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Editorial on the Research Topic
Methods in treating heart failure—device and surgery approach
Finding ways to deal with/treat patients with heart failure (HF) is one of the most serious

issues facing the healthcare industry today. A primary contributor to cardiovascular

mortality that affects approximately 64 million people worldwide, the prevalence of HF, is

rising rapidly, even in developing nations (1). Despite exponentially evolving improvements

and accelerating technological leaps for all healthcare industry stakeholders, treatment of

cardiovascular disease has remained woefully stagnant. In healthcare, HF has held primacy

as the most overwhelming burden on both patient morbidity and mortality, arguably

driven by high incidence and its considerable detrimental effects. The following

acknowledgement of works submitted to this topic, which are all critical works on HF,

intend to provide a broad range of medical, therapeutic, and device options and to reflect

the present landscape of surgical and technological armaneraium.

Nair addressed the need for improved risk prediction models using artificial

intelligence (AI) technology for evaluations of the right ventricular failure after left

ventricular device (LVAD) implantation, which remains a major cause of morbidity and

mortality in this patient population. Nair provided compelling reviews of existing risk

prediction scores, which included primary diagnostic features as well as limitations.

Cardoso et al., summarily reviewed new medical device-based (i.e., mechanical

circulatory support) therapies, as well as the various mechanisms for decompensated

HF. The article’s classification scheme, collectively classified as (DRI2P2S), has been

proposed to address the advanced device-based therapies by their mechanism of action:

Dilators (increase venous capacitance), Removers (direct removal of sodium and water),

Inotropes (increase left ventricular contractility), Interstitials (accelerate removal of

lymph), Pushers (increase renal arterial pressure), Pullers (decrease renal venous

pressure), and Selective (selective intrarenal drug infusion).

Wang et al., reported on the first in-man application of the Liwen RFTM ablation

system. This open label, one-arm, prospective, non-randomized study used the system

for treatment of drug-resistant hypertrophic obstructive cardiomyopathy. At follow up,

amongst those patients excluded from either surgical myectomy (for now, considered
01 frontiersin.org5
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the “gold-standard” treatment for most patients) or alcohol septal

ablation, the Liwen RFTM demonstrated a significant reduction in

left ventricular outflow obstruction and symptom relief.

Yu et al., described results from in vivo studies (n = 2) of

hemodynamics and potential mechanisms that drive pulmonary

circulation in status of ventricular fibrillation. Upon completion

of implanting the continuous-flow LVAD (CF-LVAD) in ovine

models, the HeartCon Ventricular Assist Device was used.

Overall, study-findings underline the importance of the atrial

rhythm and function for the circulation maintenance in patients

with ventricular fibrillation post-CF-LVAD.

In their original research article, Wang X et al. described their

experiences with a minimally invasive, transverse aortic-

constriction model (C57BL/6J mice), investigating pressure

overload-induced cardiac remodeling and HF. With specifically

calibrated instrumentation, this method was found suitable for

high-precision aortic contraction in mice that need high

reproducibility and low post-operative mortality, holding

potentially important research value with regards to cardiac

remodeling and HF experimentation.

Funamoto et al. reported the group’s early clinical report which

shared clinical experience and patient outcomes with the next-gen

surgical Impella 5.5. Patients with surgically implanted axillary

Impella 5.5 showed optimal short-term survival rates. Axillary

placement of the blood pump was used in a multitude of clinical

indications (e.g., bridging strategy to durable support, implant

LVAD and heart transplant, or perioperative support for high-

risk cardiac surgery), all with excellent outcomes.

Zhou et al., investigated the exploratory efficacy of the D-Shant

device for interatrial shunting in treating HF with reduced ejection

fraction (HFrEF) and HF with preserved ejection fraction

(HFpEF). The team of researchers also chose to study the

predictive value of biventricular longitudinal strain for functional

improvement in such patients. Improvements in both clinical- and

functional-status were observed (at 6 months, post-implantation of

atrium shunt device).

Schmitto et al. reported on the first clinical use of the left atrial

appendage (LAA) for epicardial micrograft transplantation during

LVAD implantation (in a 61-year-old male patient with dilated

cardiomyopathy). The LAA micrograft transplant was successfully

applied epicardially, in conjunction with LVAD implantation. In

addition to potential therapeutic benefits, their approach facilitates

gathering mechanistic proof of remodeling efficacy at all observed

levels (i.e., functional, molecular, and structural).

Lee et al. investigated the differential outcomes of catheter

ablation vs. medical treatment in patients with atrial fibrillation

(AF) and HF. The cohort study was stratified by different left

ventricular ejection fractions (LVEFs), New York Heart Association

class ≥II, and different AF-types. Analysis showed improved LVEF,

improved 6-min walk distance, less AF recurrence, and lower all-

cause mortality. In favor of catheter ablation vs. medical treatment

(in AF patients with HF and LVEF of 36%–50%), less HF

hospitalization was observed by investigators. This was seen in AF

patients with HF and LVEF ≤50% and LVEF ≤35%.
In a retrospective, single-center, observational study, Ma et al.

analyzed the feasibility and outcomes of conduction system pacing
Frontiers in Cardiovascular Medicine 026
(CSP) in HF patients with a severely reduced LVEF of less than

30% (HFsrEF). The CSP was found feasible and safe in patients

with HFsrEF and was associated with significantly better clinical

and echocardiographic outcomes.

With the underlying objective to conduct a dynamic and

longitudinal bibliometric analysis of HF, Kuang et al. provided a

comprehensive overview of machine learning applications in HF-

associated diseases; the perspective of using AI in HF diagnosis

and treatment has been emphasized. Dixit and Amsterdam

discussed how revascularization should be prioritized at index

hospitalization for newly diagnosed HFrEF patients at high risk

for coronary artery disease (not presenting with acute coronary

syndrome). Ultimately, the authors propose an algorithm for

evaluation of ischemic cardiomyopathy in hospitalized patients

with newly diagnosed HFrEF, utilizing strategies that could

optimize the guidelines and directions of medical therapy outcomes.

Pyka et al., investigated potential benefits of mechanically

supported revascularization for heart transplant candidates. The

researchers shared a specific case-report, featuring a 53-year-old

male heart transplant candidate with type 1 diabetes mellitus. In

the study, the subject was initially considered unsuitable for

revascularization and had already qualified for heart

transplantation. The operating heart team opted for a high-risk

mechanically supported percutaneous coronary intervention for

revascularization. Several months post-procedure, the patient was

no longer listed as a candidate for heart transplant. Overall, their

findings suggested that—in select cases—a more thorough

assessment of myocardial viability, with potential

revascularization strategies, is critical for these patient populations.

Miyagi et al. showed anatomical- and virtual-fittings of two small-

sized (i.e., pediatric and infant patients) continuous-flow total artificial

heart pumps (CFTAHs) in congenital heart surgery patients.

Performed at Cleveland Clinic on pediatric cardiac surgery patients

(n = 40), the study used 3D-models of pediatric [P-CFTAH] and

infant [I-CFTAH] blood pumps. An important landmark in

pediatric blood-pump research, the investigators successfully

demonstrated optimal dimensions for each of the pumps and

proved them to be feasible in all enrolled patients, including those

who were under 10 kg at the time of evaluation assessment.

Shen et al. retrospectively analyzed a total of 460 patients to

elucidate the prognostic significance of serum albumin and

thereby find the creatinine ratio (ACR) in patients receiving heart

transplantation for end-stage HF. Their article also discussed

efforts to identify potential correlations between ACR and the

prognosis of heart transplantation (with optimal cut-off values),

purportedly estimating prognosis in this complex patient population.

Overall, the underlying intention of this Frontiers topic was to

discuss the HF therapeutics and treatment option landscape. From

covering a representative array of sophisticated clinical and

engineering tools currently utilized to investigate clinical gaps in

treating HF, to discussing the growing number of viable, novel

devices, to evaluating the sophisticated surgical approaches, our

selected works are representative but by no means conclusive.

Further research is needed to determine long-term evolution of

any of the devices; for example, the observed shift in patient

phenotypes over time would continue to imply that more devices
frontiersin.org
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and treatment strategies should be elaborated. Another such area to

examine would be these data points in heart transplant candidates

who are less ill and not exclusively at end-stage HF. A regular

continuation of research—clinical and data analysis—in addition

and development is critical in order to evolve and enable the

next generation of surgical techniques and device-based

therapies. With time, these research efforts should be able to

achieve effective neutralization of device-related complications

and to drastically improve overall patient outcomes.
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Introduction

With increasing use of Mechanical Circulatory Support (MCS) in the last decade and

its evolution currently as a standard therapy for patients with end stage heart failure (HF),

it is becoming imperative to derive better risk prediction models to improve outcomes.

The evolution of MCS and the transition from the older pulsatile-assist devices to the

newer continuous flow pumps have ushered in an era of benefits for the HF with reduced

ejection fraction population (1–8). However, challenges still persist in post implantation

management in the long and short terms. Risk predictionmodels impact patient selection

and, in turn, post-implantation outcomes. One of the most important factors influencing

morbidity and mortality in the patients with left ventricular assist device (LVAD) is

right ventricular failure (RVF). RVF can occur in ∼10–40% of cases, depending on the

definition used to describe such failure (3–8). Several risk prediction models exist in the

current literature, which predict RVF in patients with LVAD (9–16). This article attempts

to address the need for improved risk prediction models using artificial intelligence

(AI) technology.

Impact of RV failure on outcomes in the LVAD
population

RVF after LVAD implantation is a major cause of morbidity and mortality in

this population. Hence, early recognition of risk factors and taking appropriate steps

to prevent RVF remain safest options. RVF occurs due to pre-implantation clinical

characteristics of the patient, as well as intraoperative/perioperative issues that occur

during these periods.

Preoperative RV dysfunction is a major factor in patients with end-stage HF

whether ischemic or non-ischemic. Predisposing factors include development of

chronic secondary pulmonary hypertension, mitral regurgitation (MR), and primary

disease of the myocardium. Several parameters determined by invasive hemodynamic

parameters from preoperative right heart catheterization, such as low RV stroke work

Frontiers inCardiovascularMedicine 01 frontiersin.org
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index (RVSWI), central venous pressure (CVP) to the

pulmonary capillary wedge pressure (PCWP) ratio, with

a ratio >0.63 associated with RV failure and pulmonary

arterial pulsatility index (PAPi), are valuable in predicting

RVF (11, 14, 17). Additionally, echocardiographic parameters,

such as RA/RV size, the RV/LV ratio, left atrium volume index

(LAVI), tricuspid annular plane systolic excursion (TAPSE), RV

global free wall strain, and RV fractional area change (RVFAC),

have all been used to predict RVF and tricuspid regurgitation

severity (18).

RVF post LVAD implantation can be classified as acute

(<48 h), early (>48 h–<14 days) and late (>14 days). De novo

RV dysfunction can develop after LVAD implantation, while

mild to moderate preoperative RV dysfunction can progress

to frank RV failure due to intraoperative and perioperative

factors. Cardioplegia leading to relative stunning of the RV

myocardium has been noted. Cardiopulmonary bypass can

itself initiate cytokine release, systemic inflammatory response

syndrome (SIRS), and increased pulmonary vascular resistance

(PVR) resulting in RVF.

Additionally, intraoperatively, myocardial ischemia, air

embolism, mechanical compression of the PA, tamponade, and

impact of LVAD circulation can result in RVF. Increased flow

from the LV/LVAD and the consequent increase in venous

return to the RV lead to increased RV preload. Loss of the

septal contribution to overall RV function with paradoxical

septal motion post LVAD implant can contribute to RVF.

Despite the decrease in afterload post LVAD implant, the

CVP/PCWP ratio worsens early after LVADdue to poor early RV

adaptation, which progressively improves with time. Increased

venous return to the RV due to rapid stepping up of LVAD

speed leads to bulging of the interventricular septum into the

LV, causing RV dilation and, therefore, worsening tricuspid

regurgitation. Acute hypoxemia and resultant pulmonary

vasoconstriction, worsening PVR, will cause RVF. Acute renal

failure with increased CVP and metabolic and/or respiratory

acidosis contribute to RVF. Increased risk of perioperative

bleeding secondary to redo sternotomy and transfusion has been

associated with SIRS and worsening RV function. Sustained

atrial and ventricular tachyarrhythmias deteriorate RV function

in addition.

RVF treatment should include cautious optimization of

LVAD speed, diuresis/ultrafiltration, and volume optimization.

Inhaled nitric oxide should be provided for pulmonary

hypertension and increased RVR or use oral phosphodiesterase-

5 inhibitors. Arrythmias should be treated, and, if RVF

still persists despite medical management, mechanical support

should be provided (RVAD/ECMO). Late RV failure can occur

in the presence or absence of normal LVAD function and is

difficult to treat with poor long-term outcomes. Bodymass index

(BMI) >29, BUN >41, and diabetes mellitus were significant

predictors of late RVF. Late RVF is associated with worse 5-year

posttransplant survival compared with patients who did not

develop RVF (19).

LVADs may be designed for long-term hemodynamic

support, but RVF still remains a challenge in >30% of patients

in the early post LVAD period. RVF causes a significant

increase in morbidity and mortality, whether they are bridged

to transplantation or are on it as destination therapy. Therefore,

RVF should be prevented by robust patient selection using

appropriate preoperative risk prediction tools to identify the best

LVAD candidates and by efficient perioperative management.

Early diagnosis of RVF is the key to improving outcomes. There

is, therefore, a need for identifying early predictors of RVF

and further refinement of treatment strategies to achieve better

outcomes (20).

The effect of RV failure on LVAD outcomes includes

increased mortality, deteriorating renal function and longer

length of stay in the ICU, all of which contribute to increased

morbidity in addition to its effects on mortality (21).

Current risk prediction scores and
their limitations

There are a number of risk prediction scores at the present

time, all of which have their advantages and limitations. The

earliest of the models, which has been the Michigan RVF

risk score put forth in 2008, was a single-center retrospective

study. Other models have been compared to this. It was the

most validated at 16, with a median c-statistic of 0.61. It

used 4 binary pre-LVAD clinical variables. There was a higher

concern for risk of bias due to variable RVF definition in

the validation studies and indication bias due to inclusion of

planned BIVAD patients and overfitting resulting in low RVF

rates (8, 9).

The EUROMACS model was similarly a retrospective study

involving multiple centers using five binary variables for early

RVF. It was validated 5 times with a median c-statistic of 0.65.

In this model, risk of bias was uncertain because the validation

studies had variable definitions of RVF. Registry data were used,

which had the inherent problem of missing data. The size of the

cohort in the derivation study was large; hence, the applicability

concern was low (8, 10).

The Pennmodel put forth in 2008 was a retrospective single-

center study for severe early RVF and used 6 binary variables. It

was validated 5 times with a median c-statistic of 0.63. Patients

with planned BIVAD resulted in indication bias. RVF definitions

varied and the study was impacted by missing data and low RVF

risk patients being excluded (8, 11).

The Utah model was a single-center, retrospective study,

with eight categorical variables for early RVF. It was validated

seven times with a median c-statistic of 0.55. The variables were

overfitted, inadequately powered; patients with missing data,
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selection bias, and varied RVF definitions were problems with

this model too (8, 12).

The CRITT model, which is also a single-center,

retrospective study, used central venous pressure

>15mm Hg, severe RV dysfunction, pre-op mechanical

ventilation/intubation, severe tricuspid regurgitation, and

tachycardia for predicting risk for RVF. It was validated 5

times with a median c-statistic of 0.63. It was a single-center

retrospective study. This model had indication bias due

to inclusion of planned BIVADs in the derivation study.

Applicability was a concern due to large number of pulsatile

LVADs in the derivation batch and non-uniformRVF definitions

in the validation batches (8, 13).

The model put forth by Kormos et al. used 3 binary variables

to predict early RVF. It was validated five times with a median c-

statistic of 0.61. This model was derived from a post-hoc analysis

of a cohort of belonging to the multicenter HeartMate II trial,

and, hence, universal applicability was a concern. The model

exhibited an inclusion bias because it only included a highly

selected population who were all bridged to transplantation.

This model had variable RVF definitions and lacked adequate

power for analysis (8, 14).

The Pittsburgh Decision Tree uses AI. It was a single-center,

retrospective study. It used eight binary variables for early severe

RVF. It was validated two times with a median c-statistic of 0.53.

Variable RVF definitions and low RVF rates and overfitting were

all noted in this model (8, 15).

Overall multiple limitations were noted in all of the existing

risk models, making them difficult to be universally applicable

for RVF. The definitions for RVF used were highly varied. The

percentage of continuous flow pumps was a variable in the

different studies, making it less predictable for the present day

as pulsatile LVADs have essentially phased out. Not all models

reported calibration. Validation groups appear to have not been

stringent in patient selection or RVF definition, making them

less reliable. Additionally, the type of RVF predicted whether

acute, early or late was highly varied. This leads to heterogeneity,

depending on the variability from institution to institution of

medical vs. device therapies for RVF. Additionally, the existing

models have lower-than-ideal c-statistics, ranging from 0.55 to

0.65 (8–15).

Utilizing AI technology to predict risk

Use of machine learning (ML) in developing risk scores

for HF mortality seems to have an edge over conventional

methods and is currently looking encouraging. The MARKER-

HF score has a c-statistic of 0.88 and has been validated in 2

external study cohorts. This model used a boosted decision tree

algorithm to derive a model based on automated training using

two well-defined cohorts—the low and high groups (22). In

another study, telemetry data analyses from a wearable monitor

used a general machine learning similarity-based modeling,

which was used to predict HF hospitalization. Receiver operating

characteristic curves showed a c-statistic of 0.86–89 using the

analytics platform. The alert from such prediction models

could help clinicians intervene before an HF hospitalization

occurs (23). Prediction of mortality post LVAD implantation,

in general, has been attempted using Bayesian network analysis

with a c-statistic of 0.7 for 1-, 3-, and 12-month mortality (24).

Applications of machine learning algorithms to assess

tricuspid annulus excursion on 2-dimensional (2D) and 3-

dimensional (3D) echocardiography have been attempted with

considerable success in assessment of RV function. Application

of an automated segmented model based on neural network

architecture was used in a 2D echo image analysis. An ML

algorithm was trained and tested in a 6-fold cross validation

approach. Tricuspid annular displacement measurements using

manual and automated ML segmentation showed that the

automated approach was comparable to MRI data. The ROC

curves used to test the model showed a c-statistic of 0.69–

0.73 in a small population studied. The ML-driven assessment

used a deep learning framework and was time efficient with a

processing time of <1 s (25). In another study using ML-based

algorithms using 3D echocardiographic images, RV volumes

and ejection fraction measurements were made with excellent

reproducibility, suggesting that automated analysis of data may

be more efficient (26).

A Bayesian network analysis-driven model for acute, early,

and late RVF post LVAD implantation published in 2016 was

based on the INTERMACS registry. The acute, early, and late

RVF models comprised of 33, 34, and 33 preoperative variables

(from demographics, hemodynamics, laboratory values, and

medications), respectively. The performance of this model was

superior to earlier models (c-statistic of 0.53–0.65) with c-

statistics of 0.9, 0.83, and 0.88 for acute, early, and late RVF,

respectively (27). The study had limitations, such as missing

data, which are inherent to registry data.

Figure 1 summarizes possible applications of AI technology

to develop risk prediction models for RV dysfunction in

the LVAD population. Risk prediction helps with improving

outcomes if applied to patient selection and management

pre-, peri-, and post-device implantation. Incorporating

hemodynamic parameters from invasive hemodynamics as

well as LVAD parameters and speed can predict RV failure.

In a small, single-center study, a new hemodynamic index

generated using mean arterial pressure, the ratio of pulmonary

artery wedge pressure and central venous pressure, and the

ratio of the set pump speed to maximum pump speed in a

ramp study showed that this index can be used to predict

RV failure. A c-statistic derived from the Area Under the

Curve using a Receiver Operative Curve was high at 0.86

(28). A combination of clinical and hemodynamic parameters

can be used to generate better and robust risk models. Large

databases maybe generated by data pooling from different
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FIGURE 1

Use of AI technology to predict risk of right ventricular failure in left ventricular assist device patients.

smaller databases. AI technology can then be applied following

data generation and normalization. The AI technology can then

be used to generate risk models for patient selection pre-LVAD,

a bridge to transplant and destination populations. The type of

AI technology used will depend on the type of database used

for analysis. The pros and cons for each different type of AI

technology should be considered for each individual analysis

undertaken, depending on the size of the database and its

tendency to overfit data, time factor, and ease of interpretation.

Considering the impact of RVF on post-LVAD outcomes, risk

stratification for RV failure is one of the major determinants for

patient survival and becomes the most important strategy to

improve patient outcomes (29–31).

In summary, the four major aspects of machine learning are

collection of data, building an appropriate mathematical model,

constructing a learning algorithm, and defining at the final

model for decision. Large data sets are ideal, especially for deep

learning, which can be derived by combining smaller datasets.

The right mathematical model should precisely represent the

data and key properties of the problem in question. To achieve

best predictive performance flexible models such as those based

on the deep neural networks or the Gaussian process should

be used. The learning algorithm is then used for computation

of variables inherent in the model using the data set. The final

process is building the algorithms for precise prediction (32–34).

Discussion

In summary, this review shows that existing literature points

to increased efficiency in data analysis and developing risk

models using AI technologies. The performance of these models

appears to be better than those developed using conventional

systems in the present studies, which are largely retrospective.

However, testing in larger prospective longitudinal populations

still remains to be proven.

Models for prediction of RVF generated by conventional

methods have limitations mainly due to universal assumptions

of linearity. Regression models are simple and easy to perform

as well as understand, but their use in model prediction

is not as efficient as ML-based methods. ML methods are

based on unbiased classification/clustering of attributes in the

setting of a decision tree, neural network or algorithm. Hence,

ML technology needs to be used in the setting of a balance

between minimal training errors, especially as the models get

more complex and its universal applicability. Additionally,

recognition of important covariates to be used as input data is

another major part of successful generation of risk prediction

models. Improving interpretability of machine learning models

of prediction is another area to consider.

Future directions and challenges

Standardization of clinical behavior and accuracy of data

collection remains a challenge. Algorithms for guideline-

derived medical therapy vary across the globe, making

it difficult to standardize the data collection. Prospective

collection of data is, definitely, a requirement to generate

large databases. Generation of large prospective databases will

be the crux of generating robust risk prediction models,

and validation of results using independent data sets

will possibly help develop better risk prediction models.

Developments of novel technologies for acquisition of
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bio signals and biosensors and secure data transmission

could help generate more robust prospective databases

contributing toward standardization of input and output

variables. Finally, a multimodal approach to data collection

will be more powerful in developing risk prediction

models. Using powerful risk prediction models will open

up new ways of approaching diagnosis and treatment in

diverse subpopulations representing different races and

socioeconomic strata.
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Congestive heart failure (HF) is a devastating disease leading to prolonged

hospitalization, high morbidity and mortality rates, and increased costs.

Well-established treatments for decompensated or unstable patients include

medications and mechanical cardiac support devices. For acute HF

decompensation, new devices are being developed to help relieve symptoms

and recover heart and renal function in these patients. A recent device-

based classification scheme, collectively classified as DRI2P2S, has been

proposed to better describe these new device-based therapies based on their

mechanism: dilators (increase venous capacitance), removers (direct removal

of sodium and water), inotropes (increase left ventricular contractility),

interstitials (accelerate removal of lymph), pushers (increase renal arterial

pressure), pullers (decrease renal venous pressure), and selective (selective

intrarenal drug infusion). In this review, we describe the new class of medical

devices with the most current results reported in preclinical models and

clinical trials.
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Introduction

According to the universal definition, “heart failure (HF) is defined as a clinical
syndrome with symptoms and/or signs caused by a structural and/or functional cardiac
abnormality and corroborated by elevated natriuretic peptide levels and/or objective
evidence of pulmonary or systemic congestion” (1). In addition to this broad description,
several classification systems for HF can be applied that incorporate stages of risk, the
presence of symptoms, the etiology, and the assessment of left ventricular function.

Chronic HF affects about 2% of the adult population worldwide.
However, its prevalence is age-dependent, ranging from less than 2% in
people < 60 years old to more than 10% in those older than 75 years (2). According
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to recent updated data from the American Heart Association,
about 6.2 million Americans ≥ 20 years of age were diagnosed
with HF between 2013 and 2016 (3). Projections show that
the prevalence of HF in the United States will increase 46%
from 2012 to 2030, resulting in more than 8 million people
with HF (4).

A wide variety of drugs, devices, and procedures are
available to improve survival and functional class in patients
with HF (5–7). Patients with mild to moderately decompensated
HF can usually be stabilized with medical treatment. For those
who are extremely ill and unstable (8), various mechanical
cardiac support devices can be used to attempt stabilization or
as a bridge to transplantation. However, therapeutic options are
limited for patients at an intermediate stage, whose HF cannot
be controlled with medication but who are not ill enough to
benefit from mechanical cardiac support (9).

New device-based treatments are being developed to
treat specific pathways in patients with decompensated HF.
Although the physiopathology is complex, patients with
acute decompensated heart failure (ADHF) (10) present with
decreased cardiac contractility and low cardiac output. Low
blood pressure leads to deficient perfusion of the organs, which
activates the renin-angiotensin-aldosterone system, vasopressin
release, and upregulation of the sympathetic nervous system.
The neurohormonal changes decrease renal artery pressure and
renal blood flow, promoting an increase in sodium and water
retention. Fluid overload increases central venous pressures,
resulting in systemic congestion and elevated abdominal
pressure. Intraabdominal hypertension causes impairment of
renal function (11). In addition, the swollen intestine caused
by systemic congestion results in poorer absorption of diuretics
(12). Rosenblum et al. (13) have proposed a new classification
strategy based on seven categories for these devices that act on
different mechanisms involved in the pathophysiology of HF.
Denoted by the acronym DRI2P2S, the classification scheme
categorizes the devices according to their mechanism and
suggested indication. Table 1 summarizes the new medical
device classification and mechanisms.

Dilators (D–increase venous
capacitance)

Around 30% of the blood volume circulates in the arterial
circulation, and the rest is confined to the venous system.
Because of its large capacitance, the abdominal venous system
is the main reservoir for blood volume in the body. In addition,
the abdominal venous reservoir responds to sympathetic stimuli
by promoting vasoconstriction and shifting fluid from the
abdominal system into the circulation. In patients with HF, the
shifted volume overloads and worsens peripheral congestion,
increases cardiac venous return, and raises cardiopulmonary
filling pressures, thus worsening pulmonary congestion.

Vasodilators (nitroprusside and nitrates) dilate venous
and arterial vessels. Nitrates act mainly on peripheral veins,
whereas nitroprusside affects the arterial and venous systems.
Vasodilators reduce the venous return, resulting in less
congestion, lower afterload, and a consequent relief of
symptoms. Recently, splanchnic nerve modulation has been
proposed for treating congestive HF (14). The concept
underlying splanchnic nerve modulation is to block the great
splanchnic nerve, which carries visceral sympathetic and
sensory fibers. The splanchnic nerves, located on both sides
of the spine, arise from the sympathetic thoracic trunk to
innervate the abdomen. Consequently, a splanchnic nerve block
would reduce the response to the abdominal reservoir to the
sympathetic tonus, thus reducing the shifting of blood from
its cavity to the circulation and decreasing cardiopulmonary
filling pressures. Splanchnic nerve block is achieved by using
a percutaneous approach under fluoroscopic guidance. First,
a spinal needle is positioned to the anterolateral edge of the
thoracolumbar spine at the T11–12 level, and then a local
anesthetic (lidocaine or ropivacaine) is injected to temporarily
block the nerve (unilateral or bilateral).

