after a 180
T2-prepared inversion-recovery imaging occurs after an inversion pulse and
Mz(t) ¼ M0(1� (1þ e�Tprep=T2 )e�t=T1 ). Signal values from saturation-recovery
inversion-recovery measurements can take values in [-M0, M0], leading to in
and T2 values at 1.5 Tesla are used for this plot.
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2.1. Magnetization preparation for
relaxation-based contrast

Typically, T1 contrast is obtained using either inversion-

recovery (IR) or saturation-recovery (SR) pulses. For a visual

overview of imaging during magnetization recovery after IR or

SR pulses, see Figure 1. A combined T2-prepared inversion-

recovery (T2-IR) pulse may also be used when a mixture of T1

and T2 contrasts is desired, such as for multiparametric mapping.

An IR pulse inverts the initial net longitudinal spin magnetization

(Mz) by 180�, resulting in �Mz in an ideal situation, with no

magnetization in the transverse plane. In practice, residual

transverse magnetization and incomplete inversions can occur due

to B0 and B1 inhomogeneities caused by tissue boundaries or

implanted metallic devices. To mitigate this, spoiler gradients can

be used to dephase any lingering transverse magnetization after the

inversion pulse. Spoiler gradients may also be useful pre-inversion

and pre-saturation to ensure residual transverse magnetization is

not transformed along the longitudinal axis. Imaging readouts are

then acquired at different inversion times (TIs) after the IR pulse to

obtain multicontrast T1w images. Inversion pulses provide increased

SNR due to the preservation of the longitudinal magnetization, at

the cost of increased scan times due to the recovery time needed

for the magnetization to return to the equilibrium value.

The SR pulse consists of a 90� RF pulse to tip the longitudinal

magnetization entirely into the transverse plane, where it is then

dephased with spoiler gradients. SR differs from IR in that it

nulls all signal regardless of the previous magnetization state

(Mz). Therefore, SR pulses minimize contributions of irregular

heart rates and heart rhythms when coupled with ECG

triggering. Saturation pulses provide improved robustness to

heart rate variation and reduction in magnetization recovery time

due to the full signal nulling every heartbeat. However, the full

signal nulling reduces image SNR, requiring more averages and

heartbeats to return high-quality maps.
aging occurs after a 90� preparation pulse and fits to the curve
� preparation pulse and fits to the curve Mz(t) ¼ M0(1� 2e�t=T1 ). Right:
T2-preparation pulse (Tprep ¼ 20ms shown here) and fits to the curve

measurements are restricted to [0, M0], whereas signal values from
creased dynamic range and reduced variability. Representative native T1
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T2-IR pulses can be implemented with a T2 preparation

module followed by an IR pulse or by replacing the 90� tip-up

pulse in the T2-preparation module with a 90� tip-down pulse.

The magnetization will change from Mz ! �Mz exp (�Tprep=T2),

where Tprep is the T2-preparation duration. In this way, images

acquired at different TIs and Tpreps will have a mixture of T1 and

T2 contrast, making this approach suitable for joint T1–T2

mapping. T2-IR pulses are useful for increased contrast between

tissues of varying T2, but introduce an obvious confounding

factor in the quantitative mapping process. As such, including

multiple Tprep values and quantifying both T1 and T2 may be

preferred to quantify T1 with the added contrast benefits.
2.2. Look–Locker T1 mapping

The most accurate approach to generate a T1 map is to

acquire only one k-space line per acquisition window per TI

and subsequently wait until the signal has completely recovered

before acquiring the next k-space line. By only acquiring one

line at a time and waiting for full signal recovery, perturbation

of the T1 recovery during the imaging period is minimized, and

the signal is allowed to recover close to its thermal equilibrium.

As such, this method is preferred for reference mapping in

designated T1 mapping phantoms, but it leads to impractically

long scan times that are not suitable for clinical use.

To make T1 mapping more practical, the Look–Locker

technique was developed, where a single inversion-recovery

pulse is followed by multiple (fully-sampled or undersampled)

readouts at each TI (22). Usually, only one TI is acquired

during each heartbeat, so timing the center of k-space to the

optimal T1 contrast for that heartbeat is important. However,

the T1 relaxation process is perturbed intermittently in a

Look–Locker sequence due to the multiple excitation pulses

after the IR pulse altering the longitudinal magnetization.

This will lead to a different relaxation constant T�
1 , denoting

the apparent T1, and a new steady state Mss that is distinct

from the thermal equilibrium M0
z . The signal behavior is

described as:

Mz(t) ¼ Mss � (Mss � AM0
z )e

�t=T�
1 , (2)

and the relationship between apparent T1 and actual T1 can be

derived as (23):

T�
1 ¼ 1

T1
� 1
T R

log ( cos (a))

� ��1

, (3)

where a is the flip angle of the excitation pulse. This can be

further approximated with a correction factor:

T1 ¼ Mss � AM0
z

Mss
� 1

� �
T�
1 , (4)
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which provides a simple way to obtain the actual T1 with a three-

parameter fit for T�
1 , Mss, and AM0

z . Although the above

derivation assumes a GRE sequence, the correction factor works

empirically for bSSFP sequences with low flip angles as well (24).

Inversion-recovery T1 mapping sequences with Look–Locker

acquisitions can lead to poor T1 characterization for long T1

values, requiring corrections during the fitting for patient heart

rate. Each image for a given TI is acquired in a different cardiac

cycle, which can result in misalignment due to superior-inferior

motion of the heart linked to respiration. To further improve T1

accuracy, corrections due to inter-TI cardiac motion or

corrections that disentangle complex interactions between T1 and

TR, flip angle, RF-inhomogeneity and T2 can be used.
2.3. Sampling patterns

The choice of k-space sampling pattern affects the readout

duration, sensitivity to motion, sensitivity to T1 contrast changes,

and total acquisition time among other factors. For further

details on the k-space geometry of the proposed patterns, see

Figure 2.

2.3.1. Cartesian sampling
Traditional clinical methods acquire the data in a Cartesian or

rectilinear trajectory for uniform k-space sampling that leverages a

simple fast Fourier transform (FFT)-based reconstruction.

Cartesian images tend to be susceptible to motion artifacts, as

different motion states acquired in the same image result in

coherent ghosting, which may cause the image to be non-

diagnostic. However, Cartesian trajectories are more robust to

eddy currents and gradient delays than their non-Cartesian

counterparts.

2.3.2. Non-Cartesian sampling
Non-Cartesian trajectories may be used to more frequently

acquire low-frequency k-space that resolves variations in image

contrast and image motion over time in the data. With center-

out trajectories such as radial or spiral acquisitions, intra-scan

motion tends to manifest as blurring as opposed to ghosting.

Additionally, center-out trajectories can easily be reconstructed at

a higher field of view (FOV) by oversampling the Cartesian grid

during the non-uniform gridding process, which reduces the

prevalence of coherent wraparound artifacts. This makes center-

out non-Cartesian trajectories potentially useful choices when

acquiring T1 maps in the presence of cardiac and respiratory

motion. In addition, non-Cartesian sequences can be beneficial

for undersampled reconstruction techniques such as compressed

sensing due to the incoherent nature of aliasing artifacts when

compared to Cartesian trajectories. However, non-Cartesian

trajectories require computationally intensive reconstructions that

may be beyond the power of standard MR scanning workstations.

Radial trajectories are acquired in a series of spokes that,

instead of forming a grid, form a disk by passing through the

center of k-space with each readout. For fully-sampled radial

data, the angle Du between neighbouring radial spokes needs to
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FIGURE 2

Visual overview of Cartesian and Non-Cartesian k-space sampling trajectories. Left column: Cartesian imaging acquires data line-by-line. This can be
accelerated by removing lines from higher-order k-space while preserving lines from lower-order k-space to achieve a variable-density pattern that
is optimal for undersampled reconstruction (Bottom Left). Center column: Radial imaging acquires data in spokes traversing the center of k-space. To
further increase temporal incoherence and maximize reconstruction flexibility, radial spokes can be rotated by the golden angle w � 111:25� (Bottom
Center). Right column: spiral imaging acquires data in spiral patterns that improve k-space coverage but require time-varying gradients. To further
improve motion characterization, variable-density spirals collect more data near the center of k-space and less data in the periphery of k-space
(Bottom Right). Figure generated using demonstration materials from the BART toolbox.