Two studies (15) have tested this concept in clinical practice.
The Splanchnic HF-1 (16, 17) and Splanchnic-HF-2 (18),
both small clinical studies, evaluated the physiologic effects
of splanchnic nerve block in patients with acute and chronic
HF, respectively. Splanchnic HF-1 prospectively assessed 11
patients with HF who had New York Heart Association class
III/IV symptoms, reduced ejection fraction, and a pulmonary
capillary wedge pressure (PCWP) > 15 mmHg (> 12 mmHg
if on inotropes) on baseline right heart catheterization. This

TABLE 1 DRI2P2S classification scheme for device-based therapy
for heart failure.

Classification
scheme

Mechanism of
action

Device-based
approach

Dilators (D) Increases venous
capacitance

Splanchnic nerve
modulation

Removers (R) Removes sodium and/or
water directly

AlfaPump, Reprieve
System

Inotropes (I1) Improves left ventricular
contractility

Cardionomic,
NeuroTronik

Interstitial (I2) Accelerates lymph
removal

WhiteSwell

Pushers (P1) Increases renal arterial
pressure

Reitan catheter pump,
Aortix, Second Heart
Assist

Pullers (P2) Decreases renal venous
pressure

preCardia, Doraya
catheter, transcatheter
renal decongestion
system

Selective (S) Infuses vasodilator drugs
selectively via the
infrarenal artery

Benephit catheter

Modified from Rosenblum et al. (13).
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first-in-human, proof-of-concept study showed that splanchnic
nerve block could reduce mean pulmonary arterial pressure,
mean arterial pressure, and PCWP, resulting in an increase
in cardiac index after the intervention. The Splanchnic-HF-
2 trial tested the hypothesis that splanchnic nerve blockade
would attenuate the increase in exercise-induced cardiac filling
pressures in patients with chronic HF with reduced ejection
fraction. In this prospective, open-label, single-arm trial, 15
patients with chronic HF and elevated PCWP underwent
exercise testing before and after nerve block with ropivacaine.
The findings showed that splanchnic nerve block reduced
resting and exercise-induced pulmonary arterial and wedge
pressure with favorable effects on cardiac output and exercise
capacity, results similar to the Splanchnic HF-1 trial.

Although procedural complications (14) (pneumothorax,
chylothorax, bowel perforation, vascular damage, and
others) and physiologic changes (diarrhea, orthostatic
hypotension, nausea, and vomiting) can occur with nerve
block, the procedure was well tolerated and without significant
complications in both studies.

Removers (R–direct removal of
sodium and water)

Patients with HF have an overload of water and sodium in
the extracellular space due to the physiologic and adaptative
changes of the failing heart. Although diuretics play an essential
role in fluid removal and symptom relief, diuretic resistance may
render them non-effective in clinical practice (12).

Water and sodium can be removed from the body
via ultrafiltration (19). Previous studies have shown that
ultrafiltration (20, 21) with either aquapheresis (22) or
peritoneal dialysis (23, 24) can be an alternative to diuretics
in controlling fluid overload in patients with congestive HF.
Because classic ultrafiltration is not the focus of this review, only
the newer devices are discussed.

New devices called removers have been used to help
treat volume overload in decompensated patients. One of
the new devices—the alfapump DSR R© (Sequana Medical NV,
Belgium)—is implanted subcutaneously in the abdomen and
automatically and continuously moves fluid from the abdominal
cavity to the bladder, where it is excreted from the body
(25). Via a surgically implanted port, sodium-free DSR infusate
is delivered into the peritoneal cavity; this approach allows
for flexible dosing to remove the desired amount of sodium.
The DSR infusate remains for a pre-determined time, and
it and the extracted sodium are pumped to the bladder
and eliminated in the urine (Figure 1). In a proof-of-
concept study in pigs, the device removed 4.1 ± 0.4 g of
sodium from the body in 2 h, with no significant changes
in other electrolytes. The ongoing clinical trial SAHARA
(NCT04882358) will enroll 24 patients with congestive HF

and diuretic resistance. In an interim analysis of six patients
in the trial (26), the new device was safe and tolerable,
and treated patients showed a mean weight loss of 6 kg
compared to baseline and a 30% reduction in NT-proBNP; the
estimated glomerular filtration rate (eGFR) was not significantly
affected.

The Reprieve SystemTM (Reprieve Cardiovascular, Milford,
MA, USA) is another new decongestion device for improving
outcomes for patients with ADHF. The goal in using the
Reprieve device is to achieve a target fluid balance. The system
comprises a peripheral or central infusion port and a Foley
urinary catheter that is connected to an external console. The
Reprieve System constantly measures the patient’s urine output
and infuses a volume of hydration fluid sufficient to maintain a
set fluid-balance rate. Two clinical trials provided results on the
use of this technology. Target-1 and Target-2 (NCT03897842)
trials evaluated the device in 19 patients with congestive HF
and preexisting impaired renal function, respectively (27). The
findings showed the Reprieve System was safe and tolerable in all
patients. In addition, patients treated with the Reprieve System
lost weight during hospitalization (–3 kg, p< 0.001) and showed
improved renal function (baseline creatinine levels of 1.45 ± 0.4
vs. 1.26 ± 0.4 mg/dl at end of therapy, p = 0.0002) and decreased
CVP (from 15.5 ± 5.3 mmHg at baseline to 12.8 ± 4.8 mmHg at
end of therapy; p = 0.02).

Inotropes (I2–increase left
ventricular contractility)

The heart is innervated by the cardiac plexus of nerves
situated at its base. Cardiac branches are derived from both
the sympathetic and parasympathetic nervous systems. In a
dog model (28), cardiac plexus stimulation increased cardiac
contractility and mean arterial pressure with no changes in
heart rate. This concept has been tested in humans with two
different devices.

The catheter-based cardiopulmonary nerve stimulation
(CPNS, Cardionomic Inc., New Brighton, MN) is a 16-French
catheter device that is inserted percutaneously through the
right jugular vein and positioned in the right pulmonary
artery (Figure 2). The CPNS is used to provide endovascular
stimulation for up to 5 days in patients with ADHF. In
an ongoing clinical trial of CPNS (NCT04814134), initial
results (29) in 7 patients showed no adverse events. CPNS
therapy increased heart contractility (LV dP/dt max) by 58%,
left ventricular relaxation (LV dP/dt min) by 11%, arterial
pulse pressure by 20%, and mean arterial pressure by 7%.
No significant changes were observed in heart rate. Target
enrollment for the trial is 50 patients for evaluating long-term
impact.

Using a similar concept, the NeuroTronik CANS
TherapyTM System (NCT03169803, NCT02880683, and
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FIGURE 1

Remover device. The Alfapump DSR system for sodium removal. Image used with permission from Sequana Medical.

NCT03542123) is a purpose-built electrical stimulation
catheter placed percutaneously in the left brachiocephalic
vein via left subclavian vein access. The neurostimulator
is then connected to the catheter and is used to deliver
autonomic nerve stimulation therapy for up to 96 h. At the 2019
Transcatheter Cardiovascular Therapeutics (TCT) symposium
(30), investigators presented the initial results of a single-arm
study in 12 patients with congestive HF (at least two signs
and symptoms) and an ejection fraction < 40%. NeuroTronik
therapy improved cardiac index (+ 22%) and decreased PCWP
(–28%) and systemic vascular resistance (–22%). No significant
changes were observed in cardiac rate.

Interstitial (I2–accelerate removal
of lymph)

In healthy people, excess liquid in the interstitial space is
removed through the lymphatic system, which collects fluid in
these spaces and returns it to the veins via the thoracic and
lymphatic ducts. As a consequence of HF, lymphatic drainage of
edema in the periphery, abdominal organs, and lungs is reduced
(31). The WhiteSwellTM therapy system (WhiteSwell, Ireland)
is a new device designed to accomplish complete decongestion
while preserving renal function. The device comprises a multi-
lumen catheter with two compliant balloons of low-durometer
urethane. The catheter balloons are positioned across the
bifurcation of the jugular and innominate veins and isolate the
thoracic duct outflow when inflated. The system produces a
decrease in the local pressure (between both inflated balloons)

and reduces venous pressures in the thoracic duct outflow area,
thus facilitating drainage of the thoracic duct (Figure 3).

In a sheep model of HF, Abraham et al. (32) conducted
a proof-of-concept study of the WhiteSwell device. Dilated
cardiomyopathy was created by serial coronary embolization,
and fluid overload was used to create decompensated HF with
pulmonary congestion. The WhiteSwell device was activated
for up to 3 h in the four treated sheep; 3 served as controls.
Extravascular lung water volume was decreased in treated sheep
as compared to controls. The authors also reported a case of
an 82-year-old woman who is part of an ongoing clinical trial
(NCT02863796) on the safety and feasibility of the WhiteSwell
device. She had presented with HF with preserved ejection
fraction, hypertension, chronic atrial fibrillation (treated with
novel oral anticoagulants), chronic renal failure, and severe
pulmonary hypertension. After receiving standard clinical
therapy, she was treated with the WhiteSwell device, which was
introduced via the left internal jugular vein under fluoroscopy
guidance. Device treatment significantly increased urine output
rate and reduced central venous pressure during the therapy.
Results of the ongoing trial have not been published.

Pushers (P1–increase renal arterial
pressure)

The close interaction between the kidney and heart in
patients with HF has been called cardiorenal syndrome (CRS)
(33, 34). CRS is a complex entity that involves both organs
and neurohormonal mechanisms, with a physiopathology
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FIGURE 2

Inotrope device. The Cardionomic Cardiac Pulmonary Nerve Stimulation (CPNS). Image used with permission from Cardionomic, Inc.

FIGURE 3

Interstitial device. The WhiteSwell device.

characterized by low cardiac output leading to decreased renal
perfusion. New devices are being developed to increase renal
output in HF. These devices, called pushers, are intended to
be temporarily implanted in the descending aorta above the
renal arteries and are supposed to increase the flow toward
the renal arteries to promote better perfusion in the kidneys.
In addition, pushers can also decrease left ventricle afterload.
Figure 4 illustrates the concept of the new pusher devices: Reitan
catheter (35), Aortix (36), and Second Heart Assist.

The Reitan catheter pump (Cardiobridge, Germany) was
first tested in nine patients requiring mechanical circulatory
support during complex percutaneous coronary intervention

(PCI) (37). The propeller was set to rotate around 10,000 rpm,
promoting a gradient between the radial-femoral pressure of
around 10 mmHg. The main finding was that using the device
reduced creatine levels by an average of 11 ± 8 µmol/l
(P = 0.004) from before to after the procedure. In a
larger prospective, observational study (38), 18 patients
admitted with decompensated HF, an ejection fraction < 30%,
and a cardiac index < 2.1 L/min/m2 who were in need
of inotropic/mechanical support received the device-based
therapy. The mean running time of the Reitan device was
18.3 h, and treated patients showed an increase in diuresis, renal
function, and cardiac index.

Frontiers in Cardiovascular Medicine 05 frontiersin.org

18

https://doi.org/10.3389/fcvm.2022.962839
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-962839 September 15, 2022 Time: 16:20 # 6

de Oliveira Cardoso et al. 10.3389/fcvm.2022.962839

FIGURE 4

Pusher devices for heart failure.

The Aortix (Procyrion, Inc., Houston, TX, USA) is an axial-
flow pump that is positioned in the aorta to provide short-
term hemodynamic support. The device functions to promote
a higher pressure in the distal abdominal aorta (39, 40). The
first-in-human study was conducted by Vora et al. (41) and
enrolled six patients with renal dysfunction to receive the device
during high-risk PCI. Aortix was implanted for a mean time
of 70 min with no severe complications. In addition, device
support improved urine output (10-fold) and eGFR (mean
increase, 6.95 ± 8.09 mL/min). Another case in which this
device was successfully implanted was presented at the 2021
TCT symposium (42).

Second Heart Assist (Second Heart Assist, Salt Lake City,
UT, USA) is another investigational device that promotes
circulatory support for patients with decompensated HF and
CRS who are at high-risk for PCI. This stent-based impeller
pump is percutaneously inserted (via the femoral artery) and
enables better flow to the kidneys. No clinical data have been
published, but the preclinical data are encouraging.

Although all of the devices in this category have the
potential risk for hemolysis, infection, and thromboembolic
complications, no serious adverse events have been reported
for any of them. However, it is important to be cautious about
the potential risk that any invasive device confers in terms of
hemocompatibility complications and possible infection. Before
being tested in a clinical setting, new devices should be examined
in depth for these potential hazards.

Pullers (P2–decrease renal venous
pressure)

Devices in the pullers category are used to reduce cardiac
volume overload and filling pressures at the superior/inferior
vena cava (IVC) or venous congestion at the abdominal cavity.

The preCARDIA balloon catheter device (Abiomed,
Danvers, MA, USA) is placed in the superior vena cava
(SVC) for intermittent occlusion. Controlled by a pump, the
preCARDIA device unloads the heart, decreasing its filling
pressures and helping to achieve decongestion in HF patients
(Figure 5). In a proof-of-concept study, Kapur et al. (43)
demonstrated that transient occlusion of the SVC reduces
cardiac filling pressures without significant changes in cardiac
output and blood pressure. In their study, eight patients
with decompensated HF underwent intermittent balloon
occlusion in the SVC; the procedure was well-tolerated and
reduced cardiac filling pressure. The VENUS-HF trial (44)
(NCT03836079), an early feasibility study, was a multicenter,
prospective, single-arm trial of patients who were treated for
12–24 h with the preCARDIA system. Compared with baseline
values, right atrial pressure decreased by 34%, PCWP declined
by 27%, and urine output and net fluid balance increased by
130 and 156%, respectively. Similarly, intermittent occlusion
of the IVC has also effectively reduced cardiac filling pressures
(45, 46).
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FIGURE 5

Puller device for heart failure. The preCardia. Image used with permission from Abiomed.

As a result of systemic congestion, patients with HF have
elevated central venous and intraabdominal pressure (IAP).
Moreover, venous congestion is emerging as an important
cause of renal dysfunction in patients with CRS, and the
term “congestive nephropathy” has been proposed for this
new concept (47). Animal studies (48–50) have shown that
an elevated IAP is related to renal dysfunction. In a study
of pigs with induced pneumoperitoneum, Toens et al. (51)
demonstrated that IAP > 40 cmH2O led to renal dysfunction
caused by tubular epithelial necrosis. In clinical medicine, an
elevated IAP (≥ 8 mmHg) has also been correlated to renal
dysfunction (52) and to an increase in 1-year mortality when
IAP > 12 mmHg for more than 72 h after admission (53).

Different devices can be placed below, above, or even
within the kidney to reduce kidney congestion. For example,
the Doraya catheter (Revamp Medical Ltd., 5 Mefi, Netania,
Israel) is a manageable flow-reducing device implanted in the
infrarenal IVC for up to 12 h. The temporary mechanical
obstruction of flow reduces central venous pressure, renal
afterload, and venous returns, thus relieving congestion on
the heart, lungs, and kidneys. Two published cases (54) have
demonstrated that the Doraya device could promote cardiac
decongestion and improve diuretics resistance. A clinical
trial of the Doraya catheter for the treatment of acute HF
(AHF) (NCT03234647) has been completed, but no published
results are available. Another device called Transcatheter
Renal Venous DecongestionTM (TRVD) System (Magenta
Medical, Kadima, Israel) is designed to reduce the pressure
in both renal veins through a catheter-based approach by
using an axial-flow pump-head positioned in the IVC. Two
sealing elements are placed above and below the kidneys to

compartmentalize the renal segment of the IVC and allow
selective reduction of renal venous pressures. The TRVD System
is intended to be placed shortly after hospital admission to
mechanically unload the kidneys for 1–3 days. The first-in-
human trial (NCT03621436) tested the concept (55) in 13
patients with HF and low ejection fraction. After TRVD
therapy, renal venous pressure decreased (from 19.2 ± 4.1
to 10.5 ± 3.3 mmHg, p < 0.00001) as did right atrial
pressure. The clinical trial is completed, but no results are
available.

Selective (S–selective intrarenal
drug delivery)

Decreased renal perfusion and vasoconstriction trigger
tubular hypoxia and are part of the complex mechanism
of kidney function impairment in patients with HF (56).
Vasodilator drugs are used to prevent renal vasoconstriction
and reduce kidney dysfunction. Although clinical trials have
shown that low doses of dopamine or nesiritide (57) did not
improve renal function in HF patients, the concept is still being
studied in different clinical scenarios. Teirstein et al. (58) tested
a selective infusion of fenoldopam (a dopamine 1 receptor
agonist that decreases peripheral vascular resistance primarily in
renal capillary beds) into the kidneys with a Benephit catheter
(Angiodynamics, Latham, NY) during coronary angiography.
The Benephit is a bifurcated catheter percutaneously inserted
through the femoral artery for selective infusion in both
renal arteries. In a randomized, open-label, partial crossover
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design trial in 33 patients, the use of the Benephit catheter
for the selective renal infusion of fenoldopam was safe and
produced some benefit in renal function. In a post-market
registry (59), the use of the Benephit catheter system to infuse
fenoldopam was examined in 501 patients at high-risk for
contrast-induced nephropathy during coronary or peripheral
angiography/intervention or cardiovascular surgery. The study
showed this approach was safe and resulted in a lower incidence
of contrast-induced nephropathy than predicted by the Mehran
score. Although this intra-renal selective infusion therapy has
demonstrated some benefit during coronary interventions,
it has not been tested in the specific clinical scenario of
HF; therefore, comments and preliminary results should be
cautiously considered.

Discussion

AHF, defined as the rapid development of new symptoms
and signs of HF, can be differentiated into ADHF and de novo
AHF (60). AHF is a presentation caused by an acute heart
injury (e.g., myocardial infarction or myocarditis), whereas
ADHF is commonly seen in patients with a history of HF who
have an imbalance due either to volume redistribution or to
overload. The classic clinical presentations of ADHF are signs
and symptoms of congestion and volume overload (dyspnea,
orthopnea, lower limb edema, ascites). Accounting for most
cases of acute decompensation, ADHF is seen often in older
patients and has higher mortality rates and more comorbidities
than AHF (61).

In addition to the underlying mechanisms of the acute
decompensation (disease progression or secondary factor
triggering the decompensation), patients with ADHF have
changes in myocardial heart contraction and pulmonary
function as well as renal dysfunction and intraabdominal
changes. Combined, these factors make HF a complex disease to
manage, and compensating for these changes with medications
is challenging. A multidisciplinary HF management program
is mandatory for evaluating patients; this approach ensures
that the correct investigations are conducted and that an
accurate diagnosis is made. Then, the appropriate evidence-
based therapy may be initiated to treat the mechanism that is
identified as the primary cause of the acute decompensation.
A team approach for HF care has been demonstrated to reduce
mortality and hospitalizations in high-risk patients (62), and
these strategies play an important role in HF treatment. In
addition, new approaches such as telemedicine support and
wearable devices can be integrated into the treatment regimen.
The new devices described in this review are not meant
to replace current HF treatment. Few treatment options are
available for the group of patients in whom decompensation
cannot be treated with medications but who are not unstable
enough to qualify for mechanical support; these new devices

may offer an alternative therapeutic option to fill that gap. It
is important to emphasize that the devices do not specifically
address the mechanisms leading to decompensation. Rather,
they support the heart and kidneys to improve preload,
afterload, and renal perfusion and function. It is expected
that the new devices will help to reverse the decompensation
episode because each device acts specifically on the pathway
that is exacerbating the decompensation. Thus, patients will
benefit by more precisely addressing the mechanisms causing
the symptoms during a decompensation episode. If needed,
specific heart and kidney support may be possible with the
new-device based therapy.

HF has an enormous impact on quality of life. Regardless
of the status of left ventricular function (preserved, borderline,
and reduced ejection fraction), the risk-adjusted analyses
for the composite of mortality and rehospitalization are
similar for all groups (63). Because patients with HF
frequently see a worsening in their functional class and
experience subsequent hospitalizations due to decompensation
episodes, economic costs are significantly increasing due to
frequent hospitalization and rehospitalization and the related
comorbidities. Furthermore, costs related to HF place a heavy
economic burden on our medical system. In a recent meta-
analysis, the annual median total medical costs for HF care was
$24,383 per patient; HF-specific hospitalizations contributed
greatly to these costs (median, $15,879 per patient) (64). New
types of devices will undoubtedly increase the economic costs
of HF. New technologies require a learning curve that involves
training requirements and related expenses. Additionally,
device-related complications may add extra expenditure on the
health care system. Currently, most devices discussed here are in
the proof-of-concept phase, early feasibility studies, or first-in-
human clinical trials. After early phase studies are completed,
the safety of new devices must be examined in clinical trials.
Safety is a key point in testing new technology, but cost-
effectiveness must also be proved before implementing new
devices into clinical practice. The economic burden on the US
health care system is increasing (4, 65), and costs are predicted to
rise to $70 billion dollars by 2030. Thus, any new medical device
must be safe and cost-effective to promote benefit to the patients
without superfluous costs to the health care system.

Another crucial step related to safety and efficacy is
the quality of the clinical trials performed for testing new
devices. Conducting a relevant clinical trial obviously involves a
straightforward research question, adequate inclusion/exclusion
criteria, randomization, placebos/shams, a reasonable sample
size, and planning for interim analyses. However, researchers
must focus on appropriate and applicable outcomes for
clinical problems that will benefit patients. The use of
surrogate endpoints, such as laboratory markers, might lead
to inconclusive results or futile benefits that are not clinically
relevant. An interim analysis focused on safety and efficacy
should be performed because it allows for making evaluations
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and decisions during the study and confirms safety endpoints
(66). Our perspective is that new trials should focus on
a pragmatic approach with broad inclusion criteria and
recruitment, minimal organization or resources required,
flexibility to deliver the intervention, a primary outcome
relevant to patients, and analyses based on intention-to-treat
principles (67). Only a pragmatic trial with clinically relevant
endpoints will bring tangible benefits to patients, without adding
costs and unnecessary interventions.

New technologies can be challenging from the beginning
because the precise indication for use and the success and failure
criteria are not completely defined. The devices mentioned in
this review compose a new class; therefore, specific criteria must
be established to avoid their empirical evaluation. For example, a
comparable situation was seen in cardiology with definitions for
stent thrombosis (68) and transcatheter aortic valve replacement
(69). Discrepancies in classifications from different research
teams can be standardized by the Academic Research Definition.
Accurate and universal definitions are important because they
create a uniform understanding of the challenges associated
with consistency among endpoints used in reporting clinical
trial results. Using standardized clinical endpoints is beneficial
as a practical language for communication among researchers,
health care providers, and patients. In addition, standardized
endpoints are important for regulatory agencies in approving
new devices, monitoring outcomes, and dealing with healthcare
reimbursement. We believe that standardized criteria are
needed to avoid being too liberal or too strict in identifying
indications. Likewise, medical societies should be agile enough
to introduce those criteria with new technologies before their
approval and integration into clinical practice.

Finally, in this review, we discuss future devices
that will help treat decompensated HF. Although this
device-based therapy is not intended to replace current
HF treatments, each one is expected to act at specific

pathways of the decompensation, thus improving patient
outcomes.
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First-in-man application of
Liwen RFTM ablation system in
the treatment of drug-resistant
hypertrophic obstructive
cardiomyopathy
Zihao Wang1†, Rong Zhao2†, Horst Sievert3, Shengjun Ta1,
Jing Li1, Stefan Bertog3,4, Kerstin Piayda3, Mengyao Zhou1,
Changhui Lei1, Xiaojuan Li1, Jiani Liu1, Bo Xu2, Bo Feng2,
Rui Hu1* and Liwen Liu1*
1Xijing Hypertrophic Cardiomyopathy Center, Department of Ultrasound, Xijing Hospital, Fourth
Military Medical University, Xi’an, China, 2Xijing Hypertrophic Cardiomyopathy Center, Department
of Cardiac Surgery, Xijing Hospital, Fourth Military Medical University, Xi’an, China, 3CardioVascular
Center, Frankfurt, Germany, 4Minneapolis Veterans Affairs Medical Center, Minneapolis, MN,
United States

Objectives: This study sought to evaluate the clinical applicability of the

Liwen Liu RFTM ablation system for percutaneous intramyocardial septal

radiofrequency ablation (PIMSRA).

Background: Data on new cardiac radiofrequency ablation devices for the

treatment of hypertrophic obstructive cardiomyopathy (HOCM) are limited.

Materials and methods: From July 2019 to July 2020, a total of 68 patients

with drug-resistant HOCM, who underwent PIMSRA with the Liwen RFTM

ablation system, which has an ablation electrode of stepless adjustable length,

were prospectively enrolled. Safety endpoints included, amongst others, the

occurrence of pericardial effusion and/or hemorrhage, cardiac arrhythmias,

device failure and procedural death. The reduction in left ventricular outflow

tract (LVOT) gradients at 12 months follow-up were used as a surrogate

marker for device efficacy.

Results: All procedures were technically successful. The total energy output

time of the system was 75.8 (IQR: 30.0) min, and the average power was

43.61 ± 13.34 watts. No ablation system error occurred. The incidence of

pericardial effusion or hemorrhage, transient arrhythmia and resuscitation was

8.8, 39.7, and 1.5% during procedure, respectively. None of the patients died.

During 30-day follow-up, there were no complications with the exception

of a pericardial effusion in one patient (1.5%). No further complications were

reported after 30 days. The patients’ resting [baseline: 75 (IQR: 48) vs. 12-

months: 12 (IQR: 19) mmHg, p < 0.001] and provoked [baseline: 122 (IQR:

53) vs. 12-months: 41 (IQR: 59) mmHg, p < 0.001] LVOT gradients decreased

significantly during follow-up.
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Conclusion: In this study, we demonstrate the safety and feasibility of the

Liwen RFTM ablation system to treat HOCM. The system allows for significant

and sustainable LVOT gradient reduction during 12-months of follow-up.

Hence, the Liwen RFTM ablation system is a promising new device that has

the potential to become an alternative to existing septal reduction concepts

in HOCM patients.

KEYWORDS

hypertrophic obstructive cardiomyopathy, percutaneous intramyocardial septal
radiofrequency ablation, radiofrequency ablation system, conformal ablation, first-
in-man application, Liwen RF

Introduction

Hypertrophic cardiomyopathy is a common hereditary
cardiomyopathy, with an incidence of about 2–5 per 1,000
in the adult population (1–3). Asymmetrical left ventricular
hypertrophy is the main manifestation and cannot be explained
by other cardiac diseases (4, 5). About two-thirds of patients
have resting and/or provoked left ventricular outflow tract
(LVOT) obstruction, known as hypertrophic obstructive
cardiomyopathy (HOCM) (6, 7) which is associated with
increased morbidity and limited life-expectancy (1, 8, 9). For
HOCM patients with significant symptoms that do not respond
to medical treatment, septal reduction therapies are a treatment
option. Surgical myectomy (SM) is considered to be the gold
standard (10, 11), and alcohol septal ablation (ASA) a less
invasive alternative (12). There is evidence that in specialized
high-volume centers, the LVOT gradient of patients after SM
is generally less than 10 mmHg, and over 90% of patients
experience long-term relief of symptoms after surgery (13, 14).
Likewise, in an experienced ASA team, nearly 95% of treated
patients had a gradient reduction of at least 50% as compared to
baseline, with symptom improvement and in-hospital mortality
less than 1% (15, 16).

In recent years, the development of percutaneous
intramyocardial septal radiofrequency ablation (PIMSRA,
Liwen procedureTM) has emerged as a new option for the
interventional treatment of HOCM (17). Exploratory results in
a small cohort of patients, who could not tolerate thoracotomy
and did not choose ASA because of contraindications or
unacceptable risks, with a strong willingness to accept minimally

Abbreviations: ASA, Alcohol septal ablation; HOCM, Hypertrophic
obstructive cardiomyopathy; IVS, Interventricular septum; LVEF, Left
ventricular ejection fractions; LVOT, Left ventricular outflow tract;
MAE, Major adverse events; NYHA, New York Heart Association;
PIMSRA, Percutaneous intramyocardial septal radiofrequency ablation;
SAM, Systolic anterior motion; SCDI, Sudden cardiac death index;
SM, Surgical myectomy; TTE, Transthoracic echocardiography; VF,
Ventricular fibrillation.

invasive treatment, showed a good safety profile and significant
and sustainable LVOT gradient reduction (18). Additionally,
the feasibility of PIMSRA combined with transcatheter aortic
valve replacement (TAVR) for aortic stenosis with LVOT
obstruction was demonstrated in a case report (19). However,
the radiofrequency needle electrode of the Cool-tip system
used in previous trials cannot match the intended ablation
range perfectly. We, therefore, developed a new radiofrequency
ablation system, the Liwen RFTM system (Hangzhou Nuo Cheng
Medical Instrument Co., Ltd., Hangzhou, Zhejiang, China),
with an ablation electrode of stepless adjustable length, to
achieve adequate and accurate ablation at different anatomical
sites of interventricular septum (IVS), referred to as "conformal
ablation". Different from the emphasis on tumor ablation that
"tumor tissues of different shapes and adjacent normal tissues
should be included as much as possible", conformal ablation for
HOCM requires strict control of ablation scope within the IVS
to avoid perforation and ensure a safe distance between ablation
boundary and endocardium to protect the conduction system
from damage. This is achieved by adjusting the exposure length
of the needle electrode, which we call the "Working section
length". This study aims to prove that the Liwen RF ablation
system can be used safely and effectively in the treatment of
drug-resistant HOCM.

Materials and methods

Patients

This is an open label, one-arm, prospective, non-
randomized study. Patients with HOCM and severe LVOT
obstruction and refractory symptoms despite adequate
medication were eligible for trial participation. Treatment
options were discussed with the patient, and cases were
presented in a multi-disciplinary heart team. Patients provided
written informed consent. Table 1 lists the inclusion and
exclusion criteria for this study. Patients with a higher sudden
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TABLE 1 Inclusion and exclusion criteria of patients.

Inclusion criteria:

(1) Age between 18 and 70

(2) Resting or provoked LVOT gradient ≥ 50 mmHg

(3) Septal thickness of at least 15 mm

(4) Refractoriness to medical therapy with a beta-blocker, and/or CCB

(5) Symptoms attributed to HOCM

(6) NYHA functional class ≥ II

(7) Informed consent and agreement to complete follow-up

Exclusion criteria:

(1) Pregnancy or breast-feeding

(2) Non-obstructive hypertrophic cardiomyopathy

(3) Septal thickness ≥ 30 mm

(4) SCDI ≥ 10

(5) Presence of concomitant heart disease requiring surgery

(6) Symptomatic heart failure at rest despite maximal guideline directed medical
therapy and LVEF < 40%

CCB, calcium channel blocker; HOCM, hypertrophic obstructive cardiomyopathy; LVEF,
left ventricular ejection fractions; NYHA, New York Heart Association; SCDI, sudden
cardiac death index.

cardiac death index (SCDI) were thought to be more likely to
have an accident during ablation, so SCDI ≥ 10 was considered
a contraindication or patient exclusion criterion.

The study was registered at chictr.org (ChiCTR2000031936)
and was conducted in accordance with the ethical standards
of the Helsinki Declaration. The protocol was approved by the
Ethics Committee of Xijing Hospital (KY-20192076-F-1).

Equipment

The Liwen RF ablation system consists of the following
components:

– Liwen RF ablation electrode kit (RFET02A): sterile
packaged for single use. As the core device of the
Liwen RF system, the ablation electrode is also the most
important part of the equipment. It has been specifically
developed for radiofrequency ablation of the ventricular
septal myocardium.

– Liwen RF ablation generator (RFGR100): Reuse unit. Used
to generate radiofrequency energy and output to the
electrode needle. The generator incorporates an algorithm
designed for cardiac ablation that will simultaneously
detect the impedance and temperature of the electrode
needle for energy output management. The equipment is
operated by an engineer.

– System cooling pump (RFPP01): Reuse unit. This is used
to cool the electrode needle and prevent overheating in
the ablation area. The device should be kept on during the

energy output. The refrigerant is sterile water placed in an
ice bucket during procedure.

– Patient circuit electrode: Disposable non-sterile
consumables. It is used to form a loop with the ablation
electrode and the patient’s tissue which is connected to the
generator by a cable attached to the ablation electrode kit.

The Liwen RF ablation electrode kit must be used in
conjunction with other parts of the Liwen RF ablation system
for PIMSRA. It mainly includes the following items: puncture
needle (17G), electrode needle (18G), inflow tube, outflow tube,
needle tube positioning parts and negative plate connecting
cable. It should be noted that except for the patient circuit
electrode connection cable, all other items are sterile. The
exposed length of the needle electrode, that is, the working
section length of Liwen RF, can be adjusted freely within
10∼30 mm by the slider on the handle. As shown in Figure 1,
five scales are displayed, corresponding to the length of exposed
electrode in increments of 5 mm. Nevertheless, in the actual
adjustment process, the control of working section length is
stepless. The longer the working section length is, the greater
the ablation area length, width and thickness will be. Therefore,
with the help of imaging equipment, the exposed length of the
needle electrode and its position in the IVS should be adjusted
according to the degree of cardiac hypertrophy and the desired
ablation range.

Before ablation begins, the electrode needle detects the
initial impedance of the surrounding tissue. According to our
data, the impedance of the septal tissue before ablation ranged
from 92 to 115 ohms, with a mean impedance of 103.20 ± 9.13
ohms. With the progress of ablation, the impedance decreased
slowly at first, and then gradually increased after a plateau.
When the impedance rises sharply to 150% of the initial value,
the system enters a "Hibernation state", at which time the system
will suspend energy output for 15 s. After that, the system
restarts and repeats the process of impedance detection until
the next hibernation. Frequent hibernation indicates that the
local tissue has been sufficiently ablated. In our experience, the
number of cycles for ablation and hibernation is typically three.

Assessments

Philips EPIQ 7C (Philips Medical Systems, Bothell, WA,
USA) ultrasound imaging system was used for transthoracic
echocardiography (TTE). Septal thickness, LVOT gradient, left
ventricular ejection fractions (LVEF), and systolic anterior
motion (SAM) of the mitral valve were assessed. SAM is
classified into four grades on M-mode echocardiography. Grade
0: No systolic anterior motion of the mitral valve; Grade 1:
Brief systolic anterior motion without septal contact; Grade 2:
Systolic anterior motion with septal contact lasting < 1/3 of the
systolic period; Grade 3: Systolic anterior motion with septal
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FIGURE 1

Description of Liwen RFTM ablation system and main findings. Liwen RFTM (Hangzhou Nuo Cheng Medical Instrument Co., Ltd., Hangzhou,
Zhejiang, China) is a novel radiofrequency ablation system with a stepless adjustable length needle electrodes for percutaneous intramyocardial
septal radiofrequency ablation (PIMSRA). The device is an integrated system, comprising ablation electrode kit, ablation generator, cooling
system, and patient circuit.

contact lasting ≥ 1/3 of the systolic period (20). Continuous
wave doppler guided by color signal was used to measure the
LVOT gradient (21, 22). The gradient under exercise stress
was provoked by supine cycling (Semi-recumbent and tilting
bicycle Ergometer, Lode BV, Groningen, Netherlands) and
measured according to a standardized protocol (23). All sections
and measurements were obtained in accordance with the
recommendations of the American Society of Echocardiography
for HOCM (24). The results of genetic tests were interpreted
for pathogenicity according to the guidelines of the American
College of Medical Genetics and Genomics (25).

Procedure

The use of Liwen RF can be described through four
workflow steps: device deployment, puncture, ablation, and
withdrawal. Setup and removal of the device are performed
jointly by the engineer and the physician. The only conductor
on the needle, the working section, releases a high-frequency

current in the myocardium which excites ions to generate heat.
The local tissue temperature recorded by the electrode tip can
reach above 80◦C. As a result, the tissue become dehydrated,
coagulates, and areas of necrosis are formed. At the same
time, the occlusion of the surrounding vessels blocks the blood
supply of the hypertrophic myocardium. All procedures follow
the requirements of PIMSRA (18, 26). Temporary pacemaker
placement is required for patients with pre-procedural right
bundle branch block or left bundle branch block. During the
procedure, which is performed in general anesthesia, the patient
is placed on the left side at 30 to 45 degrees. Then ECG
and Liwen RF system are connected. Under echocardiography
guidance, the puncture needle is inserted through the guide
frame, and reaches the front end of the area, which is thought
to be ablated. Then, the needle is pulled out of the core and the
electrode needle inserted into the body and pushed to the target
area under echocardiography guidance. The ablation generator
is turned on. The initial power is 20 watts and gradually
increased to 70∼80 watts at 10∼20 watts increments. Ablation
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continues for 10 to 12 min. After adjusting the working section
length and position of the needle electrode, the aforementioned
steps are repeated. The number and location of the ablations are
tailored to the expected ablation range. Dehydrated, coagulated
tissue that has been completely ablated appears as a hyperechoic
area on TTE. Ablation was considered satisfactory when the
area was 30∼40 mm along both the long and short axes of the
IVS and the thickness reached 2/3 of it. At this point, as shown
in Figure 1, 3∼5 mm of unablated area must be maintained
bilaterally with respect to the endocardium. If prolonged heart
block or tachyarrhythmias were detected by ECG, ablation was
suspended until normal rhythm was restored spontaneously or
after lidocaine treatment. After all ablations are complete, the
electrode needle is removed and pressure to the puncture point
applied for 5–10 min. Vital signs were closely monitored for
at least 15 min, during which TTE was performed to assess
the range of ablation, cardiac structure, and hemodynamics. If
the rhythm and hemodynamics were stable, the patients were
transferred to the ICU for at least 24 h of monitor and recovery.

Process monitoring and energy
calculation

Throughout the procedure, an engineer continuously
monitors system performance and records equipment errors.
The ablation generator, the host of the system, has a touchable
display for setting and viewing device parameters. According
to the procedure situation, the engineer records the energy
output time and maximum power of each ablation, and feedback
to the operator. After the procedure, the generator calculates
the average power of the entire ablation process. The average
power and the ablation time are multiplied to obtain the
total output energy.

Endpoints

The primary endpoint is the occurrence of major adverse
events (MAE) within 30 days. It is defined as any device or
procedure related complication, including but not limited to
death, emergency surgery, severe cardiac tamponade requiring
pericardiocentesis or surgery, bleeding, and procedure-related
stroke. We define device-related and procedural complications
as follows: complications that occur while the ablation needle
is in the body are considered device-related complications.
After the device is removed, if new complications occur or
existing complications change, they are classified as procedural
complications. Secondary endpoints include: (i) Technical
success: the ablation needle enters the myocardium smoothly
and leaves completely at the end, and the system has no error
throughout the procedure; (ii) Procedural success: Reduction
of the resting or provoked LVOT gradient to < 30 mmHg or
by ≥ 50% 12 months after procedure.

Statistical analysis

The Shapiro-Wilk test was used to evaluate the data set for
normal distribution. Quantitative data of normal distribution
were expressed as mean ± standard deviation (SD), and the
paired-sample t-test was used for comparison. Non-normally
distributed quantitative data were represented by medians and
interquartile range (IQR), and the Wilcoxon signed rank test
was used for comparison. Qualitative data were expressed as
absolute counts and percentages of total, and compared using
the Pearson χ2 test. A P-value < 0.05 was considered statistically
significant. The analyses were performed with SPSS software
26.0 (SPSS Inc., Chicago, IL, USA).

Results

Baseline characteristics

A total of 68 patients were consecutively enrolled from
July 2019 to July 2020. During the study, all patients were
treated with the same equipment. Baseline characteristics are
summarized inTable 2. The average age was 47.74 ± 13.85 years,
and 29.4% (20/68) were female. According to the prediction
model (1), the overall risk of sudden cardiac death was
intermediate to high because a median SCDI of ≥ 4%
was present. Among the 68 patients, the IVS thickness was
23.56 ± 4.55 mm, and the resting LVOT gradient was
78 ± 39 mmHg, accompanied by typical clinical symptoms.
All patients underwent genetic testing before the procedure.
A total of 31 patients were identified with pathogenic variants
in sarcomere protein and related genes, while the genetic profile
of the remaining 37 cases has not yet been completely elucidated.
Among patients with definite mutations, the proportion of
myosin heavy chain (MYH7) gene mutation was 51.6% (16/31),
and that of myosin binding protein C (MYBPC3) gene was
38.7% (12/31). Interestingly, one patient had a dual mutation of
both MYBPC3 and MYH7. Other pathogenic variants include
genes encoding cardiac troponin I (TNNI3) and the protein
tyrosine phosphatase non-receptor-type 11 (PTPN11).

Equipment feasibility and procedure
data

According to our success definition, all 68 patients achieved
satisfactory treatment results. The application success rate of
Liwen RF ablation system in the treatment of drug-resistant
HOCM was 100%. A series of procedure related parameters and
possible technical errors are listed in Table 3. During the 68
procedures, the operator had to start/stop the ablation device 8
(IQR: 4) times to adjust the position and working section length
to achieve the designed ablation range. The total energy output
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TABLE 2 Baseline characteristics of patients.

Group Value

Age (years)-mean ± SD 47.74 ± 13.85

Female-n (%) 20 (29.4)

BSA (m2)-mean ± SD 1.80 ± 0.19

SCDI (%)-median (IQR) 4.28 (3.67)

Complicating disease-n (%)

Hypertension 18 (26.5)

Coronary heart disease 4 (5.9)

Type 2 diabetes mellitus 4 (5.9)

Gene mutation site-n (%)

MYH7 16 (23.5)

MYBPC3 12 (17.6)

TNNI3 1 (1.5)

PTPN11 1 (1.5)

MYBPC3 and MYH7* 1 (1.5)

Unknown sites 37 (54.4)

NYHA functional class ≥ III-n (%) 18 (26.5)

6-min walk test distance (m)-mean ± SD 451.5 ± 86.0

Symptom-n (%)

Chest pain 66 (97.1)

Shortness of breath 54 (79.4)

Syncope/pre-syncope 31 (45.6)

LVEF (%)-median (IQR) 58 (4)

IVS (mm)-mean ± SD 23.56 ± 4.55

Mitral valve SAM†-n (%)

Grade 0 5 (7.4)

Grade 1 2 (2.9)

Grade 2 30 (44.1)

Grade 3 31 (45.6)

Resting LVOTG (mmHg)-mean ± SD 78 ± 39

Provoked LVOTG (mmHg)-mean ± SD 126 ± 44

*Double mutation; †Measured at rest. BSA, body surface area; IQR, interquartile range;
IVS, interventricular septum; LVEF, left ventricular ejection fractions; LVOTG, left
ventricular outflow tract gradient; NYHA, New York heart association functional class;
SAM, systolic anterior motion; SCDI, sudden cardiac death index.

time was 75.8 (IQR: 30.0) min, and the cumulative energy release
186.02 (IQR: 114.97) kilojoules. The maximum and average
power were 64 ± 18 and 43.61 ± 13.34 watts, respectively. There
was no interruption or failure of the procedure caused by the
error of the ablation system. Although we were fully prepared
and formulated corresponding solutions and treatment plans,
no error occurred during this period. The integrity of the
ablation needle was routinely examined after the procedure.
Needle fracture did not occur in any of the interventions.
Interestingly, in 7 (10.3%) patients, the needles were bent after
removal. The degree of bending varies from patient to patient
and ranges from 5 to 60◦. Further analysis showed that needle
bending was not associated with complications or efficacy.
Therefore, we do not consider it a type of equipment error.

TABLE 3 Data of equipment and procedure.

Group Value

Technical success-n (%) 68 (100)

Procedural success-n (%) 60 (88.2)

Time of ablation (minutes)-median (IQR) 75.8 (30.0)

Ablation times-median (IQR) 8 (4)

Range of ablation (mm)-median (IQR)

Length 40 (9)

Width 40 (13)

Thickness 16 (4)

Maximum power (W)-mean ± SD 64 ± 18

Average power (W)-mean ± SD 43.61 ± 13.34

Total energy (kJ)-median (IQR) 186.02 (114.97)

Equipment error-n (%)

Device power cannot be turned on 0 (0.0)

No power output 0 (0.0)

No impedance reading 0 (0.0)

No RF connection 0 (0.0)

Cooling pump be stationary 0 (0.0)

No coolant flow or insufficient flow 0 (0.0)

Needle fracture 0 (0.0)

Power supply interruption 0 (0.0)

Needle bending-n (%) 7 (10.3)

IQR, interquartile range; RF, radiofrequency.

Major adverse events and safety

All MAE are listed in Table 4. Most complications occurred
during the intervention. Pericardial effusion/hemorrhage was
noted in six patients (8.8%) during ablation or needle removal
and was treated successfully with pericardiocentesis. There
were no recurrences at follow-up. At routine examination
1 month after the procedure, one patient (1.5%) presented
with pericardial effusion and was treated successfully with
pericardiocentesis. None of the patients hat to undergo cardiac
surgery. Nineteen patients (27.9%) experienced transient
idioventricular rhythm during the procedure and recovered
after a brief pause in ablation. One patient (1.5%) had complete
left bundle branch block (CLBBB), and six patients (8.8%)
had complete right bundle branch block (CRBBB). Their
heart rhythm gradually returned to normal during subsequent
ablations, and all the blocks were transient and resolved
at the end of the procedure. None of the seven patients
had a permanent heart block during follow-up. Ventricular
fibrillation (VF) with hypotension occurred in one (1.5%)
patient. The needle was removed, and the procedure was
terminated prematurely. The patient underwent immediate
cardiopulmonary resuscitation and VF could be terminated
by defibrillation to sinus rhythm. Subsequently, the patient’s
hemodynamics remained stable and without any neurologic
deficit and this complication was without any further sequelae.
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TABLE 4 Major adverse events within 30 days.

Group-n (%) Device-related
complications

Procedural
complications

Pericardial effusion 6 (8.8) 1 (1.5)

Cardiac tamponade 0 (0.0) 0 (0.0)

Pleural effusion 0 (0.0) 0 (0.0)

Transient idioventricular
rhythm

19 (27.9) 0 (0.0)

VT (> 120 bpm) 0 (0.0) 0 (0.0)

CLBBB 1 (1.5) 0 (0.0)

CRBBB 6 (8.8) 0 (0.0)

AVB 0 (0.0) 0 (0.0)

CHB 0 (0.0) 0 (0.0)

VF 1 (1.5) 0 (0.0)

Hypotension 1 (1.5) 0 (0.0)

Ventricular septal
pseudoaneurysm

0 (0.0) 0 (0.0)

Ventricular septal
perforation

0 (0.0) 0 (0.0)

Infection 0 (0.0) 0 (0.0)

Stroke 0 (0.0) 0 (0.0)

Recovery after SCD 1 (1.5) 0 (0.0)

Death 0 (0.0) 0 (0.0)

AVB, atrial ventricular block; CHB, complete heart block; CLBBB, complete left bundle
branch block; CRBBB, complete right bundle branch block; SCD, sudden cardiac death;
VF, ventricular fibrillation; VT, ventricular tachycardia.

Importantly, there were no MAE in this patient at 30-day,
follow-up.

Effectiveness

Post-procedure characteristics are shown in Figure 2. The
procedural success was 88.2% (60/68). At 12-months follow-
up, the resting LVOT gradient was significantly lower than at
baseline [75 (IQR: 48) vs. 12 (IQR: 19) mmHg, p < 0.001] and
there was a significant reduction in the provoked LVOT gradient
under physical exercise [122 (IQR: 53) vs. 41 (IQR: 59) mmHg,
p < 0.001]. Two patients (2.9%) experienced paradoxical
increases of resting and provoked LVOT gradients, and 1
patient (1.5%) had increases in provoked LVOT gradients. The
maximum thickness of the IVS decreased from 23.56 ± 4.55 mm
before the procedure to 16.53 ± 3.23 mm after the procedure
(p < 0.001). Moreover, 17 patients (25.0%) presented with SAM
(grade 2 and above) at rest after treatment, as compared to 61
patients (89.7%) before the procedure (p < 0.001). There were
significant improvements in functional capacity: patients with
New York Heart Association (NYHA) functional class ≥ III
decreased from 18 (26.5%) patients at baseline to 3 (4.4%) at
12 months follow-up (p = 0.143). At the same time, the incidence
of chest pain [66 (97.1%) vs. 11 (16.2%), p < 0.001], shortness of

breath [54 (79.4%) vs. 11 (16.2%), p < 0.001] and syncope/pre-
syncope [31 (45.6%) vs. 4 (5.9%), p < 0.001] all decreased at
12-month follow-up.

Discussion

The Liwen RF ablation system has been evaluated in a small
series of patients for the treatment of symptomatic HOCM
which is resistant to medical management. In this study, a total
of 68 patients who underwent septal reduction therapy with the
Liwen technology between 2019 and 2020 were included. To
our knowledge, this is the first, larger-scale study to report the
application of conformal ablation in HOCM patients. This study
shows that the application of the new system has been successful
in all patients.

Current invasive treatment methods, SM and ASA,
can relieve symptoms and improve prognosis by removing
LVOT obstruction. It is worth noting that myectomy is an
arduous challenge for patients, requiring thoracotomy and
cardiopulmonary bypass with a heart-lung machine (27, 28),
and the recovery time after the operation is quite long.
Obstructions in the ventricular cavity and apex are often difficult
to eliminate. In addition, the procedural success is dependent
on the surgeon’s experience. ASA is less traumatic, compared
to myectomy. However, the anatomical variation of the blood
vessels supplying the IVS causes variable results regarding
target ablation area and clinical results (gradient reduction)
(29–31). Importantly, due to the presence of collateral vessels,
the infarction area after alcohol injection may be larger than
intended and can have serious consequences including large
myocardial infarctions, complete atrial ventricular block (AVB)
and/or sudden death (15). Endocardial radiofrequency ablation
of septal hypertrophy (ERASH) is another transcatheter septal
reduction therapy used as an alternative to SM and ASA
intolerance (32, 33). It takes a vascular approach and reaches
the myocardium through the endocardium. Despite successful
LVOT gradient reduction and symptomatic improvement,
current reports of ERASH complications and reduction of
IVS thickness are inconsistent (34, 35). Given these outcomes,
ERASH requires further study.

As for PIMSRA, the new device could change previous
protocols for IVS ablation. In previous procedures, the choice
of working section length is a delicate issue. Usually, one
chooses between two types of needles (ablation needles with 1
or 2 cm electrode length). The longer the electrode is which
is used for the procedure, the greater the energy output per
unit time. A large area of the myocardium covered by ablation
also means a reduced ability of control. Ventricular septal
hypertrophy caused by HOCM is usually irregular and the site of
hypertrophy may show great variation (36). Larger size ablation
needles are often difficult to handle at thickened boundaries.
To be safe, including protection of the conduction system and
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FIGURE 2

Post-procedure characteristics of patients. A systematic evaluation at 12 months after procedure showed that Liwen RFTM was effective in
relieving outflow tract obstruction and symptoms compared to baseline. (A) Left ventricular outflow tract gradient under calm state. (B) Left
ventricular outflow tract gradient under provocation of treadmill motion. (C–E) Measured in calm state. (C) Maximum thickness of
interventricular septum. (D) Change in left ventricular ejection fractions. (E) Grades of mitral valve systolic anterior motion. (F) Results of the
6-min walk test. (G) The distribution of NYHA function class among patients. (H) Incidence of the three main symptoms of chest pain, shortness
of breath, and syncope/pre-syncope. IVS, Interventricular septum; LVEF, Left ventricular outflow tract; LVOTG, Left ventricular outflow tract
gradient; NYHA, New York heart association; SAM, systolic anterior motion; 6MWT, 6-min walk test.

avoidance of septal perforation, we suggest that the smallest
device possible should be used for the procedure, even if thicker
LV parts may enable larger device sizes in certain LV areas.
Because of this, the ablation may not be fully completed in one

cycle, and it is often time-consuming and labor-intensive. The
Liwen RF eliminates this hassle completely, with the ablation
needle featuring a stepless adjustable electrode. With only one
puncture, that is, without changing the needle type, it can
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handle IVS of different thickness in different parts. A matching
ablation generator adjusts the output according to the electrode’s
endurance and the changes in impedance resulting from the
surrounding myocardial necrosis.

With the concept of conformal ablation, we conducted a
preliminary trial using Liwen RF in 68 HOCM patients under
the premise of ensuring safety. Three operators performed the
procedure in this study. Prior to this, they performed a total of
126 PIMSRA procedures. Regarding safety, pericardial effusion
or bleeding occurred mostly because of active hemorrhage of
the IVS vessels from coronary vein injury. This apical approach
results in small vessel injury and myocardial bleeding along the
needle pathway, which is the main cause of pericardial effusion,
thus attributable in part to learning curve and pre-procedural
planning. The new insertion protocol considers pre-procedural
CTA/MRI and intra-operative color Doppler flow imaging.
Optimization of needle entry site and direction minimizes
vascular injury. In all 68 patients, there was no cardiac
tamponade or emergency sternotomy. The PIMSRA procedure
uses a 17/18G needle, which remains intra-myocardial. Thus,
the injury to myocardium from the needle is limited. In
our experience, the use of adjustable needles on the Liwen
RF under echocardiographic guidance can effectively reduce
the incidence of bleeding. The ablation needle produces a
local thermal effect through a high-frequency current. If
the ablation boundary is too close to the endocardium, the
subendocardial conduction system may be stimulated/injured
by the RF energy. We speculate that this is a possible cause
of conduction block, ventricular arrhythmias, and even VF.
The arrhythmias we encountered were all temporary, thanks
to accurate positioning and precise control of the ablation
range (working section length). We encountered one patient in
need of defibrillation for ventricular fibrillation, which taught
us that we need a safe distance from the ablation boundary
to the endocardium. There were no secondary abnormalities
in the cardiac structure (ventricular septal perforation or
ventricular septal pseudoaneurysm). All other patients had
stable hemodynamics. We did not find any ablation system
error including needle breakage, so we confirmed the stability
of the system and the structural strength of the needle. At
the same time, we observed that the needle was bent after
removal in seven cases. These patients reported no adverse
outcomes such as myocardial tears or bleeding. In our analysis,
the flexion occurred in vivo at the costal margin rather than
in the myocardium. The site of puncture and the degree of
myocardial fibrosis may explain this phenomenon. Despite the
excellent strength of the electrode needle, excessive bending is
not recommended during use.