Sheagren et al. 10.3389/fcvm.2023.1160183
be chosen to meet the Nyquist criteria at a given FOV:

Du � 1=(FOV � kmax). Usually, this requires p=2 � 1:57� as

many readouts as in a Cartesian acquisition with the same FOV

and resolution. However, when performing undersampled

reconstruction with radial trajectories, the amount of spokes

acquired can be reduced, and uniform k-space coverage across

multiple retrospectively selected bins is most important. k-space

data acquired in similar cardiac motion states, respiratory motion

states, and T1 contrast states can be combined into a single bin,

defining the data to be used in a given reconstruction, that

allows for reduced acceleration factors.

One common choice for flexibly maximizing k-space coverage

for undersampled reconstruction across multiple bins in radial

imaging is golden-angle rotation (usually referred to as golden-

angle radial imaging), where each successive spoke is rotated by

the golden angle w � 111:25� (25). This sampling pattern enjoys

the property that each successive radial spoke divides the largest

remaining angular space roughly in half, minimizing gaps in

sampling space over any given acquisition window (26).
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With the oversampled k-space center, radial trajectories can

also be used for self-navigation and motion correction (27).

Radial imaging can be extended to 3D using either a stack-of-

stars readout, where a phase-encode step is used in the kz
dimension, or 3D radial “kooshball” sampling, where radial

spokes are embedded in a three-dimensional space and identified

by two angles (u, f) on the unit sphere instead of a single angle

u on the unit circle.

Spiral trajectories are an extension of radial trajectories where

the radial spokes are twisted from the center of k-space using

time-varying gradients so that the maximum distance between

each spiral is less than 1=FOV. This improves k-space coverage

and sampling density, allowing for highly-accelerated imaging. In

addition, variable-density spiral imaging can be used where the

center of k-space is more densely sampled, and the periphery of

k-space is less densely sampled. This further improves

undersampled reconstruction performance by including more

low-frequency k-space data that encodes motion and image

contrast. Spiral trajectories can be extended to 3D with stack-of-
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spirals readouts, which incorporate a phase-encode step in the kz
dimension; 3D cones readouts, which blend a 2D spiral readout

with a 3D radial readout in a highly-efficient manner (28); or

infinitely configurable implementations of rotating a single spiral

or cone in 3D space.

2.3.3. Single shot sequences
Single shot sequences acquire the entire k-space data after a

single preparation pulse and are often used to rapidly acquire 2D

slices for T1 mapping. To avoid temporal blurring caused by T1

relaxation, a short effective acquisition window is required, and

parallel imaging is useful to reduce acquisition time for each T1w

image. 3D single-shot sequences are generally unfavorable due to

the large number of encoding lines required in a small temporal

window. Single shot sequences are typically acquired with

Cartesian trajectories, but other trajectories such as echo-planar

imaging or (variable-density) spirals have been used for

specialized applications.

Single-shot sequences have their trade-offs when compared to

multi-shot sequences. Notably, single-shot sequences tend to have

limited resolution, and longer acquisition windows increase the

sensitivity to within-shot motion in addition to changes in T1

contrast. However, since data for each TI is acquired in its own

shot, inter-shot motion can be dealt with during the mapping

analysis as opposed to in the k-space data.
2.4. Clinical standard T1 mapping sequences

Modified Look–Locker Imaging (MOLLI) is a widely-used

cardiac T1 mapping sequence (29). Typically, MOLLI uses bSSFP

readouts with ECG triggering to minimize cardiac motion

and breath-holding to minimize respiratory motion; however,

GRE MOLLI has been proposed for certain applications (30).

Magnetization transfer effects can lead to a �15% underestimation

of T1 when compared to saturation-recovery estimates in native

myocardium. There are different versions of this sequence that

modify the number of Look–Locker blocks and signal recovery

periods between blocks, but the most used variant is MOLLI 5(3)

3, i.e. acquire five TIs in separate heartbeats after an inversion,

wait three heartbeats, and acquire three more TIs after another

inversion (19). This variant takes 11 heartbeats to acquire and

only requires a single breath-hold.

To further reduce scan times, shortened MOLLI (shMOLLI)

has been proposed with a 5(1)1(1)1 acquisition scheme that only

takes 9 heartbeats (31). shMOLLI is best suited for short-T1

mapping, as a recovery period of only 1 heartbeat can lead to

errors for long T1s. This limitation can be overcome with

conditional data analysis, where only signals from the second

and/or third TI are used if the T1 values are short enough.

An alternative to MOLLI is SASHA, which also uses bSSFP

readouts, but SR preparation pulses instead of IR pulses (32).

SASHA mapping acquires one unsaturated image followed by

one image per heartbeat at multiple saturation times. SASHA

does not require recovery heartbeats and is more robust to

variations in heart rate. One limitation of SASHA is that the
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dynamic signal range in SASHA is half of that in IR sequences

(Figure 1), which leads to higher T1 variability than inversion-

recovery methods such as MOLLI (17).
2.5. Post-processing and analysis in T1
mapping

After acquiring multiple T1w images, least-squares fitting can

be used to estimate the underlying T1 from voxel-wise signal

recovery using the appropriate signal equation, such as Equations

2 and 4 for Look–Locker sequences. Common software functions

that could be useful for this task include lsqnonlin() in MATLAB,

scipy.optimize.curve_fit() in Python, and LsqFit:curve_fit() in Julia.

However, each sequence requires its own signal equation that

may not always be readily computable, as in more sophisticated

pseudorandom sequences used in MR Fingerprinting (MRF)

(33). A more generalized alternative for parameter estimation is

dictionary fitting: given a set of sequence parameters q,

simulation via the Bloch equations or the extended phase graph

method can be used to generate a function Uq that maps tissue

parameters P ¼ (M0, T1, T2, . . . ) to the signal evolution Uq(P) of

a voxel with the input tissue parameters. One can vary the tissue

parameters over some domain P to create a dictionary

Dq ¼ {(P, Uq(P)) : P [ P}: (5)

Note that this dictionary depends on the individual sequence

parameters, and often the patient-specific sequence timings (e.g.,

RR interval), so a new dictionary will often need to be simulated

for each sequence and for each patient. To find tissue parameters

that correspond with a given fingerprint u0, inner product

matching can be used to find the closest fingerprint in the

dictionary:

P̂, Û ¼ arg max
(p,u)[Dq

hu, u0i: (6)

Other template-matching algorithms that efficiently search the

simulated parameter space may be useful to improve computation

time (34, 35), but dictionary generation is computationally

intensive and requires many simulations, the number of which

grows exponentially with the number of tissue parameters. Deep

learning-based parameter fitting and dictionary simulation

drastically accelerates computation times, which may potentially

provide a solution to the computational demands of dictionary

fitting (36, 37).

Once T1 maps are generated, either from the built-in scanner

reconstruction methods or offline post-processing methods, they

are usually analyzed with the standardized AHA 16-segment

model: six basal segments, six mid-ventricular segments, and

four apical segments are determined from three or more 2D

slices (38). Global T1 can be obtained by averaging over all

segments, and segmental T1 can be used to localize focal diseases
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such as cardiac sarcoidosis where pathology is localized within a

contained region in the heart.
2.6. Motion compensation methods

Conventional methods to freeze motion in clinical T1 mapping

sequences reduce information density and are not robust to

variable heart rhythms and patient inability to comfortably

perform repeated breath holds. These tradeoffs can be mitigated

by using free-running acquisitions that scan data continuously

across cardiac phases with no prospective ECG triggering and

free-breathing acquisitions that scan data across respiratory

phases without asking the patient to hold their breath. Free-

running and free-breathing sequences incur cardiac and

respiratory motion artifacts that hinder image quality if not

accounted for in acquisition and reconstruction process. In

general, cardiac and respiratory motion can be frozen, by use of

ECG-gating and/or breath-holding, or compensated in

reconstruction by acquiring data across different motion states.

Motion compensation techniques to characterize and handle

cardiac and respiratory motion can largely be categorized into

motion-resolved and motion-corrected methods. Motion-resolved

sequences present data in multiple motion states to display the

physiological motion, whereas motion-corrected sequences

present a single dataset that is processed from multiple motion

states. This section gives an overview of existing methods in the

literature for cardiac MRI motion compensation before we

discuss their uses in T1 mapping in Sections 3-5.

To perform motion compensation, surrogate signals of

physiological motion must be generated to bin the acquired

k-space data into the different motion states. Cardiac motion

characterization is often performed with triggering to the QRS

peak in the ECG waveform, where the time since the cardiac

trigger can be used to bin data into different phases of the

cardiac cycle. Respiratory motion characterization can be

performed via the respiratory bellows signal that reflects chest

expansion—higher values of bellows signal correspond to

respiratory states closer to end-inspiration. For a visual reference

of motion characterization and motion correction techniques, see

Figure 3.

As an alternative to motion characterization using external

devices (ECG, bellows), cardiac and respiratory motion can be

determined directly from the k-space data, which is referred to as

self-gating. Center-out trajectories such as 2D radial, 2D spirals,

3D radial, and 3D cones frequently acquire the center of k-space,

which corresponds to the summation of all pixels in an image.

Protons moving under cardiac and respiratory motion encounter

different regions of coil sensitivity that impact the central k-space

signal. Monitoring changes in the amplitude or phase of the

central k-space data allows for motion characterization without

the collection of extra data (39). This can be extended to a 1D

navigator using a repeated k-space spoke, which is sometimes

oriented in the kz dimension but can also be at an arbitrary

angle that crosses the center of k-space. Rapid temporal

resolution is needed to capture the relevant motion, so the
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readout must be repeated on the order of every 50 ms to

characterize cardiac motion. In self-gated sequences, cardiac and

respiratory motion may be isolated using band-pass filters and

principal component analysis, although specialized analysis is

needed to isolate motion from T1 recovery dynamics.

More recent approaches to motion characterization include

image navigators and pilot-tone navigation. Image navigators are

an extension of 1D respiratory navigators to include low-

resolution 2D or 3D volumes acquired every heartbeat to isolate

respiratory motion in a ECG-triggered scan (40, 41). These

volumes can be registered together to correct for rigid or

nonrigid motion. Pilot tone navigation uses a similar approach to

self-gating sequences, where a dedicated readout is played

continuously at a frequency outside of the imaging band to

acquire signals reflecting changes in motion at a finer temporal

resolution than self-gating allows for (42).

Motion-resolved imaging reconstructs multiple 2D/3D

volumes that correspond to different motion states. For

example, cardiac cine imaging is not a mapping technique, but

is a key example of cardiac motion-resolved imaging.

Respiratory motion-resolved imaging is often used in free-

breathing acquisitions, where multiple binned images are

acquired in different portions of the respiratory cycle. Typically,

data binned for a given motion state are undersampled

representations of the slice or volume; therefore motion-

resolved imaging is often performed in conjunction with

temporal transform sparsity-based or low-rank reconstruction

methods that take advantage of correlations between motion

states to improve the reconstruction image quality.

Undersampled data from multiple motion states can be

transformed and combined into one motion-corrected 2D/3D

volume. Often, motion correction is performed on a collection of

motion-resolved images via image registration (43, 44).

In addition to motion correction in image space, translational

motion correction can also be applied to k-space data K using

the following relation:

K 0 ¼ K exp (2pi~k � d~r), (7)

where ~k denotes the location in k-space, and d~r denotes the

inputted displacement vector. This correction step can be

performed at a heartbeat-by-heartbeat level, or more frequently,

with self-gated or pilot-tone motion characterization methods.

Additionally, iterative optimization can be performed to find the

motion parameters that minimize image blur in a region of

interest: this is the principle of autofocus motion correction (45).

k-space motion correction techniques are inherently global in

nature, so locally nonrigid phenomena such as cardiac motion

are difficult to approximate by globally affine transformations.

Whereas, respiratory motion, despite being only locally rigid, can

be effectively corrected by applying global phase shifts across

bins to improve image quality within a given region of interest.

Additionally, k-space motion correction techniques may not be

as accurate as image-space registration between multiple bins,

due to the robustness and power of current nonrigid registration

methods.
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FIGURE 3

Visual overview of motion characterization (A) and motion compensation (B) methods in the literature for high-dimensional cardiac MRI. (A) Cardiac and
respiratory motion proxies can be generated from repeated central k-space data, a repeated 1D spoke, or 2D image navigation images, among other
possible methods. The amplitude or phase of the repeated central k-space signal can provide motion information across the entire field of view. A
repeated 1D k-space spoke provides a 1D projection that can be used for self-navigation. Low-resolution 2D image navigators are frequently
acquired, and the heart is localized using template matching or image registration. Motion parameters are extracted and used to inform future
analysis. Optionally, 1D self-navigation and 2D image navigation can be used for rigid-body k-space corrections due to the quantitative motion
displacement obtained. (B) Respiratory motion proxies can be divided into multiple bins, so that each bin corresponds to data that is acquired at a
similar respiratory state. A motion-resolved reconstruction is performed to generate representative images from each bin. Optionally, nonrigid inter-
bin registration can generate a single motion-corrected volume from the multiple motion-resolved images. This general workflow is applicable to
cardiac motion as well using a cardiac-specific proxy. B is adapted from (21) under the terms of the Creative Comments CC BY License.
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3. 2D T1 mapping

In this section, we examine methods to account for motion

in 2D T1 mapping. First, we introduce 2D T1 mapping

methods that correct for residual respiratory motion in a

breath-hold, often due to diaphragmatic shifts in patients who

struggle to hold their breath. Next, we introduce 2D T1
Frontiers in Cardiovascular Medicine 09212
mapping methods that acquire data across the entire cardiac

cycle as opposed to a single cardiac phase. Finally, we

introduce fully free-breathing 2D T1 mapping techniques and

free-breathing techniques that acquire continuously across all

cardiac phases. A summary of 2D T1 mapping approaches as

well as a discussion of the limitations of 2D T1 mapping

methods is at the end of this section.
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3.1. Respiratory motion correction within
breath-holds

While the primary method to correct for respiratory motion is

breath-holds, there can still be residual motion inside a breath hold

due to diaphragmatic drift or inability to complete the breath hold.

This compromises mapping quality; techniques to correct for this

residual motion can reduce the number of re-acquired scans due

to non-diagnostic motion artifacts.

Xue et al. proposed a joint motion correction and three-

parameter T1 mapping approach using synthetic image

registration (46). Using a preliminary T1 map, synthetic images

were generated by solving an energy minimization equation.

Polarity corrections at the sample TIs were performed, followed

by motion correction between the synthetic images and the

acquired MOLLI images using a multi-scale non-rigid fast

variational image registration framework. The final pixel-by-pixel

T1 map was computed from the motion-corrected images using

the Nelder-Mead method, with a per-slice reconstruction time of

10 s. For a visual overview of the workflow and sample motion-

corrected images, see Figure 4. This work was extended by
FIGURE 4

Demonstration of 2D breath-held respiratory motion correction with synthetic
was computed to generate synthetic T1w images in a single motion state. Non
the synthetic images, creating a new T1 map with the warped images. This proc
iterations. RHS: (B) Uncorrected T1 maps (left column) compared to motion-
Significant respiratory motion was observed despite the scan taking place dur
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performing a phase-sensitive image reconstruction to correct the

contrast of different inversion images within a MOLLI series

(47). Because phase-sensitive IR images have similar contrast

across a wide range of TIs, the synthetic image generation step

can be removed, and the T1w images can be registered to a

common frame. This accelerated the reconstruction time to

within five seconds per slice. Roujol et al. proposed an adaptive

registration method using rigid and nonrigid corrections to

account for residual respiratory motion in a preliminary patient

cohort (48). Delso et al. implemented a synthetic image

registration approach in a 5(3)3 MOLLI acquisition scheme and

assessed the performance using a novel quantitative metric that

counted the number of voxels with low T1 fitting residual error

(49). Motion correction was performed in an iterative manner

with non-rigid registration of the T1w images. In the first

iteration, the images were registered to a common reference

frame using the median image; in the second and third

iterations, the images were registered to synthetically generated

images from the first motion state.