The 12-month follow-up provided insight into the
effectiveness of the system. The procedure using Liwen RF
can be considered effective. We observed an improvement
in cardiac function after procedure. The incidence of chest
pain, shortness of breath, and syncope/pre-syncope decreased

significantly after LVOT obstruction was resolved, reflecting
improvements in patients’ quality of life. Due to the increase
of cardiac output and the improvement of systemic perfusion,
the proportion of patients with NYHA function greater than
class 2 decreased after the procedure. With the remission
of symptoms, the 6-min walk distance also showed an
increasing trend. On echocardiography, hemodynamic findings
objectively improved. The absorption of necrotic tissue and
myocardial remodeling after radiofrequency ablation reduced
the maximum thickness of IVS. The LVOT gradient at rest
decreased significantly consistent with a relief of obstruction.
The LVOT gradient under provocation of treadmill exercise
decreased after the procedure, indicating no obstruction of
blood flow during a high dynamic state. The LVOT gradient
reduction can diminish the anterior motion of the anterior
mitral valve leaflet, thereby further improving the outflow tract
gradient. The paradoxical increase in obstruction may be due to
insufficient ablation and unintended cardiac remodeling. There
was no significant change in LVEF because ventricular filling
was limited before obstruction relief. Ventricular end-diastolic
volume and stroke volume increased after the procedure. Due
to limitations of the formula, the increased cardiac output
was not reflected.

Although the procedures were performed with Liwen RF,
we tend to attribute the results to the optimization of the
needle rather than the procedure itself. The use of this stepless
adjustable needle makes it possible for our operators to achieve
conformal ablation. Since this is a study of the first-in-man
application, it is not meaningful to compare Liwen RF and Cool-
Tip, given the differences in treatment procedures between the
two systems. We can expect that with the development of a new
generation of Liwen RF ablation system, operators will be able to
perform more complete and accurate ablations while avoiding
complications as much as possible.

Limitations

Patients with septal thickness of 30 mm or more were
not included in our study. The safety and effectiveness of the
device cannot be verified for use in this population. Subsequent
upgrades or new models may remedy this deficiency.

Since this is a newly developed device, the accumulation
of time spent by the operators and the learning curve of the
doctors may have influenced the results. In addition, this was a
preliminary study and the number of cases included in the study
was limited. There may be rare complications and specific uses
that have not been recognized. More conclusions about safety
and applicability need to be answered by further multicenter,
prospective studies. We were unable to compare the safety and
efficacy of the two system. After the feasibility of the new device
is confirmed, large-scale randomized controlled trials will be
conducted to fill this gap.
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Conclusion

The Liwen RF is a novel device with a stepless adjustable
electrode length. It is used to ablate hypertrophic IVS accurately
and safely according to its irregular shape in the treatment of
drug-resistant HOCM. For patients who cannot undergo SM
or ASA, this device demonstrated a significant reduction in
LVOT obstruction and alleviation of clinical symptoms during
follow-up. The incidence of intraprocedural and postprocedural
complications was low. This study demonstrates the feasibility
of the Liwen RF ablation system for the treatment of drug-
resistant HOCM.
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Objectives: This study attempted to explore the hemodynamics and

potential mechanisms driving pulmonary circulation in status of ventricular

fibrillation (VF) following continuous-flow left ventricular assist device (CF-

LVAD) implantation.

Methods: An ovine CF-LVAD model was built in small-tailed Han sheep, with

the pump speed set as 2,400 rpm. VF was induced following ventricular

tachycardia using a temporary pacemaker probe to stimulate the right and

left ventricular free walls. The central venous pressure (CVP), pump flow (PF),

pulmonary artery flow (PAF) and other major indicators were observed and

recorded after VF.

Results: Low-flow systemic and pulmonary circulation could be sustained for

60 min under VF with sinus atrial rhythm after CF-LVAD implantation. The

CVP gradually increased. The mean PF declined from 1.80 to 1.20 L/min,

and the mean PAF decreased from 1.62 L/min to 0.87 L/min. Under VF with

atrial fibrillation, the systemic and pulmonary circulation couldn’t be sustained.

The CVP jumped from the 5 mmHg baseline to 12 mmHg, the mean PF
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rapidly decreased from 3.45 L/min to 0.79 L/min, and the PAF declined from

3.94 L/min to 0.77 L/min.

Conclusion: The atrial rhythm and function might be essential for the

circulation maintenance in patients with VF after CF-LVAD implantation.

KEYWORDS

left ventricular assist device (LVAD), ventricular fibrillation (VF), atria, arrhythmia,
atrial function

1. Introduction

Mechanical circulatory support (MCS) with continuous-
flow left ventricular assist device (CF-LVAD) has been preferably
used as a “bridge” device before a heart transplantation
and regarded as one of the long-term treatment options for
patients with end-stage heart failure. Nonetheless, ventricular
arrhythmias (VA) including ventricular fibrillation (VF) which
is common in malignant arrhythmias, are frequent after
CF-LVAD implantation with an incidence of about 20–60%
(1, 2). Under normal physiological status, VF is considered
as the main causative factor of sudden cardiac death, as
it leads to disappearance of ventricular systolic function
and complete loss of cardiac output resulting in severe
hemodynamic collapse. Likewise, the VF following CF-
LVAD implantation remains to be associated with a risk of
low cardiac output or perfusion stop of vital organs and
tissues due to the absence of MCS support to the right
ventricle (3).

The right heart function is still crucial after CF-LVAD
implantation given its role in driving pulmonary blood
return to the left heart, which is important for the systemic
circulation, even though the CF-LVAD can substitute for the
left ventricle to perform the systolic function thereby sustaining
the systemic circulation. Theoretically, the VF following CF-
LVAD implantation is accompanied by complete loss of the
right ventricular squeezing, leading to reductions in CF-
LVAD preload and cardiac output, which eventually results
in circulatory collapse. To the contrary, no clinical signs
of serious circulatory failure are found in VF patients with
CF-LVAD in the shorter term, instead some non-specific

Abbreviations: CF-LVAD, continuous-flow left ventricular assist device;
MCS, mechanical circulatory support; VA, ventricular arrhythmias; VF,
ventricular fibrillation; HR, heart rate; AOP, aortic pressure; CVP, central
venous pressure; LVP, left ventricular pressure; PF, pump flow; PAF,
pulmonary arterial flow; ABG, arterial blood gas; LVEF, left ventricular
ejection fraction; RVEF, right ventricular ejection fraction; VT, ventricular
tachycardia; RAP, right atrial pressure; LAP, left atrial pressure; RVP, right
ventricular pressure; AF, atrial fibrillation.

symptoms such as fatigue, chest tightness or drowsiness
(4–7).

Currently, the hemodynamics of VF after CF-LVAD
implantation remains elusive. In this study, an acute ovine CF-
LVAD model was devised in small tail Han sheep. The systemic
and pulmonary circulation was observed and the potential
mechanism driving the pulmonary circulation was explored,
which may provide possible theoretical explanations for the VF
after CF-LVAD implantation.

2. Materials and methods

2.1. Experimental device

HeartCon Ventricular Assist Device (ROCOR Medical
Technology Co. Ltd., Tianjin, China) was applied as the CF-
LVAD, with the body made with titanium alloy and a maximum
auxiliary flow of 10 L/min (8).

2.2. Animal model

Two healthy adult male Small Tail Han sheep, each
aged 16- and 18-month and weighed 56 and 58 kg, were
used as model A and model B. All the two sheep were
purchased from Xi’an Dilepu Biology & Medicine Co., Ltd
(SCXK [Shanxi] 2014-004). All the two sheep were housed in
separate cages for 2 weeks, and no abnormal clinical signs or
blood indicators were observed. All protocols and experimental
procedures were approved by the Institutional Animal Care
and Use Committee of TEDA International Cardiovascular
Hospital. Animal experiments were performed in accordance
with the National Institutes of Health guidelines for the Care
and Use of Laboratory Animals and the Regulations for the
Administration of Affairs Concerning Experimental Animals
(2017.03.01 edition) published by the State Council of the
People’s Republic of China. At the end of the experiment, the
animals were euthanized by injection of high concentrations of
potassium chloride under anesthesia.
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2.3. Surgical preparation and operative
procedures

The two sheep were subjected to 24-h fasting and 20-h
water deprivation prior to operation. After animal sedation by
intramuscular injection of xylazine (1.0 mg/kg), the surgical
site was exposed, and the neck skin was prepared. Vascular
access was obtained through the great saphenous vein, and
an intravenous bolus of propofol (60–200 mg) was injected.
Tracheal intubation was then performed with parameters
including tidal volume 8–12 ml/kg/min, frequency 12–20
times/min, inspired oxygen concentration 40–100%, positive
end-expiratory pressure 5–10 mmHg (1 mmHg = 0.133 kPa)
and sevoflurane inhalation 2–4%. A nasogastric tube was
inserted for decompression. The arterial puncture was achieved
through the left ear to obtain arterial access, and central venous
access was obtained via puncture of the left internal jugular
vein. Anesthesia was maintained by continuous infusion of
dexmedetomidine (0.5–1 mg/kg/h) and succinylcholine (50–
100 mg/h).

A thoracotomy was performed at the left fifth intercostal
space, and a lidocaine drip (2 mg/min) was initiated to prevent
arrhythmias. The pericardium was incised from the apex to the
pulmonary artery, and the heart was suspended in a pericardial
cradle. The site for pump placement was determined according
to the apex position. After obtaining a whole-blood clotting time
greater than 450s by intravenous bolus injection of 1.0 mg/kg
heparin, the descending thoracic aorta was dissected for outflow
graft anastomosis. A partial occlusion clamp was applied, and
the pump’s 10-mm outflow graft was sewn end-to-side to the
descending aorta with 4-0 Prolene sutures. Hemostasis of the
anastomotic site was obtained to reduce the effect of excessive
bleeding on capacity loading. The sewing ring was attached to
the left ventricular apex with 8 interrupted sutures. The left
pleural cavity was filled with warm normal saline. A cruciform
incision was made on the beating heart. Then a ventricular
punch was advanced through the ventricular sewing ring, the left
ventricular core was removed, and the pump was inserted into
the left ventricular cavity and secured. The pump was started
at 2,000 rpm; then, the artificial blood vessel was opened after
full gas exhausting. In the context of circulatory stability, a
temporary pacemaker electrode was implanted in the free wall
of the right ventricle and left ventricle, respectively.

2.4. Research methods

The pump speed was adjusted to 2,400 rpm, and baseline
data were recorded after stable vital signs and circulatory
stability were obtained. The ventricular rate was controlled by
pacing, with the initial rate as 180 beats/min at an increasing
rate of 20 beats/min. Rates at 180 beats/min, 200 times/min,

220 times/min and above were recorded and the corresponding
circulatory conditions were studied.

A multi-channel physiological recorder (MP150 Biopac,
USA) was used to record the heart rate (HR), aortic pressure
(AOP) (the measurement point was aortic root), central venous
pressure (CVP) (right atrial pressure here), left atrial pressure
(LAP) and left ventricular pressure (LVP) etc. A double-channel
ultrasonic flowmeter (Transonic, USA) was operated to obtain
real-time pump flow (PF) (the measurement point was pump
outflow graft) and pulmonary arterial flow (PAF). A blood
gas analyzer (IL-1430, USA) was applied to perform arterial
blood gas (ABG) analysis every 10–15 min. A color doppler
ultrasound (Philips5500, Netherlands) was used to calculate
right/left ventricular ejection fraction (RVEF/LVEF) and assess
aortic valve function by cardiac surface ultrasound every 10–
15 min.

3. Results

3.1. Baseline data of sheep with
CF-LVAD

The baseline pump speed of both model A and model B
was 2,400 rpm. Supported by CF-LVAD, the LVEF and RVEF
respectively were 65 and 48% in model A while 72 and 64%
in model B; the mean PF and PAF respectively were 1.80 and
1.62 L/min in model A while 3.54 and 3.94 L/min in model B;
the CVP was 6 mmHg in model A and 5 mmHg in model B
(Supplementary Figures 1A, B). The baseline ABG results of
model A and model B are exhibited in Supplementary Table 1.

3.2. VT after CF-LVAD implantation

Under ventricular tachycardia (VT) following CF-LVAD
implantation, CVP showed a gradual upward trend while PAF
exhibited a downward trend with the increase in ventricular rate
(Figure 1). When the ventricular rate reached 280 beats/min, the
rate of PAF decline began to gradually slow down. The PAF and
CVP basically changed reversely during the whole process.

The cardiac electrical activity, PF, PAF and atrial/ventricular
pressure of the animal models are described in Supplementary
Figure 2. With the increase in ventricular rate, right atrial
pressure (RAP) gradually increased while LAP was relatively
stable. In addition, RVP, LVP, PF, and PAF reduced with the
increase in ventricular rate.

3.3. VF after CF-LVAD implantation

Ventricular fibrillation was induced in both the model A and
model B when the ventricular rate reached 320 beats/min, while
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FIGURE 1

The association of ventricular rate with CVP and PAF under VT
after CF-LVAD implantation. CVP, central venous pressure (right
atrial pressure here); PAF, pulmonary artery flow.

there was distinct difference. In model A, VF occurred with
sinus atrial rhythm and is accompanied by gradually increased
CVP (from 6 mmHg baseline to 10 mmHg at 10 min, 11 mmHg
at 30 min and 12 mmHg at 60 min) and waveform amplitude
(from 3 mmHg baseline to 7 mmHg at 60 min) with increasing

duration. Both LVP and AOP were lower than the normal
baseline after VF. Both mean PF and PAF went down while
were kept at 1.20 and 0.87 L/min, respectively, during the whole
process of VF. The cardiac electrical activity, PF, PAF, CVP, and
LVP/AOP after VF were detailed in Figure 2. The ABG results
at each time point were shown in Supplementary Table 2. LVEF
was always 0 while RVEF was kept at around 36%. At 60 min
of VF, sinus rhythm was successfully restored by defibrillation
(25 J) (Figure 2F), PF, PAF, LVP, and AOP restored to baseline
or slightly higher levels, CVP declined to baseline and the
waveform amplitude decreased (Figure 2F).

In model B, VF occurred with AF, accompanied by rapid
increase in the mean CVP (from 5 mmHg baseline to 12 mmHg)
along with irregular waveform and reduced amplitude. In the
meantime, the mean PF (3.54–0.79 L/min) and PAF (3.94–
0.77 L/min) declined rapidly with the loss of regular waveform.
The LVP and RVP also dropped rapidly, and the RVP fell to
nearly 0 mmHg. The cardiac electrical activity, PF, PAF, and
LVP/RVP after VF were detailed in Figure 3. The data of
ABG were listed in Supplementary Table 3. Circulation of the
model B could not be sustained and administration of drugs
such as norepinephrine (NE) was ineffective. Besides, immediate
defibrillation at 25–50 J failed to restore the sinus rhythm. Both
the LVEF and RVEF were 0 on cardiac ultrasound.

FIGURE 2

Ventricular fibrillation (VF) with sinus rhythm after CF-LVAD implantation (Model A). (A) VF 5 min; (B) VF 10 min; (C) VF 30 min; (D) VF 50 min;
(E) VF 60 min; (F) after defibrillation. PF, pump flow; PAF, pulmonary artery flow; LVP, left ventricular pressure; AOP, aortic pressure.
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FIGURE 3

Ventricular fibrillation (VF) with atrial fibrillation after CF-LVAD
implantation (Model B). PF, pump flow; PAF, pulmonary artery
flow; LVP, left ventricular pressure; RVP, right ventricular
pressure.

4. Discussion

Ventricular tachycardia commonly occurs with
hemodynamic disorders, together with accelerated ventricular
rate and dramatically shortened period of ventricular diastole
with deceased filling pressures, resulting in cardiac output
reduction. VF is the major cause of sudden cardiac death
immediately followed by severe hemodynamic disorders,
systemic and pulmonary circulation arrest, and significantly
depressed myocardial contractility caused by hypoxia and
acidosis. CF-LVAD is mainly developed as an additional
pump to the left ventricle to maintain the pumping function.
Meanwhile, the native right ventricle remains important
for maintaining the normal function of CF-LVAD, as it is
responsible for complete pulmonary circulation, which is
essential for the maintenance of hemodynamics and provides
sufficient preload for CF-LVAD. Theoretically, VF occurs
with the stop of native right ventricular contraction instantly
followed by pulmonary circulation arrest, resulting in CF-LVAD

dysfunction due to insufficient preload. However, patients
with CF-LVAD support can survive with less severe clinical
symptoms during onset VF, and in short period there may be no
serious signs of hemodynamic failure (4–7, 9, 10).

In this study, a CF-LVAD was implanted in small tail
Han sheep and VF was induced by increasing ventricular
rate using a temporary pacemaker. Our observational study
demonstrate that both the model A and model B exhibited
stable hemodynamics when VT occurred. In the meantime, with
the increase in the ventricular rate, the RAP increased and the
RAF decreased, while the PAF was eventually stable at a certain
low level. When the ventricular rate reached 320 beats/min,
VF was induced in both the models with distinct difference. In
model A, VF occurred with sinus atrial rhythm, accompanied
by gradual increase in the RAP and the difference between right
atrial systolic and diastolic blood pressures while reductions in
the LVP, PF, and PAF. However, the reductions in PF and PAF
were not significant. Circulation could be sustained and there
was no significant acid-base disorder. During the whole process
(60 min), the right ventricular ejection was still effective (RVEF,
36%). In model B, VF occurred with AF, resulting in rapid
increase in the RAP while reduction in the difference between
right atrial systolic and diastolic blood pressures. Additionally,
the LVP and RVP rapidly decreased to nearly 0 mmHg, while
the PF and PAF also showed a significant downward trend. The
circulation under this circumstance could not be sustained.

Dib et al. (5) and Jakstaite et al. (7) considered that
the hemodynamics under VF after LVAD implantation was
similar to Fontan circulation through case analysis. The Fontan
operation is used as a surgical strategy for functional single
ventricle, with the venous blood from the superior and inferior
vena cava directly drained to the pulmonary artery (Figure 4A).
In that way, CVP should be equal to or greater than the
pulmonary arterial pressure within a range of 12–14 mmHg.
Consistently, the current comparative study also found that
the hemodynamics under VF following CF-LVAD implantation
resembled but was not identical to the Fontan circulation.

Firstly, under normal physiological conditions, Fontan
circulation requires negative thoracic pressure. For surgical
reasons, the negative thoracic pressure in the animal model
was lost in the present study. As a result, the right atrium
and right ventricle are not simply conduits for blood flow
under VF following CF-LVAD implantation (Figure 4B). Upon
ventricular systolic dysfunction, the atrial rhythm and function
may be necessary for circulation maintenance after VF. Under
normal circumstances, the left atrium serves as a reservoir,
conduit and pump, which is responsible for about 25% left
ventricular filling (11, 12). In the present study, the model A had
increased amplitude of the RAP waveform after VF, which might
be caused by the certain compensatory increase in the right atrial
contractility according to the Frank-Starling law.

Moreover, to maintain the hemodynamics after VF
following CF-LVAD implantation, RAP should be also equal to
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FIGURE 4

Fontan circulation and the hemodynamics of VF after CF-LVAD implantation. (A) Fontan circulation; (B) the hemodynamics of VF after CF-LVAD
implantation; (C) the model diagram of hemodynamics in the VF state after CF-LVAD implantation. RA, right atrium; RV, right ventricle; LA, left
atrium; LV, left ventricle; PA, pulmonary artery; PV, pulmonary vein; TA, tricuspid atresia; AVC, aortic valve closure.

or greater than the pulmonary arterial pressure as the Fontan
circulation, while the value might be lower than 12 mmHg.
Different from the dependence of Fontan circulation on
pulmonary vascular development, CF-LVAD implantation can
reduce pulmonary vascular resistance, i.e., afterload of the
right heart. In addition, the CF-LVAD will fully replace the left
ventricle after VF to complete pulmonary circulation with the
right atrium via cooperating with the left atrium with sinus
rhythm to reduce pulmonary vascular resistance.

Combining the findings mentioned above, the present
study believed that sustained atrial sinus rhythm is the
hemodynamic characteristic under non-typical VF after CF-
LVAD implantation. We found that the RAP and compensation
in the right atrial contractility increased after blood return to
the right atrium from the superior and inferior vena cava,
which directly drove the blood flow from the non-functional
right ventricle to the pulmonary artery and subsequently to
the non-functional left ventricle through the pulmonary vein
and left atrium. Finally, the blood was pumped into the
systemic circulation by the CF-LVAD (Figure 4C). During
the whole process, the LVP reduced due to the preload
reduction of the left atrium and the complete closure of aortic
valves and opening of mitral valve as result of loss of left

ventricular contractility. Similar hemodynamic characteristics
were found in the context of VT after CF-LVAD implantation,
except for the “weak” participation of the ventricular systolic
function.

Presently, the cause of VF after CF-LVAD implantation
remains undetermined. Besides, routine ECG or ECG
monitoring is not able to clearly illustrate the atrial rhythm
under a VF condition after implantation. Hence, patients with
CF-LVAD implantation might present VF with sinus atrial
rhythm as described in the current study. Based on our findings
and previous research (13), for those CF-LVAD-planted patients
with atypical symptoms of VF, abnormal ventricular activation
induced by mechanical stimulus or aberrant repolarization of
the local cardiomyocytes might be a predisposing factor for VF,
with the atrial rhythm and function not be affected.

There are some limitations to this study. First, the present
study does not allow causal interpretation because it is an
observational case study with a small sample size, although
the now present findings serve as a sound basis for further
mechanistic studies. Second, the VF with CF-LVAD model in
this study was acute and without negative thoracic pressure,
different with the chronic VF in clinical practice. However,
the hemodynamics of the two types is supposed to be
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similar. Further larger-scale experimental studies and chronic
animal experiment should be devised to explore the effect
of long-term/recurrent VF on the hemodynamics and multi-
organ functions.

5. Conclusion

The hemodynamics in the context of VF after CF-LVAD
implantation resembled but was not identical to the Fontan
circulation. The atrial rhythm and function might be necessary
for maintenance of the pulmonary and systemic circulation
under VF after implantation.
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Transverse aortic constriction (TAC) is a widely-used animal model for pressure 
overload-induced cardiac hypertrophy and heart failure (HF). The severity of TAC-
induced adverse cardiac remodeling is correlated to the degree and duration of aorta 
constriction. Most studies of TAC are performed with a 27-gauge needle, which is 
easy to cause a tremendous left ventricular overload and leads to a rapid HF, but 
it is accompanied by higher mortality attributed to tighter aortic arch constriction. 
However, a few studies are focusing on the phenotypes of TAC applied with a 
25-gauge needle, which produces a mild overload to induce cardiac remodeling and 
has low post-operation mortality. Furthermore, the specific timeline of HF induced by 
TAC applied with a 25-gauge needle in C57BL/6 J mice remains unclear. In this study, 
C57BL/6 J mice were randomly subjected to TAC with a 25-gauge needle or sham 
surgery. Echocardiography, gross morphology, and histopathology were applied to 
evaluate time-series phenotypes in the heart after 2, 4, 6, 8, and 12 weeks. The survival 
rate of mice after TAC was more than 98%. All mice subjected to TAC maintained 
compensated cardiac remodeling during the first two weeks and began to exhibit 
heart failure characteristics after 4 weeks upon TAC. At 8 weeks post-TAC, the mice 
showed severe cardiac dysfunction, hypertrophy, and cardiac fibrosis compared to 
sham mice. Moreover, the mice raised a severe dilated HF at 12 weeks. This study 
provides an optimized method of the mild overload TAC-induced cardiac remodeling 
from the compensatory period to decompensatory HF in C57BL/6 J mice.

KEYWORDS

heart failure, cardiac remodeling, cardiac hypertrophy, cardiac fibrosis, transverse aortic 
constriction

Introduction

Heart failure (HF) is a consequence of various cardiovascular diseases and is still one of the 
leading causes of mortality worldwide, which remains a major clinical and public health problem 
(1–3). The development of HF is characterized by a process of adverse cardiac remodeling (4), and 
it is mainly attributed to increased pressure overload such as hypertension (5, 6). Therefore, it is 
important to uncover the cellular and molecular mechanisms of HF for better understanding and 
new therapeutic targets.
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Transverse aortic constriction (TAC) has been the preferred murine 
model of adverse cardiac remodeling induced by pressure overload, 
which plays an important role in preclinical studies (7–11) since it was 
first built by Rockman et  al. (12). The severity of adverse cardiac 
remodeling induced by TAC largely depends on the degree of aorta 
constriction and the duration of constriction. Therefore, there is 
considerable variability in TAC during the cardiac remodeling 
progression to an overt HF (13). At present, several minimal invasiveness 
TAC models with low mortality have been developed (9–11, 14–17), 
which has made the TAC model more effective and accurate. The mice 
subjected to TAC go through cardiac hypertrophy, cardiac fibrosis, and 
inflammation, and eventually develop cardiac dilation and HF. The 
progression of cardiac remodeling and HF induced by TAC relies on the 
degree and duration of constriction of the aorta (13). Although 
increasing the degree of aortic constriction, frequently using a 27-gauge 
needle, can increase the severity of pressure response in the left 
ventricular wall and increase the probability of more animal transition 
from compensated cardiac hypertrophy to HF, the mortality rate is 
higher than expected (7, 8, 18).

The TAC conducted with a 25-gauge needle presents a mild cardiac 
remodeling progression with lower mortality (19). Therefore, a 25-gauge 
needle can cause a much milder constriction of the aorta arch and could 
be very useful for studying hypertensive cardiac remodeling in mice, or 
studies with more susceptibility to mortality. In addition to the severity 
of constriction, its duration is also responsible for the variation of TAC 
response. Moreover, few studies have focused on time-series phenotypes 
of TAC models induced by different durations of aortic constriction 
(20). In C57BL/6 J mice, the potential time-series of adverse cardiac 
remodeling induced by TAC applied with a 25-gauge needle at different 
durations of constriction also remains unknown. Although C57BL/6 J 
mice are one of the most used strains, their susceptibility to HF 
development is also controversial (20, 21). Therefore, generating a 
reproducible murine cardiac remodeling model is instrumental for 
investigating the mechanisms of HF progress.

In this study, a simple and less invasive TAC method was 
performed. The procedure involves the fewest apparatuses and less 
damage to the mice. This TAC method neither requires cutting of the 
ribs and intercostal muscles nor tracheal intubation with a ventilation 
setup. Moreover, TAC surgery with a 25-gauge needle has a greater 
survival rate, above 98%, and its operation time is only 10–15 min. 
Then, time-series cardiac remodeling phenotypes induced by a much 
milder TAC applied with a 25-gauge needle were analyzed in 
C57BL/6 J mice. The phenotype results indicate that HF and cardiac 
dilation raised in 8 weeks or later in TAC mice. This study provides 
a deep insight into a 25-gauge TAC-induced cardiac remodeling 
from the compensatory period to the decompensatory stage and 
leads to HF in C57BL/6 J mice.

Materials and methods

Animals

C57BL/6 J mice were purchased from Charles River Company 
(Beijing, China). All mice were kept under specific pathogen-free 
conditions, a standard 12-h light/dark cycle in individually ventilated 
cages, and free access to a normal chow diet and water. All experimental 
procedures were in accordance with the U.S. National Institutes of 
Health Guidelines for the Care and Use of Laboratory Animals. All 

animal studies were approved under the project license AEEI-2018-127 
granted by the ethics board of Capital Medical University.

Minimally invasive transverse aortic 
constriction surgery

A minimally invasive transverse aortic constriction (TAC) method 
without standard chest opening has been established (17). In this study, 
the 10~12-week-old male C57BL/6 J mice (23~27 g) were randomized 
to be subjected to TAC or sham surgery. All mice were anesthetized with 
a single intraperitoneal injection of supersaturated 2,2,2-tribromoethanol 
(T48402, Sigma-Aldrich, St. Louis, MO, United States) saline solution 
at a dose of 10~13 μL g−1 and fixed on an operation plate. Adequate 
sedation was determined by the lack of toe-pinch reflex. A topical 
depilatory agent was applied to the neck and chest, and the area was 
cleaned with 75% alcohol.