Deep learning methods have also been explored for 2D T1

mapping: Gonzales et al. used T1w images to train a coarse-to-
image registration. LHS: (A) MOLLI data was acquired, and an initial T1 map
rigid image registration was used to align the acquired MOLLI images with
ess was repeated iteratively until convergence, usually around three to five
corrected T1 maps (right column) in short-axis and four-chamber views.
ing a breath-hold. Figure adapted with permission from (46).
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fine image registration deep learning network (50). Deformation

fields were used to correct motion artifacts, and the proposed

deep learning method was shown to outperform standard

methods with images with severe motion artifacts. Motion

correction and mapping took about 30 s per 2D slice. Li and

Wu et al. also showed a self-supervised registration method

with contrast separation to improve motion characterization in

T1 mapping (51). The proposed deep learning registration

approach was implemented on a GPU and shortened the

computation time from 3.7 to 0.5 s. Additionally, an

experienced cardiologist evaluated image quality of T1 maps

and T1w images, finding an increase in image quality and

reduction in motion artifacts when compared to standard

motion correction methods.
3.2. Cardiac motion-informed T1 mapping

Conventional cardiac T1 mapping techniques like MOLLI only

obtain a T1 map from a single cardiac phase, but generating T1

maps across cardiac phases can acquire comparable T1 maps

while providing additional physiological information that reduces

the need for separate functional cine scans.

Early work to combine T1 inversion-recovery contrast and

cardiac motion scans simultaneously assessed cardiac function

and fibrosis. Connelly et al. used a cardiac-gated, segmented IR-

bSSFP sequence to simultaneously produce images at multiple

TIs across all phases of the cardiac cycle to assess myocardial

viability and wall motion (52). Gupta et al. acquired breath-held

IR-cine images with a segmented k-space bSSFP sequence to

obtain the optimal TI for LGE MRI (53). Milanesi et al. modified

the original IR-cine sequence to allow for both native and post-

contrast myocardial T1 measurements (54).

Schmidt et al. used a real-time four-second breath-hold IR-

cine sequence to jointly evaluate cardiac function and T1

recovery (55). The last RR interval where the T1 signal has

mostly recovered was used to determine displacement fields

between cardiac phases, which were propagated to other RR

intervals and high-resolution averaged acquisitions to generate a

cine series at every TI and for the T1 map. Recently,

Weingärtner et al. proposed a method to generate cardiac-

resolved LGE imaging that made use of multiple T1w images at

each cardiac phase to generate auxiliary cardiac-resolved T1

maps and M0 images (56). These images were used to create

synthetic LGE images at each cardiac phase to jointly visualize

cardiac function and cardiac fibrosis.

Becker et al. used a golden angle radial sequence to

continuously acquire cardiac k-space data with an IR preparation

pulse (57, 58). ECG gating was used retrospectively to select

specific cardiac phases at multiple TIs. In their first paper,

model-based iterative image reconstruction and T1 mapping was

used to obtain accurate T1 maps in a 16-s breath-hold (57). In

the second paper, cardiac motion-corrected T1 mapping was

performed using motion fields which were generated from

reconstructed cine data (58). Similarly, Wang et al. used a

continuous golden-angle radial acquisition to perform a sparsity-
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constrained model-based reconstruction that was used to

generate a T1 map with only 4 s of acquisition (59).
3.3. Free-breathing 2D T1 mapping

Acquiring multislice T1 mapping data requires multiple breath-

holds; alternatively, free-breathing acquisitions can improve patient

comfort and reduce operator interactions. In this section, we

discuss extensions of traditional 2D single-shot mapping

techniques to free-breathing acquisitions.

Tsai et al. developed a free-breathing MOLLI sequence by

extending the Look–Locker acquisitions to take place over 29

heartbeats (60). Instead of the usual 5(3)3 or 3(3)3(3)5 acquisition

patterns, free breathing MOLLI uses a 5(3)5(3)5(3)5 pattern,

allowing for redundancy in acquiring multiple images with similar

inversion times. Images were averaged to create a mean image,

which is used to synthesize T1w images and conduct rigid image

registration to correct for in-plane motion. Least-squares fitting is

performed to quantify T1, and images with high residuals, likely

due to through-plane motion, were rejected.

Chow et al. adapted the SASHA sequence for a free-breathing

acquisition by incorporating motion correction into a variable-flip

angle acquisition (61). In FB-SASHA, a target flip angle of 120� was
used with two singular contrasts: no saturation pulse and saturation

pulse with a delay of 650 ms. At both saturation times, k-space

acquisition used the following pattern: low-frequency k-space

acquisition, high-order k-space acquisition, repeated low-

frequency k-space acquisition. This pattern was used to create

two images at each saturation time: one “primary” image using

the first low-frequency acquisition and the high-order acquisition

and one “high-contrast” image using the second low-frequency

acquisition and the high-order acquisition. The high-contrast

images were subtracted from the primary images to create

difference images that are used for image registration. Rigid

registration was used to reject images with high displacement, so

that more data is accepted (around 91%) than a comparable

respiratory navigator approach (around 49%). Nonrigid

registration between the difference images was then used to

correct for in-plane motion before a final T1 mapping.
3.4. Free-breathing cardiac-resolved 2D T1
mapping

Besides correcting or resolving respiratory motion in the free-

breathing scan, researchers are also interested in resolving cardiac

motion in continuous free-running free-breathing scans, which

can maximize the information acquired in a scan while

improving patient comfort.

Wang et al. proposed a cardiac motion-resolved model-based

reconstruction (59) for free-breathing multi-phase myocardial T1

mapping using a free-running inversion-recovery radial GRE

sequence (62). Self gating was used for respiratory motion

estimation, while ECG monitoring was used for retrospective

cardiac motion estimation.
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Ludwig et al. proposed a cardiac motion-resolved free-

breathing joint cine and T1 mapping sequence using pilot-tone

motion correction (63). A prior 45-s sagittal calibration scan is

used to correlate the pilot tone signal with the head-foot and

anterior-posterior motion of the heart that allows for through-

plane motion correction in 2D T1 mapping.

Guo et al. proposed a free-breathing myocardial exercise stress

T1 mapping method with a continuous radial GRE acquisition and

low-rank plus sparsity reconstruction (64). Self-navigation was

performed for extracting respiratory motion, and the mid-

diastole phase for every cardiac cycle was retrospectively

determined from the recorded ECG signal.

Christodoulou et al. proposed the MR Multitasking

framework that used a self-gated free-breathing continuous IR-

GRE radial acquisition and low-rank tensor reconstruction

framework to resolve both cardiac and respiratory motion to

obtain motion-resolved T1 maps (65). Shaw et al. adapted the

Multitasking framework to produce pre-contrast and post-

contrast cardiac T1 mapping with two continuous free-

breathing, ECG-free scans (66) that allow for ECV analysis. For

a visual overview of the workflow and to see sample

multitasking images, see Figure 5. Chen et al. applied deep

learning non-Cartesian reconstruction methods to MR

Multitasking to accelerate the reconstruction time for improved

clinical applicability (67, 68).
FIGURE 5

Demonstration of the 2D T1 Multitasking framework. LHS: (A) Golden-angle rad
readout, a repeated 0� radial spoke is collected to resolve temporal dynamics a
represent and reconstruct the multi-dimensional image in a memory-efficie
Reconstructed images in different cardiac phases, respiratory phases and in
maps as well as the ECV maps from MOLLI, 60-s, 30-s and 15-s T1 Multitaski
to 30 s of data, but reduces slightly from 30 to 15 s, particularly in the post
scan times, particularly when moving from 30 to 15 s. Figure adapted with pe
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3.5. Summary of 2D mapping methods

2D T1 mapping is fundamentally limited by through-plane

motion and slice misalignment, but requires less data than a whole

3D volume. Motion freezing techniques such as ECG-gating and

breath-holds simplify T1 mapping post-processing, but leave images

susceptible to artifacts in the presence of sub-optimal gating or

incomplete breath-holds. Post-processing complexity increases when

intentionally acquiring in the presence of cardiac or respiratory

motion, but the associated use of motion-compensation methods, if

sufficiently robust, can lead to more predictable and reproducible

results as well as improved patient comfort.