Before the surgery, several 25-gauge blunt needles and a simple 
retractor made of paper clip were prepared (Figure 1). Under a dissecting 
microscope (Model SZ2-ILST, OLYMPUS Corporation, TOKYO, 
Japan), the mouse was placed in the supine position, the skin was 
opened, and a 1.5~2 cm incision at the midline of the neck and chest was 
made (Figure 2A). The thyroid gland was pulled toward the head by 
gently separating connective tissues. Then, the sternocleidomastoid 
muscle layer on the trachea was separated toward both sides. Next, the 
sternum stem was cut along the midline and slightly separated 
(Figure 2B), and the thymus covering the aortic arch was separated from 
it. Finally, the aortic arch and two carotid arteries were fully exposed by 
the simple retractor (Figure 2C).

A 25-gauge curved needle with a 7-0 suture, as shown in Figure 1A, 
was placed under the arch and pushed to perforate between the vessel 
wall and connective tissue on the other side (Figure 2D). Then, the 
suture was pulled out of the curved needle (Figure  2E), and it was 
immediately taken out from the aortic arch and placed above it as a 
spacer for ligation (Figure  2F). Finally, the knotted position was 
retracted successfully, and the spacer was gently withdrawn (Figure 2G). 
When the needle was removed, the diameter of the aortic arch was 
narrowed to 0.5 mm. The end of the suture was cut, and the skin was 
closed with a 4–0 suture in a continuous suture pattern. After surgery, 
all mice were allowed to recover on a warming pad until they were fully 
awake. The sham surgery was subjected to an identical operation in 
which the aortic arch was visualized but not banded.

All TAC and sham mice were randomly divided into five groups for 
the experiment: 2 weeks group (2 W), 4 weeks group (4 W), 6 weeks 
group (6 W), 8 weeks group (8 W), and 12 weeks group (12 W). All 
groups were observed after 1 week of surgery.

Echocardiography

After 3~7 days of surgery, aortic flow peak velocity (AV Peak Vel) at 
the TAC constriction band site was measured using color and pulsed-
wave Doppler (Vevo2100; VisualSonics, Inc., Toronto, ON, Canada). 
Briefly, mice were shaved and anesthetized with isoflurane (2%–4% for 
induction and 1%–1.5% for maintenance) and were placed in the supine 
position on a heated platform with ECG electrodes attached to monitor 
the heart rate (>550 bpm). The pulsed-wave Doppler was used to 
measure blood speed in either TAC (total 50) or sham (total 25) mice, 
and the peak pressure was also calculated.
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Cardiac function was evaluated at a time-series by echocardiography 
using a high-resolution small animal imaging system (Vevo 2100; 
VisualSonics, Toronto, ON, Canada) as described (22, 23). B-Mode and 
M-Mode of parasternal long and short axis were measured at the level 
of the papillary muscles (Sham 2 W group, n = 22; TAC 2 W group, 
n = 34; Sham 4 W group, n = 16; TAC 4 W group, n = 22; Sham 6 W group, 
n = 18; TAC 6 W group, n = 19; Sham 8 W group, n = 19; TAC 8 W group, 
n = 26; Sham 12 W group, n = 12; TAC 12 W group, n = 24). By using 
Vevo LAB 2.1.0 software, the following parameters were measured 
digitally from the M-mode tracings as follows: heart rate, diastolic and 
systolic left ventricular anterior wall, diastolic and systolic left ventricular 
internal dimensions, and diastolic and systolic left ventricular posterior 
wall. Based on these measurements, diastolic and systolic left ventricular 
volume, left ventricular mass, left ventricular ejection fraction (EF%), 
and left ventricular fractional shortening (FS%) were also calculated.

Morphological analyses

Mice were euthanized at 2, 4, 6, 8, and 12 W after operation, 
respectively. Hearts were fixed in 10% phosphate-buffered formalin, 
embedded in paraffin, and sectioned (4 μm). Hematoxylin and eosin 
(H&E), Masson’s trichrome, and wheat germ agglutinin (WGA) staining 
were performed on the sections using standard procedures as previously 
described (23). Images were obtained using a high-capacity digital slide 
scanner (Pannoramic SCAN, 3DHISTECH, Budapest, HUN). The 
fibrotic area (collagen area/total area) was dyed by Masson’s trichrome 
staining (Sham 2 W group, n = 10; TAC 2 W group, n = 15; Sham 4 W 
group, n = 8; TAC 4 W group, n = 8; Sham 6 W group, n = 8; TAC 6 W 
group, n = 8; Sham 8 W group, n = 10; TAC 8 W group, n = 15; Sham 12 W 
group, n = 8; TAC 12 W group, n = 8) and cross-sectional area of the 
cardiomyocytes (Sham 2 W group, n = 10; TAC 2 W group, n = 10; Sham 
4 W, n = 10; TAC 4 W group, n = 14; Sham 6 W group, n = 8; TAC 6 W 
group, n = 11; Sham 8 W group, n = 14; TAC 8 W group, n = 15; Sham 

12 W group, n = 10; TAC 12 W group, n = 12) was determined using 
Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, 
United States).

Quantitative real-time PCR

Total RNA in the heart tissues was extracted by the TRIzol reagent 
(Invitrogen, New  York, United  States). The first cDNA strand was 
synthesized from 2 μg of total RNA using the GoScript™ Reverse 
Transcription System (Promega, Southampton, United  Kingdom). 
Quantitative real-time (qPCR) was performed using SYBR Green 
Master Mix (TaKaRa, Tokyo, Japan) with CFX Connect Real-Time 
System (Bio-Rad, Hercules, CA). Amplification was performed as 
follows: 95°C for 3 min, 95°C for 30 s, and 60°C for 45 s for each step of 
40 cycles. The expression of hypertrophic genes Anf, Bnp, and Myh7 and 
fibrotic genes Col1a2 and Col3a1 (Sham 2 W group, n = 10; TAC 2 W 
group, n = 20; Sham 4 W, n = 8; TAC 4 W group, n = 14; Sham 6 W group, 
n = 9; TAC 6 W group, n = 15; Sham 8 W group, n = 13; TAC 8 W group, 
n  = 19; Sham 12 W group, n  = 10; TAC 12 W group, n  = 17) were 
measured using qPCR. mRNA levels were normalized to the level of the 
endogenous housekeeping gene Actb and calculated with the 
comparative cycle threshold method (ΔΔCT).

Primers sequences are as follows: Anf (Forward: 
CACAGATCTGATGGATTTCAAGA, Reverse: CCTCATCTTCTA 
CCGGCATC); Bnp (Forward: 5′-GAAGGTGCTGTCCCAGATGA-3′, 
Reverse: 5′-CCAGCAGCTGCATCTTGAAT-3′); Myh7 (Forward: 
5′-GATGTTTTTGTGCCCGATGA-3′, Reverse: 5′-CAGTCACCGTC 
TTGCCATTCT-3′); Col1a2 (Forward: 5′-AGTCGATGGCTGCTCC 
AAAA-3′, Reverse: 5′-AGCACCACCAATGTCCAGAG-3′); Col3a1 
(Forward: 5′-TCCTGGTGGTCCTGGTACTG-3′, Reverse: 5′-AGGAG 
AACCACTGTTGCCTG-3′); Actb (Forward: 5′-ATGGAGGGGAAT 
ACAGCCC-3′, Reverse: 5′-TTCTTTGCAGCTCCTTCGTT-3′).

Statistical analysis

All data in the study are expressed as mean ± S.E.M and were 
calculated and plotted using GraphPad Prism 8.0 software (GraphPad 
Software, La Jolla, CA). For statistical comparisons, the determination 
of normal distribution was first evaluated. Then, potentially similar 
variances were evaluated in normally distributed data. Student’s t-test 
was performed for two group comparisons and ANOVA for the 
comparison of groups for which similar variance tests were passed. 
Nonparametric tests were used where data were not normally 
distributed. Log-rank (Mantel–Cox) test and Gehan–Breslow–Wilcoxon 
test were performed for the survival rate of mice after TAC 12 W (Sham 
12 W group, n = 43; TAC 12 W group, n = 70). In all cases, significance 
was attributed to differences for which the two-tailed probability 
was <0.05.

Results

TAC induces significant pressure overload of 
the heart

Compared to the traditional open-chest TAC, this minimally 
invasive TAC procedure is simpler and easier to perform, time, and 

FIGURE 1

Homemade surgical instruments. (A) Creating the ligation spacer and 
curved needle with suture: bend the blunt 25-gauge needle 30°~45° 
with a needle holder. (B) Making a simple surgical retractor with the 
paper clip, as illustrated previously.
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labor-saving. As shown in Figure 1, the preparation of the primary 
tools for this surgery is simple and minimal, requiring 2~3 bent, 
25-gauge blunt needles, and a simple retractor made with a paper 
clip. Once the thyroid had been retracted, the sternum was cut, and 
the thymus was moved to fully expose the aortic arch. Subsequent 
ligation of the aortic arch was very simple and easy (Figure 2).

Color Doppler and pulsed-wave Doppler were used to verifying the 
success of aortic arch constriction and determine the flow velocities of 
the aortic arch (24, 25). However, many studies may not have confirmed 
the success of aortic contraction (13). In this study, the constricted 
transverse aorta could be clearly visualized by color Doppler (Figure 3A), 
7 days after surgery. Also, by using pulsed-wave Doppler, it was possible 
to verify that the flow velocity peak was increased at the contraction site. 
In the banding site of TAC mice, a successful constriction could 
be clearly observed which was shown by a significant increase in AV 
flow velocity peak (>2,800 mm/s) compared to a sham mouse with no 
constriction (Figure 3B). Moreover, the AV pressure peak was used to 
assess TAC severity. The pressure peak (>40 mmHg) was able to overload 
the left ventricular wall (Figure 3C). These results show that the TAC 
applied with a 25-gauge needle successfully produced left ventricular 
wall pressure overload in C57BL/6 J mice.

TAC induces time-series cardiac remodeling 
in mice subjected to surgery with a 
25-gauge needle

TAC-treated mice develop cardiac hypertrophy, cardiac fibrosis, 
inflammation, and eventually cardiac dilation and HF. The progression 
of this adverse cardiac remodeling induced by TAC is associated with the 
duration of aortic constriction (9, 13). However, very few studies 
observed a time-series cardiac remodeling phenotype induced by TAC 
(11, 20, 21), especially in C57BL/6 J mice applied with a 25-gauge needle. 
In this study, echocardiography was used to evaluate the cardiac 
morphology and function changes by analyzing the left ventricle wall 
thickness and systolic functional parameters at 2, 4, 6, 8, and 12 weeks 
after TAC surgery in C57BL/6 J mice. During echocardiography, all mice 
were posited on a heated platform with ECG electrodes attached, to 
monitor the heart rate > 550 bpm. Compared to the sham group, all mice 
subjected to TAC surgery successfully developed adverse cardiac 
remodeling (Figure 4A). First, the echocardiography results showed that 
the left ventricular wall thickness was increased in all TAC groups. 
Further analysis showed time-series changes in the left ventricular 

FIGURE 2

The procedure of minimally invasive TAC. (A) Open a 1.5 ~ 2 cm incision at the midline of the neck and chest. (B) Cut the sternum stem about 3~5 mm. 
(C) Separate the aortic arch from the nearby connective tissue by using the above-mentioned simple surgical retractor. (D) Guide the suture under the 
aortic arch by using the above-mentioned curved needle with suture. (E) Pull out of the suture from the curved needle. (F) Binding a constriction of the 
desired diameter with the above-mentioned 25-gauge curved needle. (G) Completed constriction.
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anterior wall (LVAW) among the five TAC groups. Within 6 weeks, the 
LVAW thickness of TAC mice gradually thickened, but it began to 
become thinner after 8 weeks, and by the end of 12 weeks the LVAW 
thickness was even thinner (Figures 4B,C). Similar results were also 
observed for the thickness of the left ventricular posterior wall (LVPW; 
Figures  4D,E). Moreover, left ventricular mass (LV mass) was also 
calculated in the study, which is one of the most important parameters of 
cardiac remodeling. Results showed that when compared to sham mice, 
the LV mass of TAC mice increased in a time-series (Figure 4F). Second, 
compared to the sham group, left ventricular systolic function analysis 
showed that the ejection fraction (EF) and fractional shortening (FS) 
increased compensatory within 2 weeks after TAC, but they gradually 
decreased on week 4, and significantly decreased over 8 weeks, especially 
at week 12 (Figures 4G,H). Third, the left ventricular internal dimensions 
(LVID) and left ventricular volume (LV vol), which are important 
parameters for left ventricular remodeling and cardiac dysfunction, were 

also analyzed. Compared to sham mice, the diastolic LVID and systolic 
LVID in TAC mice were decreased at week 2 and then progressively 
increased within 4~12 weeks after TAC (Figures 4I,J). Similar results for 
the diastolic LV vol and systolic LV vol (Figures 4K,L) were also observed. 
During the echocardiography, mice were placed on a heated platform 
with ECG electrodes attached to monitor the heart rate > 550 bpm, and 
there was no significant difference among all groups (Figure 4M).

Taken together, C57BL/6 J mice subjected to TAC applied with a 
25-gauge needle maintained a compensated state with increased EF and FS 
in 2 weeks post-surgery and gradually developed to the decompensatory 
period over 4 weeks after TAC. At 4 weeks, TAC mice were in the early phase 
of cardiac dysfunction, but they developed serious cardiac dysfunction with 
extremely low EF and FS and extremely increased cardiac diameters and 
volumes over 8 weeks post-TAC and even congestion at week 12.

In our study, mice survival after TAC surgery was also analyzed for 
12 weeks and found that mice subjected to a 25-gauge TAC had >98% 

A

B C

FIGURE 3

Color and pulsed-wave Doppler ultrasound. (A) Representative color Doppler imaging of an aortic flow velocity peak of the non-ligated (sham) mouse (top) 
and the ligated (TAC) mouse (bottom). The constriction between the two carotid arteries on the aortic arch is visible (yellow arrowheads). (B) Quantification 
of the AV peak velocity after surgery. (C) AV peak pressure was calculated by doppler velocities. n = 25~50. Unpaired t-test for two-group comparisons, 
****p < 0.0001 vs. Sham.
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FIGURE 4

Echocardiography at various time points after surgery. (A) Representative two-dimensional guided M-mode echocardiogram of the various groups. (B) The 
thickness of the diastolic left ventricular anterior wall. (C) Systolic left ventricular anterior wall. (D) Diastolic left ventricular posterior wall. (E) Systolic left 
ventricular posterior wall. (F) Left ventricular mass AW. (G) Quantification of ejection fraction (EF). (H) Quantification of fractional shortening (FS). (I) Diastolic 
left ventricular internal dimensions. (J) Systolic left ventricular internal dimensions. (K) Diastolic left ventricular volume. (L) Systolic left ventricular volume. 
(M) Heart rate. n = 12~34. Unpaired t-test for two-group comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. corresponding Sham.
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survival in the perioperative period (24 h) and 1 week after surgery 
(Figure 5). Moreover, the survival of 8 weeks and 12 weeks after TAC was 
88.57% and 82.86%, respectively. Taken together, this TAC method 

applied with a 25-gauge needle greatly improves the survival rate after 
operation in C57BL/6 J mice.

A 25-gauge needle TAC induces cardiac 
hypertrophy

In accordance with the echocardiographic data, the heart of the TAC 
mouse also presented a significantly time-series enlarged and deformed 
heart (Figure 6A). Accordingly, the heart weight normalized to body 
weight (HW/BW) and tibia length (HW/TL) were also significantly 
increased in TAC mice compared to the sham group (Sham 2 W group, 
n = 20; TAC 2 W group, n = 27; Sham 4 W group, n = 12; TAC 4 W group, 
n = 15; Sham 6 W group, n = 10; TAC 6 W group, n = 17; Sham 8 W 
group, n = 19; TAC 8 W group, n = 27; Sham 12 W group, n = 10; TAC 
12 W group, n  = 20; Figures  6B,C). Cardiomyocyte area was also 
significantly increased in TAC mice compared to the sham group. 
Further analysis showed that the duration of constriction and 
cardiomyocyte area of TAC mice gradually increased before 8 weeks, but 
it had a reduction over 12 weeks (Figure 7).

The hypertrophic genes atrial natriuretic factor (Anf), brain 
natriuretic peptide (Bnp), and β-myosin heavy chain (Myh7) were also 
examined. Results show that the expression of Anf, Bnp, and Myh7 had 
a gradual time-series increase in the TAC mouse heart compared to the 
sham group (Figures 8A–C). Taken together, these results show that a 

FIGURE 5

Survival of mice after TAC surgery. C57BL/J mice were randomized to 
TAC with a 25-gauge needle or sham surgery. The survival of mice was 
monitored for 12 weeks after surgery. Log-rank (Mantel–Cox) test and 
Gehan–Breslow–Wilcoxon test were performed for the survival rate of 
mice after TAC. **p < 0.01 vs. Sham.

A B

C

FIGURE 6

Mouse heart weight and size had a time-series increase after TAC. (A) Representative gross heart of mice at various times upon surgery (top), representative 
images of hematoxylin and eosin (H&E) staining of heart section across the heart’s short axis (transverse section) at various times upon surgery (middle), and 
representative images of H&E staining of heart section along the heart’s long axis (coronal section) at various times upon surgery (bottom). (B) HW/BW 
ratios at various times upon surgery. (C) HW/TL ratios at various times upon surgery. n = 10~27. Unpaired t-test for two-group comparisons, ****p < 0.0001 
vs. the corresponding sham.
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FIGURE 7

Cardiomyocyte area during TAC-induced time-series cardiac remodeling. Representative images of wheat germ agglutinin staining of heart sections (top). 
Quantification of cross-sectional areas of cardiomyocytes (bottom), n = 8~15. Unpaired t-test for two-group comparisons, ***p < 0.001, ****p < 0.0001 vs. 
corresponding sham.

25-gauge needle can successfully induce a time-series cardiac 
remodeling from a compensatory period to a decompensatory period 
of HF over 8 weeks after TAC.

A 25-gauge needle TAC induces cardiac 
fibrosis

Cardiac fibrosis plays an important role in the development and 
progression of HF by causing adverse electrical and mechanical 
disturbances in diseased hearts (26). Pressure overload-induced cardiac 
hypertrophy is invariably accompanied by the formation of cardiac 
fibrosis. Here, the cardiac fibrosis was also analyzed in the mouse heart 
at different constriction durations by using Masson’s trichrome staining. 
Analysis showed that compared to the sham group, mice subjected to 
TAC applied with a 25-gauge needle developed significant cardiac 
fibrosis (Figures 9A,B). Moreover, cardiac fibrosis showed a time-series 
gradually increasing trend after TAC. Meanwhile, expression of the 
fibrosis genes collagen type I (Col1a2) and collagen type III (Col3a1) was 
also detected in the mouse heart. The level of these genes corresponded 
to the degree of cardiac fibrosis area (Figure  9C). Taken together, 
C57BL/6 J mice subjected to TAC applied with a 25-gauge needle had a 
time-series increase in cardiac fibrosis that was confirmed by the 

analysis of Masson’s trichrome staining and fibrosis-related gene 
expression over 12 weeks after TAC. These results confirm the 
importance of cardiac fibrosis in the development and progression of HF.

Discussion

Transverse aortic constriction is a widely used pressure overload 
model for studying adverse cardiac remodeling and heart failure, and it 
has been widely used and modified to be minimally invasive since it was 
first devised to study the mechanisms of cardiac hypertrophy by 
Rockman in 1991 (7, 12, 14–17, 27, 28). Minimally invasive TAC is a 
more desirable method for the construction of the aorta arch in mice. It 
is performed without intubation, ventilation, and entering the chest 
cavities of mice, involves significantly fewer apparatuses and less damage 
to mice, leading to a more rapid recovery, and a greater survival rate 
after surgery. However, the popularity of this minimally invasive TAC 
method in the study of cardiac remodeling is not high (13). In addition, 
the degree of constriction resulting from this method is also variable.

The constriction degree of the aorta arch is the most important factor 
affecting the phenotypes of TAC-induced cardiac remodeling. The 
constriction diameter of the needles used for TAC varied from 17-gauge 
to 30-gauge, but a 27-gauge needle has been the most common needle 
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size (>70%) for constriction in TAC study (9, 10, 13, 16, 28). Several 
studies have compared the resulting phenotypes to different needles, 
including 25-gauge, 26-gauge, and 27-gauge needles (9, 11). It is reported 
that the three degrees of tightness TAC models all induced significant, 
severity-dependent left ventricular hypertrophy and cardiac dysfunction 
compared to sham mice for 4 weeks. Mice subjected to 27-gauge TAC had 
the most severe cardiac hypertrophy, cardiac dysfunction, and cardiac 
fibrosis, and most quickly display features of heart failure compared to 
25-gauge and 26-gauge needles. Moreover, it is critical that the suture 
around the aorta is not too tight during the surgery, because it may lead 
to a tremendous left ventricular overload and cause a fatal reduction of 
blood flow to other critical organs, such as the kidneys (11). Taken 
together, compared to bigger size needles, smaller needles can create a 
narrower constriction, which results in tremendous left ventricular 
overload and higher mortality (18). According to the aforementioned 
reports, a 27-gauge needle is not the best choice for the TAC model, which 
may be attributable to a too-tight constriction of the aortic arch. However, 
a 25-gauge needle can cause a much milder constriction of the aorta arch, 
which is more suitable for the studies of cardiac remodeling in mice, and 
even studies of more susceptibility to mortality.

Besides the constriction degree of the aorta arch, the duration of 
aortic constriction is also correlated to the phenotypes of adverse cardiac 
remodeling (13). However, a time-series of cardiac remodeling 
phenotypes, induced by TAC applied with a 25-gauge needle in 
C57BL/6 J mice model, has not been reported. There are cardiac 

hypertrophy, cardiac dysfunction, cardiac fibrosis, and HF characteristics 
in TAC-induced cardiac remodeling. Different durations of aortic 
constriction in mice can induce distinct cardiac remodeling phenotypes 
and the heart experiences from a compensatory period to an HF period. 
After TAC surgery, most experiments used a follow-up time of 28 days 
(16), some followed up by 7, 14, or 56 days (9, 11, 13, 16, 17, 23), and 
rarely 84 days (20). Moreover, when part of the mice subjected to TAC 
still showed compensated cardiac hypertrophy, some mice developed 
HF (29). Therefore, understanding this time-series variability involved 
in a TAC model is crucial to appropriate study design and interpretation, 
particularly when investigating the effects of conditional expression of 
genetic interventions or pharmacologic agents.

Furthermore, C56BL/6 J mice subjected to 25-gauge TAC surgery in 
studies were reported to be in a compensatory cardiac hypertrophy stage 
at 4 weeks after TAC, but the specific timeline for the development of 
heart failure still was not clear (11). In our study, this question has been 
answered. At 2 weeks after TAC, mice subjected to TAC applied with a 
25-gauge needle were in a compensatory period of cardiac remodeling, 
and the cardiac dysfunction began to appear 4 weeks after surgery. Most 
of the mice had developed cardiac dysfunction at 6 weeks after 
TAC. Over 8 weeks, the mice subjected to TAC had developed to the 
stage of decompensatory HF. Moreover, there was a dilated HF at 
12 weeks after TAC. These results are different from that in a study of 
congestive heart failure (20). Moreover, this method greatly shortens the 
time of HF induced by pressure overload in C56BL/6 J mice (30).

In this study, the minimally invasive TAC mice model was applied to 
pressure overload-induced cardiac remodeling and HF in C57BL/6 J mice. 
Compared to conventional TAC (12), this operation was easier to perform 
and improved the survival rate. Furthermore, the 2,2,2-tribromoethanol 
anesthetic and a 25-gauge needle constriction were used to replace the 
ketamine/xylazine anesthetics and a 27-gauge ligation needle, which were 
mostly used in reports (9, 13, 16, 17). A 25-gauge needle produced a much 
milder pressure overload on the left ventricular and had higher survival 
in this TAC study compared to the effects of a 27-gauge needle (9, 11). 
Therefore, a 25-gauge needle is much more suitable for studying 
hypertensive heart diseases. In addition, the time-series of TAC-induced 
cardiac remodeling phenotypes were observed due to different durations 
of left ventricular pressure overload by a 25-gauge ligation needle in 
C57BL/6 J mice. Results showed that the mice subjected to TAC were in 
the compensatory period of cardiac hypertrophy 2 weeks after the 
operation, accompanied by the trend of increased cardiac function. Then, 
the transition from compensatory hypertrophy to early cardiac 
insufficiency was reflected in the continuous decline of cardiac function 
within 4~8 weeks. Finally, TAC mice showed an obvious characteristic of 
heart failure at 8 weeks after TAC and they developed to the stage of 
dilated heart failure at 12 weeks after the operation. Therefore, in 
C57BL/6 J mice, TAC applied with 25-gauge needles induced a time-series 
phenotype of cardiac remodeling with the duration of constriction, and 
the stage of HF was successfully induced after 8 weeks or later post-
TAC. These results are slightly different from previous reports (11, 20).

Despite the homogeneity in experimental design, the TAC model 
contains a substantial degree of heterogeneity in the outcome measures. 
Moreover, most studies do not report the mouse number used for each 
outcome measure (13). This is mainly due to the individual differences 
among mice in the study and the considerable variability within the 
same strain (30, 31). This variability within the experiment affects the 
sample size required to detect the effects of treatment or genetic 
alterations. Therefore, increasing the experimental sample size is a good 
way to solve this phenomenon. It is reported that 16%–17% of studies 

A

B

C

FIGURE 8

Expression of fetal genes during TAC-induced time-series cardiac 
remodeling. Expression of the Anf (A), Bnp (B), and Myh7 (C) in mouse 
hearts was quantified by qPCR at various times upon surgery. n = 8~20. 
Unpaired t-test for two-group comparisons, **p < 0.01, ***p < 0.001, 
****p < 0.0001 vs. the corresponding sham.
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FIGURE 9

Time-series cardiac fibrosis induced by TAC. (A) Representative images of Masson’s trichrome staining of heart sections (top). (B) Quantification of the 
fibrotic area (bottom), n = 8~15. (C) Expression of Col1a2 and Col3a1 in mouse heart was detected by qPCR at various times upon surgery, n = 8~20. 
Unpaired t-test for two-group comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. corresponding sham.

used ≤5 animals in the TAC group, and most articles did not report the 
number of animals used for each parameter measure, thus, the 
reproducibility of these results might be of concern (13, 29). In view of 
the very low number of animals in previous TAC studies, the sample size 
of each group in this study was increased to adequate numbers (>8) to 
ensure the reliability of the evaluation parameters, especially the 
numbers in TAC groups, which is imperative for interventions or 
pharmacologic agent study in future. Moreover, excepting for 
histomorphology analysis, the other analysis results in this study, 
especially survival rate, also collected experimental data from other 
C57BL/6 J TAC models in our laboratory (these data will not be used in 
future), which were conducted by the same operator in our team.

In summary, the present study provides a comprehensive analysis of 
the time-series cardiac remodeling phenotypes induced by different 
durations of the TAC model applied with a 25-gauge needle in C57BL/6 J 
mice. Moreover, this TAC method is suitable for high-precision aortic 
contraction in mice that need high reproducibility and low post-
operative mortality. These data have important guiding significance and 
research value for the research of cardiac remodeling and heart failure 
in the future. However, there are still some limitations in the current 
study. The TAC surgery is also affected by the sex, strain, and age of 
animals, therefore, the data in the present study may not apply to 
females, other strains, or different age mice.
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Single center experience and early 
outcomes of Impella 5.5
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Yuichi Matsuzaki 1, Mahek Shah 2 and Masahiro Ono 1

1Department of Cardiothoracic Surgery, Methodist Hospital, San Antonio, TX, United States, 2 Advanced 
Heart Failure and Transplant Cardiology, Methodist Hospital, San Antonio, TX, United States

Background: Acute decompensated heart failure (HF) and cardiogenic shock (CS) 
frequently are refractory to conservative treatment and require mechanical circulatory 
support (MCS). We report our early clinical experience and evaluate patient outcomes 
with the newer generation surgical Impella 5.5.