We can collect the most information per unit acquisition time

using free-running T1 methods that continuously acquire data

without regard to cardiac phase and respiratory phase. However,

these scans require long total scan time to fully populate the

different motion states (approximately 20 cardiac phases � 5

respiratory phases ¼ 100 motion states). To minimize total scan

time to acquire multiple 2D slices, free-breathing respiratory

motion-corrected cardiac-gated methods may be most beneficial

at present. Acquiring data across respiratory phases allows for

improved patient comfort and shorter scan times, and exploiting

correlations across respiratory bins can improve compressed

sensing reconstruction quality. Further, contributions due to

cardiac motion are reduced in the imaging and reconstruction.
ial readouts are acquired continuously after repeated IR pulses. Every other
t high temporal resolution. (b) A low-rank tensor decomposition is used to
nt manner favorable for high-dimensional multiparametric imaging. (C)
version times. RHS: (D) Sample results for native and post-contrast T1

ng. T1 mapping quality does not change much moving from 60 s of data
-contrast setting. This causes ECV map quality to decrease with shorter
rmission from (65, 66).
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4. 3D T1 mapping

Clinical T1 maps are currently acquired slice-by-slice, with

four-chamber, three-chamber, two-chamber, and multiple short-

axis views collected for visualization of the whole heart.

However, slices may be misregistered due to variability in the

breath-holds or motion states, and slice gaps due to this

acquisition scheme may cause focal lesions to go undetected.

More slices can be prescribed in the exam, but this will increase

the number of breath-holds needed for the patient. One option

to accelerate scan times is to acquire multiple 2D slices in a

single acquisition using simultaneous multislice excitation and

reconstruction techniques (69). An alternative would be to

acquire T1 maps for a 3D volume in a single scan, reducing

errors due to registration and through-plane motion. However,

scan times for 3D sequences are necessarily longer than 2D

sequences, making high-resolution breath-held 3D acquisitions

challenging. As such, 3D free-breathing sequences are often used

to collect high-resolution data over multiple respiratory cycles.
4.1. 3D T1 mapping in a single breath-hold

Performing whole-heart T1 mapping at clinical resolutions

during a breath-hold requires many optimizations due to the

increased amount of data needed. To accomplish this,

Warntjes et al. proposed a 3D breath-held T1 quantification

method using a 3D GRE echo planar imaging readout (70).

Whole-heart T1 maps with a nominal resolution of

1:5� 1:6� 5 mm3 were acquired in a 24-s breath-hold. This

method is designed to measure short T1 values after gadolinium

contrast administration, which requires less waiting time for

magnetization recovery.

Benatou et al. utilized a multiband excitation pulse to acquire

three 2D bSSFP-MOLLI T1 maps in a single 11-heartbeat breath-

hold (69). Weingärtner et al. used a multiband excitation pulse to

acquire three 2D T1 maps using a combination of SR and IR

pulses in a single 15-heartbeat breath-hold (71). T1 values for

both methods were shown to be largely consistent with

reference single-slice acquisitions, with the combined SR and IR

method having improved accuracy. These acquisition strategies

allow for a 16-segment AHA analysis from a single breath-hold

acquisition.

Hufnagel et al. proposed a method to produce a 3D super-

resolution T1 map from repeated 2D multislice breath-hold

acquisitions (72). A 2D golden-angle radial readout scheme

was used with IR magnetization preparation for six slices

within a single breath-hold, and the entire acquisition was

repeated over eight breath-holds. Motion correction was

performed across breath-holds, and a model-based super-

resolution reconstruction algorithm was used to generate

volumetric T1 maps with high in-plane and through-plane

resolution. This approach improves the visualization of smaller

structures, even with an acquired through-plane resolution of

6–8 mm.
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4.2. Free-breathing 3D T1 mapping

Weingärtner et al. proposed the slice-interleaved T1 mapping

sequence (STONE) to produce free-breathing 5-slice T1 mapping

in 2 min at 1.5 Tesla (73). The readout strategy uses a familiar

Look–Locker method, but interleaves multiple slices to obtain 2D

multi-slice k-space data. Guo et al. improved the volumetric

coverage and respiratory motion correction of the STONE

sequence to enable 10-slice T1 mapping in 2 min at 3 Tesla (74).

In-plane motion was retrospectively corrected using image

registration, and through-plane motion was prospectively

corrected by shifting the plane of imaging according to the

respiratory navigator signal. Zhu et al. extended the STONE

framework by incorporating dictionary learning that includes T1-

and T2-dependent Bloch simulations. Motion correction used

two steps: a linear phase shift in k-space was used to correct for

translational motion, and nonrigid optical flow registration was

used to correct residual motion between synthetic generated

images and acquired T1w images (75).

Nordio et al. extended the 2D SASHA technique to generate

3D high-resolution T1 maps using SR T1w imaging and 1D-

navigator-based respiratory motion compensation (76). A

segmented 3D k-space bSSFP acquisition was used to achieve a

resolution of 1:4� 1:4� 8 mm3 over a duration of 12:0+ 0:1

min with a respiratory gating efficiency of 32% and a T1

accuracy comparable to 2D SASHA. For sample images, see

Figure 6. The same group continued to work on improving the

precision of 3D SASHA mapping with a 3D Beltrami

regularization-based denoising technique and obtained

comparable precision to 2D MOLLI T1 maps (77).

Guo and Chen et al. developed a 3D volumetric T1 mapping

method at 3 Tesla based on acquiring three SR images. A highly-

anisotropic image resolution of 1:5� 1:5� 16 mm3 was used to

cover the heart with six slices in the z direction. Respiratory

gating was used, with an average respiratory gating efficiency of

39+ 11%, for a total scan time of 6:0+ 1:1 min (78). Recently,

this method was improved to include a variable flip angle whole-

heart acquisition that improved the through-plane resolution

from 16 to 8 mm (79).

Han et al. used a non-Cartesian stack-of-stars trajectory to

obtain free-breathing T1 maps and Bþ
1 maps with a

1:9� 1:9� 4:5 mm3 resolution in an average scan time of

14.2 min (80). A combination of training data with limited

k-space coverage and a high sampling rate and imaging data with

full k-space coverage sparsely sampled across respiratory bins was

used to track motion and collect imaging data. Data was sorted

into eight respiratory bins using a 1D respiratory navigator, and

end-exhalation data was used for analysis.
4.3. Cardiac-resolved 3D free-breathing T1
mapping

Free-running sequences further improve information

density by leveraging correlations cardiac motion states and have
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1160183
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 6

Demonstration of gated 3D SASHA T1 mapping. (A) 3D SASHA acquisition scheme: A 1D diaphragmatic navigator for respiratory motion compensation was
placed before or after the saturation pulse depending on the saturation time. (B) Within a nominal scan duration of 4 min 14 sec, nine images were
acquired at different saturation times for T1 fitting. (C) 3D SASHA mapping offers higher resolution compared to 2D techniques; in particular, 3D
SASHA can better delineate the right ventricle free wall (white arrows) than 2D SASHA, potentially due to the slightly thinner through-slice resolution
of 8mm instead of 10mm. Figure adapted from (76) under the terms of the Creative Commons CC BY License.
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been shown to generate high-quality high-resolution 3D T1 maps.

Due to the increased complexity of acquiring 3D data in multiple

T1w contrasts at all cardiac phases, these acquisitions are
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performed using free-breathing techniques that admit longer scan

times and leverage robust respiratory motion compensation

methods.
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Qi et al. developed a free-breathing, free-running 3D

myocardial T1 mapping with 1.5 mm isotropic spatial resolution

(81). This sequence consisted of an inversion-recovery

preparation pulse and continuous 3D golden angle radial data

acquisition. k-space data was binned into different respiratory

states using respiratory motion information extracted from the

k-space center of all radial spokes. Bin-to-bin 3D translational

respiratory motion was estimated and corrected in k-space using

the output of rigid registration. Data was separated into multiple

cardiac phases using the simultaneously acquired ECG signal,

and T1 maps at different cardiac phases were generated with

isotropic spatial resolution using dictionary-based low-rank

inversion and patch-based reconstruction, with a precision of

septal T1 similar to MOLLI.

Di Sopra et al. extended the free-running framework for fully

self-gated cardiac and respiratory motion-resolved 5D imaging of

the heart to add T1 recovery contrast as an extra dimension (82).