Methods: Seventy patients that underwent Impella 5.5 implantation between 
October 2019 and December 2021 at a single center were enrolled in this study. 
Pre-operative characteristics, peri-operative clinical course information, and post-
operative outcomes were retrospectively collected.

Results: Fifty-seven (81%) patients survived to discharge, and 51 (76%) patients survived 
at the time of the first 30 days post-discharge visit. Thirty-one patients (44%) received 
Impella support for a bridge to advanced surgical heart failure therapy (transplant or 
durable left ventricular assist device [LVAD]), 27 (39%) cases were used for a bridge to 
recovery/decision and 12 (17.1%) cases was used for planned perioperative support 
for high-risk cardiac surgery procedure.

Conclusion: Our results suggest that Impella 5.5 provides favorable survival in the 
management of HF and CS, particularly used for a bridge to heart transplant or 
LVAD. Early extubation and mobilization with high flow circulatory support allowed 
effective tailoring of MCS approaches from peri-operative support for high-risk 
cardiac surgery, bridge to recovery, and to advanced surgical heart failure therapy.

KEYWORDS

cardiogenic shock, Impella, temporary mechanical circulatory support, bridge to recovery, 
bridge to transplant, bridge to LVAD, high risk cardiac surgery

Introduction

Cardiogenic shock (CS) is associated with in-hospital mortality rates ranging from 27 to 51%, 
and management remains challenging despite advances in therapies (1–4). Cardiogenic shock is 
caused by severe impairment of the myocardium that results in diminished cardiac output, 
end-organ hypoperfusion, and hypoxia. While inotropic agents are widely used, mortality is higher 
with an increased number of prescribed vasopressors. Catecholamine therapy is associated with 
significant limitations including arrhythmias, increased myocardial oxygen consumption, and 
inadequate circulatory support (5, 6). Temporary mechanical circulatory support (MCS) is a key 
component of early patient management for CS with pronounced benefits, including substantial 
cardiovascular support without increased risk of myocardial ischemia and possible decreased 
myocardial oxygen demand, which may increase the likelihood of eventual recovery. Registry data 
indicate that early MCS device use is associated with improved rates of survival rather than deferred 
use in acute myocardial infarction CS (7, 8). There are various options for acute percutaneous MCS: 
the intra-aortic balloon pump (IABP), axial flow pumps/catheter-based left ventricular assist device 
(cVAD; Impella 2.5, Impella CP), left atrial-to-femoral arterial ventricular assist devices (Tandem 
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Heart), and venous–arterial extracorporeal membrane oxygenation 
(ECMO) (9–12). These devices are designed for rapid deployment, short 
term support, requiring bed-rest, which often affects mobility and 
recovery. IABP can be  placed via the axillary artery, but often is 
insufficient to support patients with profound CS, and has not 
demonstrated an early mortality benefit for patients with CS (1).

Impella 5.5 is a microaxial, surgically implanted heart pump that 
unloads the left ventricle, reduces ventricular work, and provides the 
circulatory support necessary to allow recovery and early assessment of 
residual myocardial function. It is designed for long-duration support 
and enables ambulation to optimize recovery while using real-time 
SmartAssist intelligence (13).

In October 2018, a new heart transplant allocation system was 
implemented with a 6-tiered classification system in the United States. 
Non-dischargeable mechanical support devices such as IABP, cVADs, 
and ECMO classified patients as Status 1 or 2, and are prioritized under 
the new system (13), with ambulatory Impella 5.5 in the spotlight as a 
favorable bridging strategy for heart transplant. Here, we report early 
outcomes in patients implanted with the Impella 5.5 at a single-center 
and current clinical use of axillary Impella in a mid-America tertiary 
high-volume MCS medical center.

Materials and methods

Study design

Patients that underwent the Impella 5.5 implantation at Methodist 
Hospital San Antonio, TX, between October 2019 and December 2021 
were included in the study. The Surgical Unloading Renal Protections 
and Sustainable Support Study (SURPASS) registry (NCT05100836) is 
a database for all surgically implanted Impella procedures that is 
prospectively maintained by the manufacturer and retrospective 
collection of data. Clinical and outcome data were obtained from this 
SURPASS registry and retrospective review of electronic medical 
records. Patients were followed after hospital discharge for recovery, 
death, or transition to durable left ventricular assist device (LVAD) or 
heart transplantation. This study was approved by the Hospital 
Corporation of American (HCA) Healthcare Institutional Review 
Board. The investigation conforms with the principles outlined in the 
Declaration of Helsinki.

Device design, surgical technique, and 
mechanical circulatory support strategy

The Impella 5.5® with SmartAssist® heart pump is a temporary LVAD 
intended for longer use, with FDA approval for up to 14 days and CE mark 
approval for up to 30 days. The device can be inserted either via the axillary 
artery or by direct aortic access with a minimum vessel diameter ≥ 7 mm. 
The inlet position on the Impella 5.5 differs from earlier models and must 
be positioned 5 cm below the aortic valve annulus. The device is equipped 
with optical sensor technology, to be  used with echocardiography to 
facilitate proper device positioning across the aortic valve.

All patients underwent Impella implantation under general 
anesthesia. The intraoperative echocardiogram and pulmonary artery 
line was used to monitor cardiac function. The Impella 5.5 was inserted 
at the axillary artery, which is suitable for longer support without concern 
of mediastinal infection. If pre-op CT is available, we  recommend 

checking the diameter of the axillary artery to ensure it is 6 mm or more, 
as well as to examine for calcification, stenotic, or tortuous vessels and 
arch, and the length of ascending aorta with 7 cm or more for access site 
evaluation. In addition, use of preoperative transthoracic echocardiogram 
(TTE) allows visualization of LV cavity size, angle of the LV-aortic root 
and assessment of aortic valve leaflet calcification/atherosclerosis. 
Although an infrequent occurrence, aortic valve leaflet calcification/
atherosclerosis can cause Impella related aortic insufficiency, thus 
providing an opportunity to predict the potential device related risk.

For axillary approach, the pectoralis major was divided along with 
muscle fiber, and the pectoralis minor was retracted laterally without 
severing muscles to prevent potential bleeding from the muscle surface. 
The thoracoacromial artery was used as an important anatomical landmark 
to locate the axillary artery with minimal dissection. After exposing the 
axillary artery, heparin is administered to obtain an activated clotting time 
>250s. Our standard surgical approach for Impella 5.5 was established with 
a 10 mm prosthetic vascular graft, anastomosed in an end-to-side fashion 
to the right axillary artery. The access site was determined based on a CT 
scan. We prefer to use right axillary approach for axillary Impella since 
catheters make a natural curve and go straight down to the ascending aorta 
and LV in most of the cases. For axillary IABP, the left axillary approach is 
preferred to avoid excess stress on the intima of ascending aorta/arch 
vessels, especially for longer term use. However, if the right axillary 
approach is not feasible or there is any visible tortuous arch vessels via CT 
scan, the left axillary artery approach should be  considered, with the 
ascending aorta or the innominate artery as alternatives for Impella access. 
Insertion was guided under fluoroscopy and positioning was adjusted 
using intraoperative transesophageal echocardiography.

Once inserted, at least two views of a TTE, such as parasternal long 
axis and apical four chamber view, are obtained to confirm the Impella 
position. Impella 5.5 does not have a pigtail and thus, it is easy to change 
the position, but as a result there is also higher risk of the device moving 
from its ideal positioning. Moreover, the device could attach to or push 
the septum if rotated completely away from the mitral valve and could 
lead to suction events. Therefore, the Impella pump needs to be away 
from the LV wall in multiple views (Figure 1).

For patients with cardiogenic shock, MCS utilization is considered 
when two or more moderate doses of inotropes or vasopressors are 
needed. We prefer to first use dobutamine, add epinephrine as a second 
agent, and then use vasopressin/norepinephrine bitartrate as needed to 
maintain cardiac output and perfusion pressure for cardiogenic shock. 
The threshold of MCS is lowered if the patient has an arrhythmia issue. 
After MCS initiation, vasopressors are decreased as much as possible, 
and inotropes are titrated according to the hemodynamic/perfusion 
status, but a moderate dose of dobutamine (3–5 mcg/kg/min) is usually 
maintained for RV support.

The combination of Impella 5.5 and veno-arterial extracorporeal 
membrane oxygenation (VA-ECMO) is established as a stepped strategy. 
As such, we do not suggest Impella 5.5 as a rescue device. For profound 
CS requiring VA-ECMO, Impella CP or IABP are used for LV unloading 
or afterload reduction at the first line additional support, to 
be transitioned to Impella 5.5.

Data collection and statistical analysis

Data were collated and tabulated using Microsoft Excel (Microsoft 
Corporation, Redmond, WA, United  States). Normally distributed 
descriptive statistics are presented as mean (quartile 1 (Q1), quartile 3 
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(Q3)) for continuous variables and n (percent) for categorical variables. 
Tabular denominators reflect the number with available data for a given 
data point. Survival analyzes were performed using Kaplan–Meier 
analyzes. Independent variables with >10% unrecorded or missing 
values were excluded, with the majority of factors in the tables having 
no missing data. Statistical analyzes were performed using GraphPad 
Prism v9 (GraphPad Software Inc., San Diego, CA, United States).

Results

Patient population and procedural 
characteristics

Patients in our study cohort were 90% male and 55 years of age (Q1–
Q3, 48–65). Baseline left ventricular ejection fraction (LVEF) was 20% 
(Q1–Q3, 15–22) and 48 (69%) patients had at least mild right ventricular 
dysfunction by TTE. The etiologies requiring MCS were acute 
myocardial infarction (17%), acute decompensated heart failure (HF, 
61%), post-cardiotomy CS (4%), and planned support for high-risk 
cardiac surgery (17%). The indications of Impella implantation were 
bridge to decision in 7 (10%), bridge to recovery in 20 (29%), bridge to 
durable LVAD in 6 (9%) cases, bridge to heart transplant in 25 (36%) 
cases, and perioperative support for high-risk cardiac surgery in 12 
(17%) cases. Fifty patients (71%) had other types of MCS prior to 
Impella 5.5 implantation. Thirty (44%) patients were upgraded to 
Impella 5.5 from intra-aortic balloon pump (IABP), 16 (25%) from 
Impella CP percutaneous LVAD, and 14 (20%) patients were transitioned 
to 5.5 as a de-escalation from VA-ECMO. Baseline and procedural 
characteristics are presented in Table 1.

Outcomes

The majority of patients had Impella 5.5 inserted via the right 
axillary artery (96%). The mean duration of Impella support was 10 days 

(Q1–Q3, 6–12 days). For the cohort, overall survival to discharge was 57 
patients (81%). Five patients (7%) were bridged to durable LVAD, 23 
patients (33%) received heart transplantation, and 29 patients (41%) 
achieved cardiac recovery (Table  2). Of the patients in this study, 
survival to discharge occurred in 13/18 (72%) for bridge to recovery, 4/9 
(44%) for bridge to decision, 23/25 (92%) for bridge to heart transplant, 
5/6 (83%) for bridge to durable surgical LVAD, and 12/12 (100%) for 
bridge to recovery from high-risk cardiac surgery. In the group of bridge 
to recovery/decision and bridge to heart transplant/LVAD, the majority 
of patients had concomitant RV systolic dysfunction by TTE (70 and 
84%, respectively).

Notably, in the bridge to transplant group, 10 patients receiving 
Impella were bridged from IABP due to support failure. In addition, 44% 
of patients who underwent Impella 5.5 placement were transitioned 
from IABP, which includes upgrading for IABP support failure and 
de-escalation from IABP/VA-ECMO.

With respect to Impella-supported cardiac surgery, seven patients 
underwent isolated coronary artery bypass grafting, and five cases were 
valve or combined valve/coronary/aortic procedures. In a total of 10 STS 
cases, the mean STS scores of mortalities were 5.2% (Q1–Q3, 1.6–7.5%). 
All patients survived to discharge from the index admission (Table 3).

As shown in Figure  2, Kaplan–Meier analysis demonstrated 
significant difference in 90 days survival between the groups of bridge 
to LVAD/heart transplant and non LVAD/heart transplant (native heart 
recovery, HR 3.71, 95% CI 1.35–10.21; p = 0.029). Thirty-two patients 
(46%) experienced at least one complication while on Impella 5.5 
support. Four patients had thrombocytopenia, 6 developed axillary 
hematomas requiring exploration, 1 had mediastinal bleeding requiring 
chest washout, 6 had acute kidney injury or required renal replacement 
therapy, and 2 patients had cerebrovascular accidents. There were 7 
patients with transient high plasma free hemoglobin (pf-Hb) level 
(>20 mg/dL), all of which were resolved with positional or 
anticoagulation adjustment, and only 1 patient had device dislodgement 
requiring revision of Impella 5.5 placement. There was one surgical site 
infection requiring vascular construction. Aortic valve injury, distal limb 
ischemia, or other vascular complications did not occur (Table 4).

FIGURE 1

Positioning of the Impella 5.5: The bending portion of Impella pump head will be on the level of aortic valve with the tip pointing away from the posterior 
wall in the parasternal long axis view, and away from septum in the four chamber view. Impella position-related aortic insufficiency could be observed for 
patients with atherosclerotic aortic valve in the apical view.
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Discussion

While studies using Impella devices for CS show reasonable survival 
for AMI-CS (15), several smaller randomized clinical trials have failed 
to demonstrate improved outcomes with Impella 2.5 or Impella CP over 

IABP (9, 15–17). However, the first 200 cases in the US using Impella 
5.5 had a rate of overall survival to explant of 74% in patients with CS 
(18). The current single center study further supports the potential 
benefit of Impella 5.5 for CS management with 81% of the overall 
survival to discharge after Impella 5.5 implantation. Of these patients, 

TABLE 1 Baseline characteristics and periprocedural data.

Baseline clinical 
characteristics

All (n = 70) Bridge to recovery/
decision (n = 27)

Bridge to heart 
transplant/LVAD 

(n = 31)

Planned perioperative 
support (n = 12)

Age, years 55.4 (48.3, 65.0) 59.0 (57.0, 65.5) 50.4 (37.0, 63.5) 60.2 (56.5, 65.3)

Male, n (%) 63 (90) 23 (85) 29 (94) 11 (92)

BMI, kg/m2 29.0 (25.5, 32.2) 30.5 (25.9, 34.5) 28.5 (25.3, 30.9) 26.7 (25.2, 28.7)

Cardiogenic Shock, n (%) 58 (83) 26 (96) 27 (87) 5 (42)

Post-CPR, n (%) 13 (19) 11 (41) 2 (7) 0 (0)

ICM, n (%) 36 (51) 19 (70) 9 (29) 8 (67)

Baseline LVEF, % 20.1 (5.4, 6.8) 24.0 (17.9, 30.7) 16.2 (14.0, 20.0) 21.1 (16.3, 26.5)

Baseline LVEDD, mm 6.1 (5.4, 6.8) 5.8 (5.0, 6.5) 6.5 (6.0, 6.9) 6.0 (5.3, 6.5)

Severe mitral regurgitation, n (%) 16 (23) 7 (26) 7 (23) 2 (17)

RV dysfunction*, n (%) 48 (69) 19 (70) 26 (84) 3 (25)

SCAI stages at admission

  A: “At risk” 2 (3) 0 (0) 0 (0) 2 (17)

  B: “Beginning” cardiogenic shock 2 (3) 0 (0) 0 (0) 2 (17)

  C: “Classic” cardiogenic shock 39 (56) 8 (30) 26 (84) 5 (42)

  D: “Deteriorating” cardiogenic 

shock

15 (21) 8 (30) 4 (13) 3 (25)

  E: “Extremis” 12 (17) 11 (16) 1 (3) 0 (0)

Pre-op Creatinine 1.9 (1.1, 2.2) 2.1 (1.2, 2.6) 1.9 (1.3, 2.2) 1.2 (1.0, 1.2)

Pre-op ALT 281.0 (28.3, 134.5) 588.0 (37.5, 280.0) 100.0 (21.5, 105.0) 57.7 (28.8, 67.3)

MCS prior to Impella 5.5, n (%) 50 (71) 24 (89) 22 (71) 5 (46)

Impella 5.5 added to VA ECMO, n (%) 14 (20) 8 (30) 6 (19) 0 (0)

Upgrade from IABP, n (%) 30 (44) 10 (37) 19 (61) 2 (17)

Upgrade from Impella 2.5/CP, n (%) 16 (23) 13 (48) 1 (3) 2 (17)

Impella insertion site

  Right Axillary artery, n (%) 66 (94) 28 (100) 31 (100) 8 (67)

  Ascending aorta, n (%) 3 (4) 0 (0) 0 (0) 3 (25)

  Innominate artery, n (%) 1 (1) 0 (0) 0 (0) 1 (8)

Data is presented as n (%) or mean (quartile 1, quartile 3). ALT, alanine transaminase; BMI, body mass index; CPR, cardiopulmonary resuscitation; IABP, intra-aortic balloon pump; ICM, ischemic 
cardiomyopathy; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; MCS, mechanical circulatory support; SD, standard deviation; VA ECMO, venoarterial extracorporeal 
membrane oxygenation *RV dysfunction was defined if it meets at least one of the following values: (I) tricuspid annular place systolic excursion (TAPSE) < 17 mm; (II) fractional area change 
(FAC) < 35%; (III) and/or tricuspid annular systolic velocity (s’) < 9.5 cm/s, according to the recommendation guidelines from ASE/EAC (14).

TABLE 2 Clinical outcomes on Impella Support.

Clinical outcome on 
Impella support

All (n = 70) Bridge to recovery/
decision (n = 27)

Bridge to heart 
transplant/LVAD (n = 31)

Planned perioperative 
support (n = 12)

Duration of Impella 5.5 

support, days

10.0 (6.0, 12.0) 7.4 (5.0, 10.5) 13.6 (8.0, 17.0) 6.4 (5.8, 7.3)

Length of hospital stay, days 27.5 (17.0, 34.8) 17.7 (15.0, 21.0) 38.6 (24.5, 42.0) 20.9 (14.8, 25.3)

Survival to discharge, n/N (%) 57/70 (81) 17/27 (63) 29/31 (94) 12/12 (100)

Post discharge 30 days 

survival*, n/N (%)

52/68 (77) 13/26 (50) 29/31 (94) 11/11 (100)

Data is presented as n /N (%) or mean (quartile 1, quartile 3). *After the index admission. LVAD, left ventricular assisted device.
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TABLE 3 Outcomes for Impella-supported cardiac surgery.

Case Gender BMI SCAI at 
Admission

RV 
Failure

Pre-
Op 
Cr

Pre-
op 

LVEF 
(%)

Pre-
op 

LVED 
(cm)

Previous 
MCS 

Devices

Access 
Approach

STS Score 
Mortality (%)

STS Score Major 
Morbidity (%)

Total 
ischemic 

time (min)

Total 
CPB 
time 
(min)

Cardiac 
Procedure

Duration of 
support 
(days)

Post-
discharge 

30-day 
survival

1 Male 29.4 B NO 1.01 16.7 6.5 No Rt. Axillary 3.65 17.9 68 104 On-pump 

CABG

8 Yes

2 Male 30.3 A YES 0.79 32.3 5.8 No Rt. Axillary 1.30 14.8 93 132 MVR 4 Yes

3 Male 27.0 B YES 0.86 15.0 4.5 No Rt. Axillary 2.47 16.3 63 91 On-pump 

CABG

6 Yes

4 Male 24.5 C YES 1.00 13.8 6.2 No Direct Aorta 7.03 30.1 69 122 On-pump 

CABG

8 Lost to FU

5 Male 28.5 C NO 1.08 28.0 6.6 No Direct Aorta 0.61 6.8 84 126 On-pump 

CABG

7 Yes

6 Male 27.1 C NO 1.17 23.0 4.7 No Innominate N/A N/A 142 323 AVR; 

ascending 

aortic 

replacement

8 Yes

7 Male 25.7 D NO 2.09 19.0 6.0 Impella 

CP

Rt. Axillary 14.24 56.6 49 68 On-pump 

CABG

7 Yes

8 Male 20.0 C NO 0.96 19.0 7.8 No Direct Aorta N/A N/A 123 226 MV repair; 

AVR

7 Yes

9 Male 25.4 A NO 0.90 29.0 7.0 No Rt. Axillary 0.97 12.3 67 95 MVR 4 Yes

10 Male 32.2 C NO 0.98 18.0 5.3 IABP Rt. Axillary 7.60 74.0 115 147 On-pump 

CABG; AVR

6 Yes

11 Male 27.1 D NO 1.87 13.6 6.0 Impella 

CP

Rt. Axillary 8.70 63.0 79 104 On-pump 

CABG

7 Yes

12 Female 22.8 D NO 1.35 26.0 5.1 IABP; 

Impella 

2.5

Rt. Axillary 5.20 42.0 96 121 On-pump 

CABG

5 Yes

AVR, aortic valve replacement; BMI, body mass index; CABG, coronary artery bypass graft; cm, centimeter; CPB, cardiopulmonary bypass; FU, follow-up; IABP, intra-aortic balloon pump; LVEF, left ventricle ejection fraction; LVED, left ventricular end diastolic; MCS, 
mechanical circulatory support; min, minute; MVR, mitral valve replacement; N/A, not applicable; Pre-op, pre-operation; RV, right ventricle; SCAI, Society for Cardiovascular Angiography and Interventions; STS, Society of Thoracic Surgeons.
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74% had other types of MCS prior to Impella, 44% received Impella 
support for a bridge to advanced surgical heart failure therapy, 39% of 
cases were for a bridge to recovery/decision, and 17% cases were 
perioperative support for high-risk cardiac surgery. Moreover, all 
patients receiving a heart transplant from Impella 5.5 bridge survived 
more than 90 days after discharge. Thus, future studies are warranted 
with the newer Impella devices (5.0/5.5), which have higher flow rates 
and may provide more sufficient cardiac output to maintain systemic 
organ perfusion in patients with severe CS or heart failure requiring full 
hemodynamic support.

Outcomes for CS with medical management without any mechanical 
circulatory support is poor, particularly for patients with prominent CS, 
stage D or E according to the Society of Cardiovascular Angiography 
and Interventions (SCAI) CS classifications (19–21). As such, temporary 

MCS devices are often used as a bridge until the patient recovers or 
condition deteriorates needing a long-term assist device or heart 
transplantation. IABP was often implemented as a first-line temporary 
MCS for refractory CS and acute decompensated heart failure, due to its 
quick deployment and less invasive features compared with other MCS 
devices. As such, IABP did not show survival benefit for cardiogenic 
shock due to acute myocardial infarction (AMI-CS) (22). However, 
several observational studies have indicated that the IABPs can improve 
outcome in cardiogenic shock due to acute decompensated heart failure 
(HF-CS). Compared to AMI-CS, it has a different underlying 
pathophysiology and, accordingly, different responses to 
pharmacological treatments and mechanical support (23, 24). IABP 
combines a more substantial effect on left ventricular afterload with a 
modest increase (0.5–1.0 L/min; 25, 26) in cardiac output and would 
therefore be  most suitable in clinical scenarios characterized by a 
disproportionate increase in afterload without profound hemodynamic 
compromise. For a bridge to transplant/LVAD, groin IABP is switched 
to axillary position once stabilized with groin IABP so that patients can 
ambulate while waiting for transplant/LVAD. However, some patients 
fail to stabilize with IABP due to insufficient support or multiple 
dislodgement in axillary IABP. Our study showed benefit of Impella 5.5 
following IABP support failure. After the switch to Impella, these 
patients achieved functional recovery enabling participation in physical 
therapy, occupational therapy, or ambulation with improved cardiorenal 
syndrome or improved type 2 pulmonary hypertension, followed by a 
successful heart transplant, which supports the potential advantages of 
extensive Impella 5.5 use in this setting.

To date, studies for Impella protected cardiac surgery have been 
limited to small case series, with the majority reporting no to minimal 
mortality or morbidity (27–29). Collectively, these studies concluded 
that prophylactic use of the Impella 5.5 is safe and effective in patients 
with severe LV dysfunction. Once hemodynamics deteriorates in 
surgical cases with severe LV dysfunction, RV also fails with significant 
increase in preload and afterload, and eventually VA-ECMO is required 
for profound biventricular dysfunction. Unfortunately, the outcome for 
postcardiotomy cardiogenic shock (PCCS) requiring VA-ECMO is poor 
with a high rate of complications (30). In contrast, left ventricular 
unloading with Impella decreases wall tension, improves coronary 
perfusion favoring myocardial recovery, and could reduce pulmonary 
congestion and RV afterload with smaller bore access. In line with these 
data, the current study demonstrates that use of Impella 5.5 was 
protective and all surgical patients survived to discharge without any 
major device-related complications in our initial Impella 5.5 experience, 
despite sick population with 67% of cardiogenic shock status at stage C 
or D at the time of the cardiac surgery.

Interestingly, patients with CS that received an early pulmonary 
artery catheter (PAC) prior to MCS had improved short-term mortality 
and overall survival rates compared to patients without a PAC. This was 
also associated with lower incidence of short-term mortality, particularly 
in advanced CS (31, 32). Moreover, PAC-derived hemodynamic 
parameters such as CPO, pulmonary artery pulsatility index (PAPi), or 
CVP/PCWP ratio have been used to assess RV function, LV filling 
status, and guide treatment after Impella implantation. In Impella-
supported cardiac surgery, 3–5 days are generally required to stabilize 
volume status and achieve organ perfusion at which point Impella 
support can start to be withdrawn. In our study, the mean support time 
of Impella 5.5 was 6.4 days for the patients that received Impella-
supported cardiac surgery. Hemodynamic monitoring with PAC is an 
essential part of our practice to evaluate and manage both LV and RV 

FIGURE 2

Comparative survival for patients receiving Impella 5.5. The probability 
of survival was greater in patients with a bridge to LVAD/heart 
transplant vs. bridge to native heart recovery (non LVAD/heart 
transplant) HR 3.71, 95% CI 1.35–10.21; p = 0.029.

TABLE 4 Adverse events related to Impella 5.5.

Complication N (%)

Stroke 2 (2.9)

Acute kidney injury 3 (4.3)

Renal replacement therapy 3 (4.3)

Acute hepatic dysfunction 2 (2.9)

Respiratory failure/dysfunction* 4 (5.7)

Thrombocytopenia** 4 (5.7)

Anemia 10 (14.3)

Bleeding requiring surgery 7 (10.0)

Surgical site infection 1 (1.4)

Valve injury 0 (0)

Cardiac perforation 0 (0)

Ventricular arrhythmia 6 (8.6)

Device dislodgement 1 (1.4)

Hemolysis (Pf-Hb > 20 mg/dL) 7 (10.0)

Pf-Hb: plasma free hemoglobin. *Respiratory failure/dysfunction is defined as the impairment 
of respiratory function requiring reintubation, tracheostomy or the inability to discontinue 
ventilatory support 48 h after Impella device explant. This excludes intubation for reoperation 
or temporary intubation for diagnostic or therapeutic procedures. **Thrombocytopenia is 
defined as having a platelet count measurement of less than 50,000/mm3 taken more than 48 h 
after the Impella implant.
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dysfunction appropriately. A low threshold is set for longer MCS support 
to take advantage of axillary Impella, to reduce the requirement for 
vasopressors/inotropes, to avoid kidney dysfunction related to organ 
malperfusion, and to enable early extubation/early ambulation 
maintaining functional status without cardiac stress.