With a single uninterrupted 3D radial GRE acquisition including

periodically applied inversion pulses, cardiac-resolved and

respiratory-resolved T1 maps were achieved at an isotropic spatial

resolution of 1.96mm3 in a 17-min scan. Phantom results showed

good agreement with reference sequences for T1s in the 100–

1800ms range, and a preliminary in-vivo study at 3 Tesla also

demonstrated comparable myocardial T1 values to MOLLI results.
4.4. Summary of 3D mapping methods

3D T1 mapping is fundamentally limited by the trade-off

between choice of through-plane resolution, SNR, and acquisition

time within and beyond breath-holds. Isotropic, high-resolution

imaging provides the most clinical utility due to the ability to

arbitrarily reformat images, eliminating the need to acquire many

2D oblique-angle scans. The most information-dense sequences

are 3D cardiac-resolved T1 mapping scans, however the T1

mapping quality can be reduced due to the increased number of

cardiac phases reconstructed. Unlike the 2D imaging case, scan

times are similar between cardiac-gated and cardiac-resolved

acquisitions, but sufficient data needs to be acquired for multiple

inversion times in all cardiac phases, which can be challenging to

implement in clinically feasible scan times.
5. Multiparametric T1 mapping

Multiparametric sequences allow for integrated measurements

of confounding factors to T1 mapping, such as fat fraction, B0

homogeneity, and B1 homogeneity; these factors can be resolved

into their own separate dimensions, leaving improved T1 map

quality. Incorporating multiple parameters into the simulation,

acquisition, and analysis of parametric mapping techniques

allows for more accurate measurements, at the cost of increased

computational complexity. In this section, we present motion-

informed multiparametric sequences that extend the clinical

utility of T1 mapping sequences while isolating the confounding

factors to T1 maps.
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5.1. Multiparametric mapping within a
breath-hold

Early work to combine T1 and T2 contrast is from Kellman et al.,

where phase-sensitive LGE imaging is combined with T2-weighted

imaging to isolate endocardial infarct from blood-pool signal (83).

Segmented GRE readouts are used, which alternate between T1w

images, proton-density weighted images, T2w images, and a

recovery heartbeat. To extend this idea to quantitative imaging,

Akçakaya et al. combine SR and T2prep pulses, varying the

saturation time and T2 preparation time to generate co-registered

T1 and T2 maps for a single slice in a 13-heartbeat breath-hold

(84). Maps generated with this strategy were comparable with

standard 2D SASHA and T2prep-bSSFP mapping. Santini et al.

used real-time IR-SSFP imaging to fit for the steady-state Mss and

the effective T�
1 , which is used to fit for T1 and T2 (85). Recently,

Kellman et al. perform joint post-contrast T1 and T2 mapping in a

single 45-heartbeat free-breathing multiparametric SASHA scan

(86). These T1 and T2 maps were used to simulate bright-blood

and dark-blood phase-sensitive LGE images.

Another method to acquire quantitative multiparametric maps

has been adapting the MR fingerprinting technique originally

proposed by Ma et al. for cardiac applications (33, 87). In

particular, ECG-gating and breath-holds are used to handle

cardiac and respiratory motion. To improve the slice coverage

and reduce the number of breath-holds, Hamilton et al. propose

a simultaneous multi-slice cardiac MRF sequence with a multi-

band factor of 3 and a low-rank reconstruction to improve image

quality (88). To correct for intra-diastolic cardiac motion in

longer acquisition windows for cardiac MRF, Cruz et al.

proposed a framework for low-rank motion corrected (LRMC)

MRF (89). Respiratory bellows and ECG signal were used as

surrogates for binning the data into different motion states, and

images reconstructed for each bin were used for motion

estimation. The motion-corrected images were reconstructed by

combining the bin-to-bin motion estimation and the low-

dimensional Bloch subspace estimated in the MRF acquisition.

This technique generates 2D myocardial T1 and T2 maps, but

could also be used for 3D myocardial and liver mapping.

3D co-registered T1 and T2 maps across the whole heart can be

acquired in a single 15-heartbeat breath-hold at a resolution of

2� 2� 12 mm3 (90) using the 3D QALAS technique. A

combination of IR and T2prep modules are used to encode both

T1 and T2 contrast, and simulation-based analysis was used to

determine T1 and T2 from the reconstructed images.
5.2. Cardiac motion-informed
multiparametric mapping

In the TOPAZ sequence, Weingärtner et al. acquired breath-

held continuous IR low-flip angle gradient-echo cine data to

simultaneously fit for T1 and a Bþ
1 surrogate b that relates to the

IR pulse efficiency (91). Agreement with reference IR-spin echo

measurements was improved by including the Bþ
1 correction into

the parameter fitting.
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Jaubert et al. developed a continuous, free-runningMRF technique

using golden-angle radial sampling to jointly acquire cardiac-resolved

T1 maps, T2 maps, andM0 cine images at a resolution of 2� 2� 10

mm3 (92). Due to the long scan time of 29.4 s, the acquisition was

performed after hyperventilation to improve breath-hold consistency

in volunteers. Data was retrospectively assigned into different cardiac

phases with the ECG signal, and reconstruction for each cardiac

motion state was performed by combining physics-informed

simulated temporal basis functions with patch-based regularization.

Similarly, Hamilton et al. developed a free-running MRF technique

using spiral k-space readouts for myocardial T1 mapping, T2

mapping, and cine imaging at a resolution of 1:6� 1:6� 8 mm3

within a single 16-heartbeat breath-hold (93). Similar subspace

constraints were used, together with wavelet regularization along the

spatial dimension and finite differences regularization along the

cardiac motion dimension. The reconstructed images were

nonrigidly registered to the same cardiac phase and were averaged

before fitting for better SNR. An overview of the workflow and some

sample results is shown in Figure 7.
5.3. Free-breathing multiparametric
mapping

Guo and Cai et al. extended the STONE framework to include

T22-IR preparation, allowing for multislice joint T1 and T2

mapping with slice tracking and nonrigid motion correction (94).
FIGURE 7

Demonstration of joint 2D free-running T1, T2 mapping and cine imaging. LH
cardiac phases using the ECG signal. Each RR interval is divided into 24
Reconstruction is performed using a low-rank subspace-constrained reco
nonrigid deformation fields. The images are averaged and matched to the d
image is used for functional cine analysis. RHS: (D) sample results of diastolic

Frontiers in Cardiovascular Medicine 16219
Similarly, Guo and Chen et al. used respiratory navigation to

acquire 3D whole-heart T1 and T2 maps at a resolution of

1:5� 1:5� 16 mm3 during a 7:9+ 1:4 min free-breathing scan

(95). Five T1–T2w contrasts were acquired with saturation pulses,

T2prep pulses, both of these pulses, or neither of these pulses,

and followed by a six-heartbeat recovery period.

Cruz et al. developed a free-breathing cardiac MRF technique

using a variable-density stack-of-spirals readout that enabled 3D

voxelwise parametric mapping using traditional cardiac MRF

algorithms (96). Signal from the respiratory bellows was used as

a surrogate for respiratory motion in an autofocus motion-

corrected reconstruction. This approach allowed for whole-left

ventricle joint T1 and T2 mapping at a 2� 2� 8 mm3 resolution

in a 6:9+ 1:1 min free-breathing scan. Singular images were

generated with a joint low-rank inversion and high-dimensional

patch-based denoising reconstruction, while parameter maps

were generated using dictionary matching from the singular

images.

Milotta et al. used a free-breathing dual-echo variable-

density spiral profile order Cartesian sampling pattern to

generate eight synthetic images—four T2-IR contrasts, each

with two echoes—for 2 mm isotropic joint T1 and T2

mapping, water/fat imaging, and coronary MR angiography

(97). Two echoes were used to separate water and fat using

the Dixon method, and the four water images with different

magnetization preparations were analyzed using dictionary

matching to return parametric maps. Fat images and the
S: (A) The collected k-space data is retrospectively binned into different
equally-spaced bins, although only three are shown for clarity. (B)

nstruction. (C) Subspace images are registered to a target phase with
ictionary to generate mapping results. After registration, the 2nd singular
and systolic parametric maps. Figure adapted from (93) with permission.
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FIGURE 8

Demonstration of 3D isotropic joint T1, T2 mapping, coronary MR angiography water/fat imaging. LHS: four singular images are generated using different
preparation schemes. A multi-echo acquisition is used to disentangle signal from water and fat. RHS: demonstration of arbitrary multiplanar reformatting
to obtain multiple clinically relevant imaging planes with a single isotropic acquisition. Figure adapted from (97) under the terms of the Creative Commons
CC BY License.
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corresponding water image volumes were used to generate fat

fraction maps. 2D image navigators were used for motion

correction, allowing for a total scan time of 9+ 1:5 min at

an acceleration factor of R � 4. For a visual overview of this

pipeline and sample images, see Figure 8.
5.4. Cardiac-resolved free-breathing
multiparametric mapping

Zhou et al. used dual-flip angle excitations with a free-

breathing continuous spiral IR-GRE pulse sequence to obtain

respiratory motion-corrected cine images and Bþ
1 slice-profile-

corrected T1 maps (98). Alternatively, continuous free-breathing

IR-GRE data with a single flip angle can be used to generate a

Bloch-Siegert shifted Bþ
1 map and corrected T1 map (99).