During critical illness, patients who are immobilized for more than 
a few days develop neuromuscular weakness despite receiving full 
supportive care. Thus, early mobilization (EM) of ICU patients is 
necessary to attenuate critical illness-associated muscle weakness (33) 
and is especially important to improve functional status for those 
awaiting heart transplant (34). At our institution, the mobilization 
protocol includes appropriate pain control with minimal sedation/
narcotics; early extubation (in the operating room if possible); early 
tracheostomy if needed; physical therapy/occupational therapy 
consultation on post-operative day 0; active/passive range of motion 
even if intubated; out of bed to chair for all meals, ambulation twice or 
three times a day on post-operative day 1; cycle ergometer as needed; 
daily physical therapy/occupational therapy evaluation; and daily 
nutrition assessment.

Of the 6 cases of Impella access site/axillary wound re-exploration 
for hematoma, none had any active surgical bleeding at the time of 
re-exploration. We  set a low threshold for wound exploration for 
hematoma/bleeding with consideration of risk of infection related to 
hematoma, especially for patients waiting for transplant. This strategy 
may have contributed to the relatively higher rate of bleeding related 
complication in this series. Other complications were minimal and 
included acute kidney injury or required renal replacement therapy (6 
patients), transient high pf-Hb level (>20 mg/dL, 7 patients), device 
dislodgement (1 patient), and cerebrovascular accident (CVA, 2 
patients). The CVA complications occurred during urgent Impella 
exchange cases as a result of significant hemolysis with groin Impella. 
Both had unclear neurologic status while on the ventilator throughout 
the procedure. There was left ventricular thrombus at the time of Impella 
CP insertion, which disappeared on follow-up TTE prior to Impella 5.5 
device exchange. Thus, the CVA events likely happened prior to Impella 
5.5 placement and were not related to Impella 5.5. Aortic valve injury, 

distal limb ischemia, or other vascular complications did not occur in 
this series.

In the current MCS era, tailoring the MCS de-escalation approach 
according to patient condition is essential for best practices in patients 
with CS or heart failure (Figure 3). In this single center cohort, patients 
receiving Impella 5.5 support have meaningful outcomes in the 
management of profound CS and end-stage heart failure. Impella 5.5 is 
an important hub MCS device and can be used for up- or downgraded 
support and to bridge to the next treatment course. This includes LVAD 
and heart transplant, and the exchange from other temporary MCS 
inserted via the femoral artery (VA-ECMO, IABP or earlier Impella 
models) for longer duration support with less device-related 
complications or access site issues. In all indications, early MCS 
initiation strategy is crucial for maximal treatment effects and to avoid 
poor outcomes. Impella 5.5 utilization is considered at our institution if 
the patient needs more than 48-h MCS support at the time of evaluation.

Limitations

Our study is not without limitations as this is a retrospective cohort 
study without randomization, with a small sample size that consists of 
a variety of patients with relatively stable CS and profound CS requiring 
VA-ECMO from a single center, and only reports short-term outcomes 
from temporary Impella 5.5 support. Additionally, our institution has 
more males than females that receive advanced surgical heart failure 
therapy and heart transplants (35). Thus, our institutional gender 
distribution also affects the gender disparity in this study. Furthermore, 
our cohort was not compared to patients treated with other MCS, such 
as IABP alone or other Impella devices (CP/5), or those treated with 
medical therapy only. Due to the nature of our retrospective study, PAC 
data and lactate level are not included here as there was a large amount 
of missing data for those parameters. Given that our cohort had a large 
number of patients on VA-ECMO and that both hemodynamic 
parameters and the dose of inotropes/vasopressors are affected by the 
support level of VA-ECMO, further assessments are deferred to studies 

FIGURE 3

MCS de-escalation in patients with CS or heart failure. MCS is not just one time procedure. A team require comprehensive MCS experiences to provide 
optimal MCS strategy, tailored for patient’s status, and maximal survival benefit. IABP, intra-aortic balloon pump; LVAD, left ventricular assist device; MCS, 
mechanical circulatory support; RVAD, right ventricular assist device; VA-ECMO, veno-arterial extracorporeal membrane oxygenation; VAV ECMO, veno-
arterio-venous extracorporeal membrane oxygenation; VV ECMO, veno-venous extracorporeal membrane oxygenation.
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with a more focused patient population in a larger cohort. As a result, 
this analysis is hypothesis generating for future studies.

Conclusion

In this study, patients with surgically implanted axillary Impella 5.5 
have encouraging short-term survival rates, specifically in patients with 
CS or decompensated heart failure, which have historically high early 
mortality rates. Axillary placement of Impella 5.5 was used in a 
multitude of clinical indications, such as bridging strategy to durable 
support, implant LVAD and heart transplant, or perioperative support 
for high-risk cardiac surgery all with excellent outcomes. The execution 
of prospective, multicenter, randomized, long-term outcome studies, are 
warranted to further delineate the optimal patient profile, timing, and 
management of Impella 5.5 support.
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Biventricular longitudinal strain as
a predictor of functional
improvement after D-shant device
implantation in patients with heart
failure
Yi Zhou1,2,3†, He Li1,2,3†, Lingyun Fang1,2,3†, Wenqian Wu1,2,3,
Zhenxing Sun1,2,3, Ziming Zhang1,2,3, Manwei Liu1,2,3, Jie Liu1,2,3,
Lin He1,2,3, Yihan Chen1,2,3, Yuji Xie1,2,3, Yuman Li1,2,3*

and Mingxing Xie1,2,3*
1Department of Ultrasound, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China, 2Clinical Research Center for Medical Imaging in Hubei Province, Wuhan,
China, 3Hubei Province Key Laboratory of Molecular Imaging, Wuhan, China

Background: The creation of an atrial shunt is a novel approach for the
management of heart failure (HF), and there is a need for advanced methods for
detection of cardiac function response to an interatrial shunt device. Ventricular
longitudinal strain is a more sensitive marker of cardiac function than
conventional echocardiographic parameters, but data on the value of
longitudinal strain as a predictor of improvement in cardiac function after
implantation of an interatrial shunt device are scarce. We aimed to investigate
the exploratory efficacy of the D-Shant device for interatrial shunting in treating
heart failure with reduced ejection fraction (HFrEF) and heart failure with
preserved ejection fraction (HFpEF), and to explore the predictive value of
biventricular longitudinal strain for functional improvement in such patients.
Methods: A total of 34 patients were enrolled (25 with HFrEF and 9 with HFpEF). All
patients underwent conventional echocardiography and two-dimensional speckle
tracking echocardiogram (2D-STE) at baseline and 6 months after implantation of
a D-Shant device (WeiKe Medical Inc., WuHan, CN). Left ventricular global
longitudinal strain (LVGLS) and right ventricular free wall longitudinal strain
(RVFWLS) were evaluated by 2D-STE.
Results: The D-Shant device was successfully implanted in all cases without
periprocedural mortality. At 6-month follow-up, an improvement in New York
Heart Association (NYHA) functional class was observed in 20 of 28 patients
with HF. Compared with baseline, patients with HFrEF showed significant
reduced left atrial volume index (LAVI) and increased right atrial (RA) dimensions,
as well as improved LVGLS and RVFWLS, at 6-month follow-up. Despite
reduction in LAVI and increase in RA dimensions, improvements in biventricular
longitudinal strain did not occur in HFpEF patients. Multivariate logistic
regression demonstrated that LVGLS [odds ratio (OR): 5.930; 95% CI: 1.463–
24.038; P= 0.013] and RVFWLS (OR: 4.852; 95% CI: 1.372–17.159; P= 0.014)
were predictive of improvement in NYHA functional class after D-Shant device
implantation.
Conclusion: Improvements in clinical and functional status are observed in
patients with HF 6 months after implantation of a D-Shant device. Preoperative
biventricular longitudinal strain is predictive of improvement in NYHA functional
class and may be helpful to identify patients who will experience better
outcomes following implantation of an interatrial shunt device.
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Introduction

Heart failure (HF), whether it occurs with preserved ejection

fraction (HFpEF; defined by a left ventricular ejection fraction

[LVEF] ≥40%) or with reduced ejection fraction (HFrEF; defined

by a LVEF <40%), remains a major public health care burden

associated with substantial morbidity and mortality (1). Although

HFpEF and HFrEF are heterogeneous with respect to etiology

and pathophysiology, elevation of left atrial pressure (LAP) is the

common mechanism precipitating worsening symptoms and

acute decompensation (2–5). LA decompression, with the goal of

limiting the increase in pulmonary venous pressure, may

contribute to improved symptoms and outcomes in these

patients (6). Percutaneously implanted permanent interatrial

shunt devices have recently been developed for the treatment of

patients with HF and have produced encouraging early clinical

and hemodynamic results (7–12). Identification of quantitative

predictors of the impact of an interatrial shunt device on cardiac

functional recovery is crucial and may allow appropriate selection

of patients. The clinical efficacy of advanced echocardiographic

imaging, such as two-dimensional speckle tracking

echocardiography (2D-STE), has been supported by various

investigations. A number of studies from the past few years have

shown that assessing global longitudinal strain may assist in

refining the decision-making process in patients with HF

(13–17). However, the clinical value of biventricular longitudinal

strain, measured via 2D-STE, in HF patients following treatment

with an interatrial shunt device has not been described. The

objective of this study was to determine the exploratory efficacy

of the D-Shant device (WeiKe Medical Inc., WuHan, CN) for

treatment of patients with HFrEF and HFpEF, and to assess the

predictive value of biventricular longitudinal strain in such

patients.
Methods

Study population

A total of 34 patients with HFrEF and HFpEF were admitted to

the Union Hospital, Tongji Medical College, Huazhong University

of Science and Technology in 2020 and 2021. The study was

approved by the Ethics Committee of Union Hospital Tongji

Medical College, Huazhong University of Science and

Technology (20200165). All patients provided written informed

consent. The inclusion criteria were: HFpEF (LVEF ≥40%) or

HFrEF (LVEF <40%); pulmonary capillary wedge pressure

(PCWP) ≥15 mmHg at rest; and New York Heart Association

(NYHA) functional class II–IV with chronic heart failure, still

experiencing symptoms after at least 4 weeks of standardized

drug treatment. The exclusion criteria were: moderate or greater
0265
right ventricular (RV) dysfunction; severe liver and kidney

damage; recent history of surgery or severe trauma; autoimmune

diseases or other serious systemic diseases.
Clinical data

Demographic characteristics, data from laboratory

examinations, and comorbidities of the patients were obtained

from electronic medical records. The hemodynamics of PCWP,

mean right atrial pressure (RAP), and PCWP-RAP were

measured using a fluid-filled balloon-tipped catheter. Exercise

capacity was assessed using the 6-min walk test (6MWT).

Functional status and quality of life were assessed by evaluation

of NYHA functional class and administration of the Kansas City

Cardiomyopathy Questionnaire (KCCQ).
Intervention

The procedures were performed under general anesthesia.

Standard trans-septal puncture of the interatrial septum was

carried out by fluoroscopy and transesophageal echocardiography

(Figure 1). The delivery system was advanced via the wire into

the LA, the left side of the D-Shant device was opened, and the

delivery system was retracted to make contact with the septum

on the LA side. The right half of the device was then placed into

the right atrial side of the septum. The delivery system and

guiding wire were then removed.
Transthoracic echocardiography

Transthoracic echocardiographic examinations were performed

in all patients using the EPIQ 7C ultrasound system (Philips

Medical Systems, Andover, Massachusetts) at baseline and

6 months after implantation of the D-Shant device. All

echocardiographic images were acquired following published

American Society of Echocardiography guidelines and analyzed

by an experienced investigator who was blinded to the clinical

characteristics of the study population. Echocardiographic indices

were measured three times, and the mean value was used for the

statistical analysis.
Conventional echocardiography analysis

Conventional echocardiographic parameters were measured

following the guidelines of the American Society of

Echocardiography (18). LV end-diastolic volume index

(LVEDVI), LV end-systolic volume index (LVESVI), and LVEF
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FIGURE 1

Images of D-shant device implantation. (A) x-ray and (E) transesophageal echocardiography (TEE) show the atrial septal position; (B) x-ray and (F) TEE
guide atrial septal puncture; (C) x-ray and (G) TEE show release of the D-Shant device; and finally, (D) x-ray and (H) TEE color Doppler confirm the
position of the D-Shant device and left-to-right shunting.
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were measured using the biplane Simpson’s method. Mitral inflow

peak early diastolic velocity (E), peak late diastolic velocity (A), E/A

ratio, septal and lateral mitral annular early diastolic velocities (e′),
and the E/e′ ratio were used as indices of diastolic function.

Multiple echocardiographic windows were employed to screen

for tricuspid regurgitation and spectral Doppler velocity. Left

atrial volume index (LAVI) was calculated using the area–length

method (19) and indexed to body surface area. RA and RV

dimensions were determined from the apical 4-chamber view.

Tricuspid annulus plane systolic excursion (TAPSE) was

measured as the systolic displacement of the tricuspid lateral

annulus, as recorded on M-mode imaging. Right ventricular

fractional area change (RVFAC) was calculated from the

end-diastolic and end-systolic areas derived from the apical

4-chamber view. Tricuspid lateral annular systolic velocity (S′)
was assessed using tissue Doppler imaging from the apical 4-

chamber view. Finally, valvular regurgitation severity was graded

qualitatively according to current recommendations: none/trace

(grade 0), mild (grade I), moderate (grade II), or severe (grade

III) (20).
2D-STE analysis

2D-STE analysis was conducted according to the

recommendations of the American Society of Echocardiography

and the European Association of Cardiovascular Imaging (21).

Left ventricular global longitudinal strain (LVGLS) and right

ventricular free wall longitudinal strain (RVFWLS) were

measured using the 2D Auto Strain software package (Qlab13,

Philips Healthcare, Andover, Massachusetts). The software

tracked the endocardial borders of the left and right ventricles

throughout the cardiac cycle, with manual modifications as

needed. Images with low tracking quality were excluded. LVGLS

was acquired by averaging three apical views (the apical 2-, 3-,
Frontiers in Cardiovascular Medicine 0366
and 4-chamber views). RVFWLS was calculated as the mean of

the strain values in the three segments of the RV free wall.

The average frame rate of the clips used for 2D-STE analysis was

50–70 frames/s.
Intra- and inter-observer reproducibility

Intra-observer and inter-observer reproducibility for the

LVGLS and RVFWLS measurements obtained from 28 patients

were assessed via calculation of intra-class correlation coefficients

(ICCs) and Bland–Altman analysis. Intra-observer reproducibility

was analyzed by having the same investigator repeat the

biventricular longitudinal strain measurements. Inter-observer

reproducibility was determined by comparison of measurements

to those obtained by a second investigator who was blinded to

the results of the first measurements.
Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics

version 26.0 (SPSS, Inc). Continuous data are reported in the

form mean ± SD if normally distributed data or median

(interquartile range) if non-normally distributed. Categorical data

are reported in the form percentage (number) and were

compared using the chi-square test or Fisher’s exact test.

Measurements of continuous variables obtained at baseline and

6 months after implantation were compared using the paired

Student’s t-test or the Wilcoxon signed rank test. An

independent samples t-test or Mann–Whitney U test was used to

compare the group who exhibited improvement in NYHA

functional class and to the group who did not. Univariate and

multivariate logistic regression analyses were performed to

identify the predictors of improvement in NYHA functional class
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6 months after device implantation. Univariate predictors with

P < 0.10 were included in a multivariate logistic regression, which

was used to determine the independent predictors. Receiver

operating characteristic (ROC) curve analysis was used to

identify the best parameters for prediction of improvement in

NYHA functional class. The best cutoff value was based on the

maximum Youden index. All statistical tests were two-sided, and

a P value <0.05 was considered to represent statistical significance.
Results

Baseline characteristics

The clinical characteristics of patients with HFrEF and HFpEF

at baseline are presented in Table 1. In total, 25 patients with

HFrEF and 9 patients with HFpEF were enrolled. The mean age

across all patients was 59 ± 11 years, and 18 patients (52.9%)
TABLE 1 Clinical characteristics of patients with HFrEF and HFpEF at
baseline.

Overall HFrEF
group
(n = 25)

HFpEF
group
(n = 9)

P-
value

Demographics
Age, y 59 ± 11 59 ± 12 60 ± 11 0.730

Male 52.9% (18/34) 52.0% (13/25) 55.6% (5/9) >0.999

BMI, kg/m2 23.0 (20.4,
26.0)

22.7 (19.5,
25.6)

23.5 (21.9,
26.4)

0.140

SBP, mmHg 116 ± 22 115 ± 25 120 ± 10 0.489

DBP, mmHg 75 ± 10 73 ± 11 80 ± 6 0.072

HR, bpm 74 ± 14 74 ± 14 72 ± 15 0.565

Hypertension, % (n) 20.6% (7/34) 16.0% (4/25) 33.3% (3/9) 0.348

Diabetes, % (n) 29.4% (10/34) 32.0% (8/25) 22.2% (2/9) 0.692

Atrial fibrillation or
flutter, % (n)

11.8% (4/34) 8.0% (2/25) 22.2% (2/9) 0.281

Coronary artery
disease, % (n)

38.2% (13/34) 44.0% (11/25) 22.2% (2/9) 0.429

NYHA functional
class

0.591

II 5.9% (2/34) 8.0% (2/25) 0.0% (0/9)

III 76.5% (26/34) 76.0% (19/25) 77.8% (7/9)

IV 17.6% (6/34) 16.0% (4/25) 22.2% (2/9)

Laboratory data
Hemoglobin, g/L 119.5 (106.0,

132.0)
116.0 (101.0,

131.5)
126.0 (110.5,

134.0)
0.298

eGFR, mL/min 80.1 (66.4,
99.3)

81.2 (66.3,
98.9)

75.6 (51.2,
102.9)

0.869

NT-proBNP, pg/mL 1675.4 (403.0,
3795.0)

2100.0 (490.5,
6215.0)

618.0 (358.4,
2005.0)

0.166

Hemodynamics
PCWP, mmHg 17.7 ± 4.7 18.1 ± 5.2 16.7 ± 2.6 0.818

RAP, mmHg 4.0 (2.0, 7.0) 4.0 (2.0, 7.0) 5.0 (3.0, 5.5) 0.316

PCWP-RAP, mmHg 13.0 (11.0,
15.3)

13.0 (13.0,
17.5)

12.0 (11.5,
14.0)

>0.999

Values are presented in the form mean± SD, % (n), or median (interquartile range).

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;

HR, heart rate; NYHA, New York Heart Association; eGFR, estimated glomerular

filtration rate; NT-proBNP, N-terminal pro-B type natriuretic peptide; PCWP,

pulmonary capillary wedge pressure; RAP, right atrial pressure.
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were male. Among all 34 participants, 32 patients (94.1%) were

categorized into NYHA functional class III or IV, and the

average PCWP was 17.7 ± 4.7 mmHg. Hypertension was present

in 7 patients, diabetes in 10 patients, coronary artery disease in

38.2% of patients, and a history of atrial fibrillation or flutter in

4 patients. There were no differences between the HFrEF and

HFpEF groups in terms of age, sex, heart rate, systemic or

diastolic arterial pressure, incidence of comorbidities

(hypertension, diabetes, coronary artery disease, atrial fibrillation

or flutter), NYHA functional class, level of hemoglobin,

estimated glomerular filtration rate (eGFR), N-terminal pro-B

type natriuretic peptide (NT-proBNP), or hemodynamics of the

PCWP, RAP, or PCWP-RAP.
Clinical and echocardiographic
characteristics after implantation

Sizing specifications for the D-Shant device in each patient are

shown in Supplementary Table S1. At 6 months after

implantation, 5 patients with HFrEF and 1 patient with HFpEF

were lost to follow up. Among the remaining patients, there were

sustained improvements in NYHA functional class, with 5

patients (17.9%) now in NYHA functional class IV, 6 (21.4%) in

NYHA functional class III, 16 (57.1%) in NYHA functional class

II, and 1 [3.6%] in NYHA functional class I (Supplementary

Figure S1A). Similarly, significant improvements in KCCQ score

(32.1 ± 6.5 vs. 80.3 ± 6.6; P < 0.001) and 6 MWT results (333.0 ±

53.5 vs. 367.1 ± 74.3; P < 0.001) were observed across all patients

(Supplementary Figures S1B,C). Table 2 presents the

conventional echocardiographic and 2D-STE parameters at

baseline and 6 months after implantation. Color flow Doppler

imaging confirmed the presence of an interatrial left-to-right

shunt at a follow-up visit. With the creation of a small left-to-

right shunt, increased RA dimensions were observed among the

HFrEF and HFpEF groups. At 6 months after device

implantation, a significant reduction in LAVI was found only in

the HFrEF group, whereas tricuspid S′, LVEDVI, LVESVI, LVEF,
E/A, E/e′, TAPSE, and RVFAC did not differ from baseline

values in either the HFrEF or the HFpEF group.

Compared with baseline measurements, significant

improvements in LVGLS and RVFWLS were observed in the

HFrEF group (LVGLS: −10.5 [−10.8, −10.2] vs. −14.3 [−14.5,
−14.2], P < 0.001; RVFWLS: −15.5 [−15.6, −15.2] vs. −18.5
[−19.5, −18.0], P < 0.001) (Figure 2), but not in the HFpEF group.
Predictors of functional improvement after
implantation of D-shant device

An improvement in NYHA functional class at 6 months after

implantation of the D-Shant device was noted in 17 of 20

patients with HFrEF, and in 3 of 8 patients with HFpEF. The

baseline echocardiographic characteristics of patients with and

without functional improvements in NYHA functional class are

shown in Table 3. Compared with patients who did not show
frontiersin.org
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TABLE 2 Echocardiographic characteristics of patients with HFrEF and HFpEF at baseline and 6 months after D-shant device implantation.

Parameter Overall HFrEF group (n = 20) HFpEF group (n = 8)

Baseline 6-month
follow-up

P-
value

Baseline 6-month
follow-up

P-
value

Baseline 6-month
follow-up

P-
value

Left heart
LAVI, mL/m2 52.8 (39.7, 72.0) 44.9 (30.2, 52.4) 0.009 51.5 (38.8, 79.4) 47.2 (30.2, 53.1) 0.005 53.3 (42.0, 55.4) 41.0 (29.6, 48.3) 0.161

E/A ratio 1.6 ± 1.1 1.5 ± 0.9 0.523 1.5 ± 1.0 1.2 ± 0.7 0.206 1.6 ± 1.0 1.3 ± 0.7 0.345

E/e′ ratio 12.7 ± 5.2 13.5 ± 5.2 0.641 14.2 ± 6.1 12.7 ± 5.1 0.197 10.5 ± 3.3 12.9 ± 3.7 0.263

Mitral regurgitation, %
(n)

0.051 0.627 0.058

None/Trace 14.3% (4/28) 25.0% (7/28) 20.0% (4/20) 20.0% (4/20) 0.0% (0/8) 37.5% (3/8)

Mild 17.9% (5/28) 17.9% (5/28) 15.0% (3/20) 15.0% (3/20) 25.0% (2/8) 25.0% (2/8)

Moderate 32.1% (9/28) 39.3% (11/28) 25.0% (5/20) 45.0% (9/20) 50.0% (4/8) 25.0% (2/8)

Severe 35.7% (10/28) 17.9% (5/28) 40.0% (8/20) 20.0% (4/20) 25.0% (2/8) 12.5% (1/8)

LVEDVI, mL/m2 103.7 ± 35.1 106.0 ± 43.7 0.811 121.5 ± 45.2 122.0 ± 50.0 0.938 77.4 ± 22.7 71.1 ± 15.3 0.161

LVESVI, mL/m2 69.1 ± 30.0 69.5 ± 41.2 0.362 80.3 ± 28.5 77.6 ± 32.9 0.624 41.1 ± 15.2 38.0 ± 15.2 0.161

LVEF, % 34.5 (29.0, 39.7) 35.0 (28.5, 47.9) 0.733 30.2 (29.0, 35.0) 30.8 (26.6, 38.0) 0.072 47.0 (39.9, 51.2) 45.5 (37.3, 58.3) 0.484

LVGLS, % −10.6 (−11.6,
−10.3)

−14.3 (−14.5,
−14.2)

<0.001 −10.5 (−10.8,
−10.2)

−14.3 (−14.5,
−14.2)

<0.001 −12.1 (−12.5,
−10.5)

−14.2 (−14.4,
−12.4)

0.161

Right heart
RA dimension, mm 39.2 ± 7.6 43.9 ± 8.0 0. 002 40.1 ± 8.1 43.6 ± 8.1 0. 036 37.0 ± 6.0 44.6 ± 8.1 0.017

RV dimension, mm 39.2 ± 8.5 39.7 ± 7.5 0.346 38.7 ± 8.8 39.5 ± 7.0 0.657 40.4 ± 8.2 40.3 ± 9.1 0.865

Tricuspid
regurgitation, % (n)

0.869 0.331 0.655

None/Trace 28.6% (8/28) 17.9% (5/28) 30.0% (6/20) 20.0% (4/20) 25.0% (2/8) 12.5% (1/8)

Mild 25.7% (10/28) 46.4% (13/28) 40.0% (8/20) 45.0% (9/20) 25.0% (2/8) 50.0% (4/8)

Moderate 10.7% (3/28) 17.9% (5/28) 5.0% (1/20) 15.0% (3/20) 25.0% (2/8) 25.0% (2/8)

Severe 25.0% (7/28) 17.9% (5/28) 25.0% (5/20) 20.0% (4/20) 25.0% (2/8) 12.5% (1/8)

S′ velocity, cm/s 6.0 (4.9, 6.8) 6.2 (5.0, 7.4) 0585 6.1 (4.9, 7.0) 5.8 (5.0, 7.4) 0.561 5.8 (4.8, 6.7) 6.4 (5.1, 8.0) 0.674

TAPSE, mm 17.0 ± 3.1 17.0 ± 2.9 0.652 16.8 ± 3.0 17.0 ± 3.0 0.059 18.0 ± 3.2 17.0 ± 3.4 0.222

RVFAC, % 40.5 ± 11.6 39.0 ± 10.3 0.425 37.7 ± 12.4 38.3 ± 10.4 0.102 46.5 ± 10.3 43.6 ± 6.7 0.263

RVFWLS, % −15.6 (−17.0,
−15.4)

−18.8 (−19.8,
−17.9)

<0.001 −15.5 (−15.6,
−15.2)

−18.5 (−19.5,
−18.0)

<0.001 −17.4 (−17.5,
−17.1)

−21.7 (−23.6,
−16.3)

0.063

Values are presented in the form mean± SD, % (n), or median (interquartile range). LAVI, left atrial volume index; E, mitral inflow peak early diastolic velocity; A, peak late

diastolic velocity; e′, septal and lateral mitral annular early diastolic velocities; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic

volume index; LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; RA, right atrial; RV, right ventricular; S′, tricuspid lateral annular

systolic velocity; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annulus plane systolic excursion; RVFWLS, right ventricular free wall longitudinal strain.
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improvement in NYHA functional class, those who did show

improvement exhibited lower absolute values of LVGLS and

RVFWLS at baseline (Figure 3). However, LAVI, LVEDVI,

LVESVI, LVEF, E/A, E/e′, RA and RV dimensions, tricuspid S′,
TAPSE, RVFAC, and degree of mitral and tricuspid regurgitation

did not differ between the two groups.