To extend 2D cardiac- and respiratory-resolved parametric

mapping towards multiparametric acquisition, Christodoulou

et al. combined IR and T2prep pulses in a single acquisition for

joint T1 and T2 mapping using the MR multitasking framework

(65). Cao et al. further extended the multitasking framework for

simultaneous ECG-free T1, T2, T�
2 , and fat fraction mapping

(100). A variable TR scheme was proposed where a single-echo,

short TR readout was interleaved with multi-echo readouts that

allowed for reduced scan times while maintaining parametric

accuracy. Serry et al. acquired dual-flip angle cardiac- and

respiratory-resolved multitasking data for Bþ
1 -corrected T1 maps

(101). The sequence improved accuracy and repeatability of the

T1 maps over the previous multitasking method.

To increase the scan coverage in MR multitasking while

maintaining a short scan time, Mao et al. modified the 2D

multitasking sequence to include a simultaneous multislice

excitation pulse (102). This allows for cardiac- and respiratory-
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resolved T1 and T2 maps for three short-axis slices in a

predictable three-minute scan time. To expand MR

multitasking to whole-left ventricle coverage, Mao et al.

developed an approach using continuous 3D stack-of-stars

readouts with interleaved training and imaging data (103).

Cardiac- and respiratory-resolved T1, T2, and Bþ
1 maps were

generated at a 1:4� 1:4� 8 mm3 resolution in a predictable

9.2-min scan time. To improve image quality and SNR, a joint

pre- and post-contrast multitasking sequence acquired

comprehensive imaging data in a single “push-button”

acquisition (104). Here, a T1–T2 pre-contrast multitasking

acquisition was performed for 9.5 min, and a T1-only post-

contrast multitasking acquisition was performed immediately

after for 10.5 min. The evolution of T1 contrast after Gd

injection was tracked, and the data from 10 min post-injection

was used for LGE and ECV analysis. Jointly reconstructing

pre-contrast and post-contrast data using shared spatial basis

functions allows for improved image quality.

Qi et al. interleaved IR and T2prep pulses to their prior 3D

free-breathing free-running golden-angle radial readout to

acquire 2 mm isotropic joint T1 maps, T2 maps, and cine images

in a single 11-min scan (105). Self-gating was used to

characterize respiratory motion, which was again corrected in

k-space after an image registration step using low-resolution

respiratory-binned images. Data was then retrospectively binned

into cardiac phases using the ECG signal, and dictionary

matching was used for parametric mapping. Phair et al. added

nonrigid cardiac motion correction into the reconstruction

pipeline, which improved the image sharpness and allowed for

higher acceleration factors and shorter scan times (106). Notably,

the improved reconstruction allowed for comparable image

quality between 11 min of data with prior reconstruction

methods and 3.3 min of data with novel reconstruction methods.
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FIGURE 9

Demonstration of 3D isotropic joint T1, T2 mapping and cine imaging. LHS: Continuous 3D golden angle radial imaging is acquired with IR and T2prep
pulses. Translational respiratory motion correction is performed, followed by nonrigid cardiac motion compensation. A final cardiac motion-corrected
reconstruction is performed, and dictionary matching is used to determine T1 and T2 from the signal intensity of the singular images. The second
singular image is used for functional cine analysis. RHS: sample T1 maps for a variety of acceleration factors, spatial locations, orientations, and
cardiac phases. Note the tradeoff between imaging time and reconstruction quality: as scan time is reduced, the sharpness of the T1 maps is also
reduced. By increasing the scan time, a higher effective resolution is obtained from the increased amount of higher-order k-space data.
Figure adapted from (106) under the terms of the Creative Commons CC BY License.
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Additionally, when comparing the prior and novel reconstruction

methods with the same 11min of data, sharper and more

detailed images were generated with the novel method. For a

visual overview of the workflow and changes in T1 mapping

quality, see Figure 9.
5.5. Summary of multiparametric mapping

2D multiparametric sequences are fundamentally limited by

the extended scan time needed to map multiple parameters

across multiple slices for clinical scan coverage. To maximize

information density, free-breathing free-running multiparametric

imaging allows for comprehensive data collection and improved

patient comfort due to the removal of breath-holds. However, to

keep scan times reasonable for acquiring multiple slices or full

left ventricle coverage, an acquisition time of less than one

minute per slice is desired.

Similar to 3D single-parametric T1 mapping, 3D

multiparametric imaging is limited by the choice of acquired

resolution and total scan time. Acquiring across cardiac phases is

one way to increase the amount of data acquired per unit time,

but sufficient dat is needed at each cardiac (and respiratory)

phase to generate multiple singular-contrast images and accurate

parameter maps. Decomposing spatial dynamics from temporal

dynamics may be a viable strategy to reduce the amount of data

needed in each bin.
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6. Discussion

We have presented a review of the imaging physics behind T1

measurements and novel methods to measure T1 and its

confounding factors in the presence of cardiac and respiratory

motion. A variety of techniques are employed (a) to improve

the ability of encoding 3D k-space across cardiac and

respiratory motion states; (b) to correct for or resolve cardiac

and respiratory motion; and (c) to reduce errors in voxel-wise

T1 estimation, including simultaneous acquisition of and

correction for potential confounding factors. The ultimate goal

is accurate, precise, and reproducible clinically useful T1

measurements.
6.1. Robust k-space sampling patterns

Many T1 mapping sequences use 2D Cartesian single-shot

readouts that allow for simpler reconstruction and analysis.

However, highly undersampled, motion-compensated acquisition

and reconstruction methods benefit from sampling patterns that

enable sparsity-based and low-rank reconstruction techniques

due to the associated spatial and temporal artifact incoherence.

Golden-angle radial readouts densely sample the center of

k-space, but are limited in peripheral k-space coverage that may

degrade T1 mapping quality for highly accelerated acquisitions.

2D spiral acquisitions acquire more data in the periphery of
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k-space, and variable-density spiral acquisitions improve on the

coverage of low-frequency k-space.

Variable-density Cartesian sampling patterns have been

proposed to densely sample the center of k-space while

incoherently sampling the periphery of k-space, enabling highly-

accelerated 3D Cartesian imaging (107–109). Alternatively, 3D

stack-of-stars sampling has been proposed to improve

retrospective binning flexibility. Stack-of-stars sampling density is

usually uniform in the kz dimension, but suffers from the same

limited in-plane peripheral sampling density as 2D radial

sampling. Stack-of-spirals sampling patterns can improve the in-

plane sampling density uniformity, and variable-density

acquisitions along the kz dimension can be used to further

accelerate scan times. 3D radial sampling provides excellent

retrospective binning flexibility, but T1 mapping quality is

severely degraded in highly accelerated scans due to the limited

sampling in the periphery of k-space. 3D cones sampling has

been proposed to combine aspects of 2D spiral and 3D radial

sequences and has been proposed for T1 mapping in static tissue

but not dynamic cardiac tissue (110).
6.2. Motion estimation and correction

Current methods for motion-compensated T1 mapping have

a trade-off between data quantity and motion handling

capacity. Acceleration factors increase as the temporal window

of each bin gets narrower—respiratory motion-resolved imaging,

for example, requires acceleration factors of 3–5 depending on

the number of bins chosen. However, sparsity-based and

low-rank reconstruction methods can leverage the correlations

between bins to improve image quality in highly accelerated

acquisitions. Nonrigid multiscale iterative registration methods

can be used to correct motion between bins on different

length scales, and averaging motion-corrected images can be

used to reduce incoherent aliasing artifacts arising from

undersampled acquisitions. Hybrid motion-corrected, motion-

resolved approaches may help in isolating and correcting motion,

allowing for lower acceleration factors and higher-quality maps.

In particular, respiratory motion can be corrected and cardiac

motion can be resolved, focusing on improving data quality

about the more clinically relevant myocardial dynamics in the

final data set. Additionally, better methods to detect and resolve

cardiac motion are needed, particularly in patients with

arrhythmias. Self-navigation or pilot-tone navigation may be able

to accurately resolve irregular rhythms, and binning can be

performed by RR interval length to divide data into different

cardiac rhythm states corresponding to longer and shorter RR

intervals (111).

Even within the same imaging framework, there is a trade-off

between scan time, mapping regularization, and motion handling

capacity: longer scans require less regularization but are

susceptible to intra-scan, intra-bin motion due to inconsistent

motion or hysteresis. Shorter scans may require highly

accelerated, regularized reconstructions but have fewer motion

components due to the reduced amount of cardiac or
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respiratory cycles in the whole scan. Cardiac-resolved techniques

at high spatial resolution tend to lose sharpness across areas

of the myocardium. Generally, strong edges such as the

blood-myocardium border are preserved in undersampled

reconstruction algorithms, but weaker edges such as boundaries

between regions of dense fibrosis and myocardium can

become blurred with over-regularized reconstructions. As well,

multiparametric acquisitions tend to lose image sharpness when

compared to single-parameter maps at the same scan time due to

the increased number of contrasts to resolve multiple parameters

simultaneously. Finally, a higher acquired spatial resolution may

not herald improved image sharpness, as the effective resolution

can be decreased if not enough high-order k-space data is

acquired or if residual local motion blur persists after correction.
6.3. Sources of error in T1 measurements

Technical improvements to T1 mapping acquisition and

reconstruction allow for robustness to confounding factors that

affect T1 mapping quality. In particular, data from multiple echo

times and/or multiple flip angles can be used to generate maps

of B0 and B1, respectively. Joint T1 mapping and magnetic field

mapping can correct for artifacts in the T1 maps generated by

static and transmitted field inhomogeneities. Additionally, work

to jointly image cardiac motion and generate T1 maps allows for

cardiac motion-robust scans that incorporate functional

information that removes the need for external cine scans.

Similarly, respiratory motion correction during breath-holds and

free-breathing scans allows for improved robustness and fewer

re-acquired scans. Work in combining different preparations of

T1 contrast allows for reduced errors due to underlying

limitations of preparation pulses (112).

When considering clinical standard methods, IR-based

methods (e.g., MOLLI) tend to be more precise, whereas SR-

based methods (e.g., SASHA) are more accurate. However, both

approaches require motion correction to be more robust to

residual cardiac and respiratory motion. Spatial denoising such as

weighted total variation denoising or spatiotemporal denoising

such as low-rank patch-based denoising can improve T1

precision and reproducibility by suppressing statistical noise

(113, 114). Dictionary-based methods can improve accuracy

and reproducibility by using prior knowledge of imaging physics

to simulate interactions between confounding factors and T1

recovery.
6.4. Robust physics-based T1 estimation
methods

The standard method of curve-fitting is effective in

determining T1 and is relatively robust to noise given the low

number of free parameters; however, it is susceptible to

systematic errors due to intra-scan confounding factors like T2,

B0 or B1 inhomogeneity. Dictionary-based T1 estimation

methods are more powerful than standard curve-fitting as
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physics-based simulations inform the signal intensity fingerprints

matched in the analysis process. However, these approaches

suffer from the “curse of dimensionality” due to the voxelwise

nature of the calculations and the number of parameters that

need to be simulated for each patient-specific dictionary.

Compression can be introduced to stabilize parameter estimation

in such high-dimensional data sets, and multi-scale methods can

be used to more precisely initialize parameters and limit the

search space using auxiliary low-resolution images (115, 116). To

improve post-processing computation times for dictionary-

matching reconstructions, deep learning models have been

proposed to accelerate the dictionary generation steps and

directly estimate parameters from the input images within

milliseconds (37, 117). However, such methods are currently

scanner- and sequence-specific, and may not take into account

confounding factors like magnetization transfer among others

that dictate institution-specific normative T1 values.

As well, deep learning models have been proposed to facilitate

rapid map generation from fewer data points. For instance,

acquiring fewer TIs in a Look–Locker acquisition can speed up

the scan times by a factor of 2–3, but may introduce variability

in T1 mapping. One network to improve map estimation in such

circumstances is MyoMapNet, where clinically diagnostic

myocardial T1 maps can be generated from four T1w images in

traditional MOLLI scans (118).
6.5. Clinical translation and validation

To enable motion-corrected T1 and multiparametric mapping

in widespread clinical practice, larger studies of diverse patient

cohorts are needed. Notably, sensitivity to underlying disease and

ability to localize abnormal tissue regions must be evaluated to

establish clinical feasibility. Prospective multi-center longitudinal

studies accurately relating results from motion-corrected (multi)

parametric mapping techniques to clinical diagnosis and

prognosis must be performed to build clinician confidence

toward regular use of these novel techniques.

One clinical barrier to more widespread adoption of motion-

corrected T1 mapping is the need for offline reconstructions that

take hours to complete. Preliminary work integrating custom

reconstruction and motion-correction techniques into the

scanner software has shown promise to improve clinical

feasibility, and frameworks to stream raw data to a dedicated

computation server and back allow for a user-friendly

implementation of computationally intensive tasks such as

compressed sensing reconstruction, image registration, and

dictionary generation (67, 117, 119). This is crucial for larger

studies evaluating the diagnostic capabilities of novel motion-

compensated sequences from the perspectives of patient comfort

and clinical confidence.

One potential area of development in motion-corrected T1

mapping is improved free-breathing T1 mapping in the presence

of cardiac implantable electronic devices such as implantable

cardioverter-defibrillators and pacemakers. Patients with these

devices would often benefit from improved characterization of
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associated cardiac pathophysiologies; however, this cohort rarely

undergoes MR scans at present due to many difficulties in

achieving high quality images. Methods exist to conduct 2D,

breath-held, ECG-gated T1 mapping in the presence of devices

using wideband inversion pulses, GRE readouts, and B0

correction (30, 120, 121). Additionally, preliminary data shows

the potential for multiparametric mapping in the presence of

devices (122). Incorporating 3D, free-breathing acquisitions into

device-friendly protocols would improve patient comfort and

expand utilization, as device patients may struggle to hold their

breath repeatedly. More generally, shorter exam times would

minimize risk due to time spent in the restrictive MR environment.

Most work on parametric and multiparametric mapping

focuses on native T1 measurements, although post-contrast T1

mapping provides additional information in localizing regions of

dense and diffuse fibrosis. Evaluating the capacity for motion-

corrected (multi)parametric mapping techniques to resolve fine-

scale features in complex arrhythmogenic substrate will be

needed to move the field towards a quantitative approach to

fibrosis characterization. Moving forward, we can utilize our

knowledge of T1 values (and values for other parameters) for

normal tissue and various pathologies to generate maps of the

underlying pathologies from the input (multiparametric) data. To

this end, synthetic LGE images can be generated from post-

contrast T1 maps, and synthetic multi-contrast LGE images can

be generated from co-registered post-contrast T1 and T2 maps

(86, 123, 124).

To extend the clinical interpretation of multiparametric maps,

tissue pathologies can be directly resolved from multiparametric

data: current work in quantitative neuroimaging can use subvoxel

analysis techniques to map white matter and gray matter

concentration, and we hope similar results are achievable in the

heart (125). Alternatively, tissue classification could be performed

at the data (fingerprint) level without determining the fitting

parameters—tissue classification models trained on the

fingerprints have been shown to outperform those trained on the

tissue parameters (126). Extending advanced multiparametric

analysis techniques to more widespread use in cardiac MRI could

simplify the reporting needed to diagnose pathologies.

2D and anisotropic 3D sequences often suffer from the need

for a technologist to manually prescribe the correct oblique scan

plane, usually the short axis. To mitigate this problem,

automated scan planning using artificial intelligence has been

proposed to find all relevant scan planes in less than a minute

with one free-breathing acquisition. Alternatively, isotropic T1

maps planned in the coronal, axial, or sagittal planes can be

retrospectively reformatted to arbitrary imaging planes due to the

high in-plane and through-plane resolution, removing the need

for complicated scan planning.
7. Conclusion

In conclusion, motion-informed T1 mapping methods allow

for improved patient comfort, increased clinical utility, and

higher-quality T1 maps. Consideration of repeatable and non-
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repeatable confounding factors can improve T1 mapping accuracy,

precision, and reproducibility.
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