To investigate the predictors of improvement in NYHA

functional class, we performed univariate and multivariate

analyses (Table 4). Univariate logistic regression analysis showed

that 6 MWT score [odds ratio (OR): 1.025; 95% CI: 1.003–1.047;

P = 0.028], LVGLS (OR: 5.788; 95% CI: 1.673–20.029; P = 0.006),

RVFAC (OR: 4.300; 95% CI: 1.427–12.955; P = 0.010), and

RVFWLS (OR: 2.640; 95% CI: 1.464–4.762; P = 0.001) were

predictors of improvement in NYHA functional class at 6-month

follow-up after device implantation among all patients with HF.

In contrast, age, gender, NT-proBNP, PCWP, LAVI, LVEF, RA

and RV dimensions, and TAPSE were not predictive of NYHA

functional class improvement. In multivariate models, 6 MWT

score and KCCQ score continued to be of prognostic value.

LVGLS (OR: 5.930; 95% CI: 1.463–24.038; P = 0.013) and
Frontiers in Cardiovascular Medicine 0568
RVFWLS (OR: 4.852; 95% CI: 1.372–17.159; P = 0.014) were

associated with improvement in NYHA functional class.

ROC curve analysis of these variables for use in prediction of

improvement in NYHA functional class showed that LVGLS

(area under the curve: 0.83) and RVFWLS (area under the curve:

0.81) were associated with NYHA functional class improvement

at 6 months after implantation (Figure 4). The optimal cutoff

value for LVGLS for prediction of this outcome was −12.15%,
with sensitivity of 100% and specificity of 63%; the best cutoff

value for RVFWLS was −17.25% (sensitivity: 100%; specificity:

63%).
Reproducibility

Intra-observer and inter-observer reproducibility are shown in

Table 5. The inter-observer and intra-observer ICCs for LVGLS

and RVFWLS were all greater than 0.90, indicating that both

parameters exhibited excellent reproducibility. Inter-observer and
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FIGURE 2

Comparisons of LVGLS and RVFWLS values at baseline and 6 months after D-shant device implantation. (A) LVGLS and (D) RVFWLS in all patients; (B)
LVGLS and (E) RVFWLS in patients with HFrEF; and (C) LVGLS and (F) RVFWLS in patients with HFpEF. HFpEF, heart failure with preserved ejection
fraction; HFrEF, heart failure with reduced ejection fraction; LVGLS, left ventricular global longitudinal strain; RVFWLS, right ventricular free wall
longitudinal strain.
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intra-observer agreement for LVGLS and RVFWLS were high, as

reflected by the small bias values and narrow limits of agreement.
Discussion

This study indicated that preoperative LVGLS and RVFWLS

are associated with improvement in the NYHA functional class

of patients 6 months after implantation of an interatrial shunt

device. Specifically, patients who experienced improvement in

their NYHA functional class had lower absolute values of LVGLS

and RVFWLS. The significance of these findings is that they

suggest these novel parameters could be useful in selecting

appropriate patients for atrial shunt device implantation. This

could have a significant impact on clinical decision-making, as

doctors may now be able to use LVGLS and RVFWLS values to

identify patients who are more likely to benefit from this

intervention. Additionally, the ability to predict which patients

may experience functional improvement following the procedure

could help doctors to counsel patients more effectively on the

potential benefits and risks of atrial shunt device implantation.

Overall, this study contributes new knowledge to the field and

has the potential to positively impact patient outcomes.

A significant reduction in LAVI was observed in the HFrEF

group at 6-month follow-up, suggesting an adaptive change in

LA volume in response to the interatrial shunt device. Previous

studies have indicated that LA volume is a predictor of cardiac

adverse events in HF patients (22, 23). In addition, an increase

in RA size was noted in our study, which could represent an

effect of the shunting itself or reflect an increase in circulating

volume. These findings were in line with those obtained for the
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Corvia IASD, which has been shown to be associated with

significant enlargement in RA volume at 6 months (9).

Consistent with previous work (10, 24), there was evidence of

alleviation of symptoms and improved quality of life at 6-month

follow-up. Improvement in NYHA functional class was observed

in 85.0% of patients (17/20) with HFrEF, which is in accordance

with previous reports (17, 24). In contrast, 62.5% (5/8) of

patients with HFpEF were unchanged in terms of NYHA

functional class at 6-month follow-up. Similarly to this finding,

the REDUCE LAP-HF I trial indicated no significant

improvement in NYHA functional class in patients with HFpEF

after interatrial shunt device implantation (25). Plausible

explanations might be greater myocardial damage and

pulmonary disease (9), and further research is warranted to

systematically test these results.

2D-STE allows for the semiautomated quantification of

myocardial mechanics and helps to refine the decision-making

process in patients with HF. However, evidence on the clinical

implications of 2D-STE measurements in patients with interatrial

shunt device implantation is scarce. Our study has revealed the

differentiation in changes in ventricular function response to

interatrial shunt device implantation between patients with

HFrEF and those with HFpEF. Improvements in LVGLS and

RVFWLS were identified in HFrEF patients, but not in the

HFpEF group. In patients with HFrEF, LV unloading caused by

device implantation could account for the higher value of LVGLS

at follow-up (26). Similarly, the greater RVFWLS after

implantation of the device can be attributed to compensatory

“overwork” of the RV myocardium, owing to the large preload

reserve of the RV and pulmonary vascular reserve (27). Patients

with HFpEF frequently have biventricular components to their
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TABLE 3 Baseline echocardiographic characteristics in patients who did
and did not undergo improvement in NYHA functional class after D-
shant device implantation.

Parameter Patients with
improvement in
NYHA functional
class (n = 20)

Patients without
improvement in
NYHA functional

class (n = 8)

P-
value

Left heart
LAVI, mL/m2 53.1 (41.0, 81.0) 46.6 (33.1, 55.3) 0.237

LVEDVI, mL/m2 106.9 ± 32.0 95.8 ± 43.3 0.354

LVESVI, mL/m2 72.9 ± 27.9 59.6 ± 34.8 0.218

LVEF, % 32.7 (29.0, 37.5) 39.5 (30.5, 44.3) 0.123

E/A ratio 1.7 ± 1.2 1.3 ± 0.9 0.262

E/e′ ratio 13.7 ± 5.2 10.2 ± 4.5 0.123

Mitral regurgitation,
% (n)

0.202

None/Trace 20.0% (4/20) 0.0% (0/8)

Mild 10.0% (2/20) 37.5% (3/8)

Moderate 35.0% (7/20) 25.0% (2/8)

Severe 35.0% (7/20) 37.5% (3/8)

LVGLS, % −10.5 (−10.8, −10.2) −12.4 (−12.5, −10.5) 0.006

Right heart
RA dimension, mm 40.2 ± 8.1 36.8 ± 5.8 0.237

RV dimension, mm 40.0 ± 9.5 37.1 ± 5.2 0.566

S′ velocity, cm/s 6.0 (4.8, 7.0) 6.1 (5.2, 6.7) 0.862

TAPSE, mm 17.0 ± 3.2 17.1 ± 3.0 0.980

RVFAC, % 37.9 ± 11.6 46.9 ± 9.5 0.070

Tricuspid
regurgitation, % (n)

0.743

None/Trace 20.0% (4/20) 50.0% (4/8)

Mild 40.0% (8/20) 25.0% (2/8)

Moderate 10.0% (2/20) 12.5% (1/8)

Severe 30.0% (6/20) 12.5% (1/8)

RVFWLS, % −15.5 (−15.8, −15.2) −17.4 (−17.5, −15.5) 0.010

Values are presented in the form mean± SD, % (n), or median (interquartile range).

LAVI, left atrial volume index; E, mitral inflow peak early diastolic velocity; A, peak

late diastolic velocity; e′, septal and lateral mitral annular early diastolic velocities;

LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-

systolic volume index; LVEF, left ventricular ejection fraction; LVGLS, left

ventricular global longitudinal strain; RA, right atrial; RV, right ventricular; S′,
tricuspid lateral annular systolic velocity; RVFAC, right ventricular fractional area

change; TAPSE, tricuspid annulus plane systolic excursion; RVFWLS, right

ventricular free wall longitudinal strain.

FIGURE 3

Comparisons of (A) LVEF, (B) LVGLS, and (C) RVFWLS in patients who did and di
implantation. LVEF, left ventricular ejection fraction; NYHA, New York Heart A
ventricular free wall longitudinal strain.
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cardiomyopathy and virtually always have abnormalities in

pulmonary arterial capacitance and some degree of pulmonary

vascular remodeling (12, 28, 29), rendering them more sensitive

to even minor degrees of RV volume overload. Our findings are

novel in that we have identified LVGLS and RVFWLS as

predictors of improvement in NYHA functional class after

interatrial shunt device implantation. Elshafey et al. have recently

documented the significant correlation of LVGLS with NYHA

functional class among patients with HFrEF (30). Another study

has found that LV segmental longitudinal strain could be a

predictor of recovery of cardiac function in patients with reduced

LVEF (15). In our cohort, biventricular systolic myocardial

deformation may have been associated with recovery of cardiac

function after D-Shant device implantation. Myocardial systolic

strain has been linked to serum levels of aminoterminal

propeptide of procollagen I/III and tissue inhibitor of matrix

metalloproteinase-1, both of which are indicators of cardiac

fibrosis (31). Biventricular longitudinal strain may prove to be a

noninvasive surrogate measure for prediction of NYHA

functional class improvement in patients who undergo interatrial

shunt device implantation. Although this study suggests an

association between biventricular longitudinal strain and recovery

of cardiac function, the results should be further tested in a large

cohort of patients with HF.
Limitations

Because of the strict exclusion criteria and the fact that this was

a small single-center study, the sample size was small. We were

unable to include several clinical variables (e.g., cardiovascular

diseases, RAP, and PCWP-RAP) in the model due to the small

number of cases, which raises the possibility of model overfit. As

a result, we were unable to modify our model fully. The current

study should be viewed as a proof of concept, and larger

multicenter investigations are needed. Additionally, invasive right

heart catheterization was not performed in our cohort of patients
d not undergo improvement in NYHA functional class after D-shant device
ssociation; LVGLS, left ventricular global longitudinal strain; RVFWLS, right
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TABLE 4 Univariate and multivariate analyses of factors associated with improvement in NYHA functional class after D-shant device implantation.

Model 1 Model 2

Univariate 6 WMT + KCCQ + LVGLS 6 WMT + KCCQ + RVFWLS +
RVFAC

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P–value

Age 0.920 (0.833–1.016) 0.101

Gender 0.600 (0.112–3.214) 0.551

NT-proBNP 1.000 (1.000–1.000) 0.331

6 MWT 1.025 (1.003–1.047) 0.028 1.023 (1.001–1.046) 0.041 0.254

KCCQ 1.150 (0.999–1.323) 0.052 0.102 1.156 (1.005–1.330) 0.043

PCWP 1.561 (0.913–2.669) 0.104

LAVI 1.040 (0.990–1.093) 0.117

LVEF 0.932 (0.850–1.021) 0.128

LVGLS 5.788 (1.673–20.029) 0.006 5.930 (1.463–24.038) 0.013

RA dimension 2.073 (0.548–7.846) 0.283

RV dimension 1.579 (0.535–4.661) 0.408

TAPSE 0.985 (0.752–1.292) 0.915

RVFAC 4.300 (1.427–12.955) 0.010 0.074

RVFWLS 2.640 (1.464–4.762) 0.001 4.852 (1.372–17.159) 0.014

Odds ratios are presented with 95% CIs.

LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; RA, right atrial; RV, right ventricular; RVFAC, right

ventricular fractional area change; TAPSE, tricuspid annulus plane systolic excursion; RVFWLS, right ventricular free wall longitudinal strain; PCWP, pulmonary capillary

wedge pressure; NT-proBNP, N-terminal pro-B type natriuretic peptide; 6 MWT, 6-min walk test; KCCQ, Kansas City Cardiomyopathy Questionnaire.

FIGURE 4

ROC curve analysis of STE parameters as predictors of improvement in
NYHA functional class after D-shant device implantation. ROC,
receiver-operating characteristic; NYHA, New York Heart Association;
LVGLS, left ventricular global longitudinal strain; RVFWLS, right
ventricular free wall longitudinal strain.

TABLE 5 The reproducibility of LVGLS and RVFWLS measurements.

ICC (95% CI) Bias Limits of agreement

Intra-observer
LVGLS, % 0.89 (0.82–0.93) −0.07 −4.07–3.92
RVFWLS, % 0.99 (9.6–0.10) −0.29 −1.16–0.58

Inter-observer
LVGLS, % 0.92 (0.87–0.95) −0.14 −3.43–3.16
RVFWLS, % 0.99 (9.7–1.00) −0.27 −1.12–0.66

CI, confidence interval; LVGLS, left ventricular global longitudinal strain; ICC,

intraclass correlation coefficient; RVFWLS, right ventricular free wall longitudinal

strain.

Zhou et al. 10.3389/fcvm.2023.1121689

Frontiers in Cardiovascular Medicine 0871
at 6-month follow-up. Although our results indicated biventricular

longitudinal strain on echocardiography to be a valuable predictor

of NYHA functional class improvement after interatrial shunt

device implantation among patients with HFrEF and HFpEF, the

diagnostic utility of strain cutoffs as noninvasive markers was not

provided owing to the small sample size. Future research is

warranted to test this issue, as well as the relative clinical utility

of biventricular longitudinal strain in larger-scale epidemiological

cohorts.
Conclusions

The findings of this study suggest that biventricular

longitudinal strain can be used as a non-invasive surrogate

measure for prediction of recovery of cardiac function after

implantation of a D-Shant device. This information may have a

significant impact on clinical decision-making by enabling

physicians to identify patients who are likely to benefit from the

device and to make more informed decisions regarding atrial

shunt device implantation.

Overall, this study has the potential to improve patient

outcomes and reduce morbidity and mortality in heart failure

patients, making it a valuable contribution to the field of

cardiology.
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Use of left atrial appendage
as an autologous tissue source
for epicardial micrograft
transplantation during LVAD
implantation
Jan D. Schmitto1, Aleksi Kuuva2, Kai Kronström2,3, Jasmin S. Hanke1

and Esko Kankuri4*
1Department of Cardiac-, Thoracic-, Transplantation and Vascular Surgery, Hannover Medical School,
Hannover, Germany, 2EpiHeart Oy, Helsinki, Finland, 3Department of Neuroscience and Biomedical
Engineering, Aalto University, Espoo, Finland, 4Department of Pharmacology, Faculty of Medicine,
University of Helsinki, Helsinki, Finland

We report here the first clinical use of the left atrial appendage (LAA) for epicardial
micrograft transplantation during left ventricular assist device (LVAD) implantation.
Previously, a sample from the right atrial appendage (RAA) has been available for
processing and administering micrograft therapy in cardiac surgery. Both LAA
and RAA are rich sources of various types of myocardial cells and are capable of
providing both paracrine and cellular support to the failing myocardium. The
surgical approach of LAA micrografting facilitates epicardial micrograft therapy
dose escalation and treatment of larger myocardial areas than done previously.
Moreover, as collection of treated vs. untreated tissues from the recipient heart
is possible following LVAD implantation at the time of heart transplantation, the
evaluation of the therapy’s mechanism of action can be further deciphered at
cellular and molecular levels. This LAA modification of the epicardial
micrografting technique has the overall potential to facilitate the adoption of
cardiac cell therapy during heart surgery.

KEYWORDS

autologous cardiac micrografts, cell therapy, epicardial transplantation, left ventricular

assist device (LVAD), left atrial appendage (LAA), heart failure

Introduction

Myocardial recovery and device explantation are achieved in 3% of patients receiving

mechanical circulatory support by left ventricular assist device (LVAD). It is considered

that LVAD-induced cardiac unloading induces reverse cardiac remodeling, which

contributes to myocardial recovery (1–4). Further possibilities for inducing structural

and functional improvements in the myocardium are offered by cellular therapies,

which have been under evaluation for the treatment of heart failure over two decades

(5, 6). Despite controversies, cellular therapies remain under investigation for their

numerous potential beneficial effects on the heart (7, 8). Theoretically, inducing

myocardial regeneration at the cellular level can improve myocardial recovery after

LVAD implantation. The high costs of cell therapy manufacturing, extensive culturing,

dedicated facilities required, and concerns of mutations due to prolonged extensive
Abbreviations

CABG, coronary artery bypass grafting; LVAD, left ventricular assist device.
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expansion and in vitro manipulations have attracted the search

for alternative possibilities to cell therapy production and

administration. During LVAD implantation surgery, autologous

cardiac tissue can be harvested for the purpose of cell therapy

generation from, for example, atrial appendages and left

ventricular tissue. Recent data have shown that epicardial

transplantation of autologous right atrial appendage (RAA)

micrografts is clinically safe and feasible and is associated with

beneficial structural and functional effects on ischemic

myocardium (9–11).

As compared to the limited amount of tissue that can be

harvested from the RAA for therapy preparation, the left

atrial appendage (12, 13) allows for harvesting of a

substantially greater amount of tissue and thus serves as a

scalable tissue source for autologous therapeutic applications.

We provide here the first clinical insight into the feasibility

and safety of autologous left atrial appendage (LAA)

harvesting, processing, and epicardial micrograft

transplantation during LVAD implantation.
Method

A 61-year-old male patient with dilated cardiomyopathy

underwent LVAD implantation as destination therapy. Prior to

surgery, the patient was provided with information regarding the

implantation procedure. The patient provided written informed

consent for the procedure and follow-up. For the procedure, a

HeartMate 3 LVAD (Abbott, Green Oaks, IL, United States) was

implanted via full sternotomy. The LAA was then closed

(Atriclip, Atricure Inc., Mason, OH, United States), removed,

and forwarded for mechanical disaggregation and epicardial graft

composition. A set of instrumentation for micrografting

including a tissue processing station (EpiHeart Oy, Helsinki,

Finland) and micrografting tool (HBW srl, Turin, Italy) were used.

Figure 1 illustrates LAA processing and epicardial LAA

micrograft patch application. The harvested LAA tissue (∼5 g) was
first cut into smaller pieces. Processing into micrografts was carried

out from 1 g of LAA tissue with the micrografting tool in four 1-

min cycles. Each cycle was followed by micrograft harvesting in

4 ml of cardioplegia into a 50-ml centrifugation tube. To ensure

washing in an ample buffer solution volume, fresh cardioplegia was

added to the tube to reach a total volume of 25 ml. After

centrifugation and removal of the cardioplegia supernatant, the

LAA micrograft pellet was suspended in saline-diluted (1:1)

fibrinogen component of the Tisseel fibrin sealant (Tisseel, Baxter

Healthcare Corp., Westlake Village, CA, United States). The

micrografts were then applied onto a decellularized equine

pericardium matrix sheet (Auto Tissue Berlin GmbH, Berlin,

Germany) spread on a dedicated transplant holder (EpiHeart Oy).

The completed transplant was placed on a cooling plate (EpiHeart

Oy) on the transplant holder to minimize micrograft metabolic

activity before transplantation and to allow for controlled fibrin

mesh formation. Saline-diluted (1:30) thrombin component of the

fibrin sealant was then used to induce the formation of a fibrin

mesh gel to support and fix the LAA micrografts to the matrix
Frontiers in Cardiovascular Medicine 0275
sheet. At the end of surgery, the autologous LAA micrograft

transplant was fixed onto the epicardial surface with four sutures.
Results

The harvesting, mechanical tissue disaggregation, and

preparation of the epicardial graft was carried out in a total of

35 min. Impact of the process on the duration of surgery was an

increase of 6 min: 2 min for collecting the atrial appendage and

4 min for fixing and suturing the graft in place on the epicardial

surface. The postoperative course was uneventful, and the patient

was discharged home on postoperative day 33 with regular

outpatient follow-up after approximately 3 months.
Discussion

We report here the first clinical application of intraoperative

cardiac tissue micrografting using the LAA. The LAA micrograft

transplant was successfully applied epicardially in conjunction with

LVAD implantation. In addition to potential therapeutic benefits,

this approach facilitates obtaining mechanistic proof of remodeling

efficacy at functional, molecular, and structural levels using clinical

imaging tools. Importantly, this protocol enables in-depth

analytical comparisons of a baseline myocardial sample (available

from the apical myocardium removed for LVAD implantation)

with samples from treated and untreated myocardial areas

available from the discarded host heart at heart transplantation.

Such analyses can provide unique insights into intriguing new

paracrine and cellular mechanisms of action of epicardial cellular

therapies and increase our understanding on the nonthrombogenic

roles of the LAA (14). Interestingly, graft-to-myocardium

migration of tissue-resident macrophages was associated with

myocardial healing after epicardial transplantation of LAA in a

mouse model of acute myocardial infarction and heart failure (15).

The contribution of graft-to-myocardium cell migration to

myocardial healing will be an exciting topic for further research

the autologous atrial appendage micrografts.

Similar therapy utilizing a small piece of the RAA has

already been evaluated in conjunction with coronary artery

bypass grafting (CABG) surgeries (9, 11). With increased

amounts of tissue, for example from the LAA, available for

processing, larger areas can be treated, and increased doses

can be administered. Moreover, additional tissues utilizable

for cell therapy are also available from cardiac surgeries. In

addition to atrial appendage tissues, even leftover parts of

vascular grafts at CABG surgery and apical myocardial tissue

removed for the LVAD inlet at LVAD implantation are

available for rapid mechanical processing to micrografts and

subsequent epicardial transplantation intraoperatively. Such

hybrid-tissue micrograft transplants may offer unprecedented

therapeutic advances.

The adaptation of epicardial micrografting and the utilization

of LAA, as presented here, offer a relatively ample autologous

cardiac tissue source for surgical cell therapy. Straightforward
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FIGURE 1

Left atrial appendage processing and epicardial transplantation. (A) Pieces of LAA are cut for processing. (B) Mechanical processing of LAA pieces to
micrografts. (C) Application of LAA micrografts to the ECM sheet. (D) ECM sheet with LAA micrografts waiting for transplantation. (E) Transplant in
transplant holder for flipping onto the epicardial surface. (F) Epicardially applied LAA micrograft patch in place on the left ventricle. LAA, left atrial
appendage; ECM, extracellular matrix.

Schmitto et al. 10.3389/fcvm.2023.1143886
mechanical disaggregation and available regulatory-approved

devices are expected to facilitate the adoption of this cardiac cell

therapy approach. This, in turn, enables further therapy

optimization and provides possibilities to obtain advanced

mechanistic understanding of therapy efficacy.
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Outcomes of catheter ablation
vs. medical treatment for atrial
fibrillation and heart failure: a
meta-analysis
Wei-Chieh Lee1,2, Hsiu-Yu Fang3, Po-Jui Wu3,
Huang-Chung Chen3, Yen-Nan Fang3 and Mien-Cheng Chen3*
1Institute of Clinical Medicine, College of Medicine, National Cheng Kung University, Tainan, Taiwan,
2Division of Cardiology, Department of Internal Medicine, Chi Mei Medical Center, Tainan, Taiwan,
3Division of Cardiology, Department of Internal Medicine, Kaohsiung Chang Gung Memorial Hospital,
Chang Gung University College of Medicine, Kaohsiung, Taiwan, 4Division of Cardiology, Department of
Internal Medicine, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung
University, Tainan, Taiwan

Background: The benefit of catheter ablation vs. medical treatment has been
reported to be inconsistent in randomized controlled trials (RCTs) for patients
with atrial fibrillation (AF) and heart failure (HF) due to different enrollment
criteria. This meta-analysis aimed to decipher the differential outcomes stratified
by different left ventricular ejection fractions (LVEFs) and AF types.
Methods: We searched PubMed, Embase, ProQuest, ScienceDirect, Cochrane
Library, ClinicalKey, Web of Science, and ClinicalTrials.gov databases for RCTs
comparing medical treatment and catheter ablation in patients with AF and HF
published before March 31, 2023. Nine studies were included.
Results: When patients were stratified by LVEF, improved LVEF and 6-min walk
distance, less AF recurrence, and lower all-cause mortality in favor of catheter
ablation were observed in patients with LVEF ≤50% but not in patients with LVEF
≤35%, and short HF hospitalization was observed in patients with LVEF ≤50% and
LVEF ≤35%. When patients were stratified by AF types, improved LVEF and 6-min
walk distance, better HF questionnaire score, and short HF hospitalization in favor
of catheter ablation were observed both in patients with nonparoxysmal AF and
mixed AF (paroxysmal and persistent) and less AF recurrence and lower all-cause
mortality in favor of catheter ablation were observed in only patients with mixed AF.
Conclusions: This meta-analysis showed improved LVEF and 6-min walk distance, less
AF recurrence, and lower all-cause mortality in favor of catheter ablation vs. medical
treatment in AF patients with HF and LVEF of 36%–50%. Compared with medical
treatment, catheter ablation improved LVEF and had better HF status in patients with
nonparoxysmal AF and mixed AF; however, AF recurrence and all-cause mortality in
favor of catheter ablation were observed in only HF patients with mixed AF.

KEYWORDS

atrial fibrillation, heart failure, left ventricular ejection fraction, medical treatment, catheter

ablation

Introduction

The prevalence of atrial fibrillation (AF) and heart failure (HF) has increased globally

(1). Advanced age and underlying structural heart disease are risk factors for AF and HF,

which may develop sequentially or coincidentally (2). Patients with both conditions have

worse outcomes and a higher risk of adverse clinical events (3, 4). Therefore, appropriate
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management of AF and HF is important to reduce morbidity and

mortality in patients with AF and HF. One randomized controlled

study showed that catheter ablation had a low reported rate of

restoring sinus rhythm and did not improve N-terminal pro-B-

type natriuretic peptide, 6-min walk distance, or quality of life in

patients with persistent AF and HF when compared with rate

control (5). However, several randomized controlled studies

showed significant benefits from catheter ablation vs. rate control

in terms of objective exercise performance, clinical symptoms,

neurohormonal status, left ventricular ejection fraction (LVEF),

unplanned hospitalization, and mortality in patients with

persistent AF and HF (6–8). One randomized controlled trial

(RCT) reported that catheter ablation was associated with a

significantly lower rate of all-cause mortality or hospitalization

for worsening HF than rhythm and rate control therapy in

patients with paroxysmal and persistent AF and HF, especially in

patients with LVEF≥ 25% (9). One study reported that timely

treatment of arrhythmia-mediated cardiomyopathy might

minimize irreversible ventricular remodeling in patients with

persistent AF and HF related to LV systolic dysfunction

(LVEF≤ 45%) (10). However, another RCT reported that

catheter ablation did not improve LVEF compared with the best

medical treatment in HF patients with persistent AF and

LVEF≤ 35% (11). In the subgroup analysis of the CABANA

study, catheter ablation produced clinically important

improvements in survival, freedom from AF recurrence, and

quality of life compared with drug therapy in patients with

paroxysmal or persistent AF and clinically stable heart failure

with a mean LVEF of 55% (12). However, another open-label

study showed no difference in all-cause mortality or HF events

between catheter ablation and rate control in patients with high-

burden paroxysmal AF or persistent AF and HF symptoms (13).

Therefore, the benefit of catheter ablation vs. medical treatment

has been reported to be inconsistent in patients with AF and HF

regarding clinical symptoms and outcomes. The discrepancy in

outcomes between catheter ablation and medical treatment in

patients with AF and HF may be due to different inclusion

criteria in terms of HF diagnostic criteria and LVEF and AF

types. Therefore, this meta-analysis aimed to decipher the

differential outcomes of catheter ablation vs. medical treatment

in patients with AF and HF, stratified by different LVEFs,

New York Heart Association (NYHA) class≥ II, and different AF

types.
Methods

Search strategies, trial selection, quality
assessment, and data extraction

Two cardiologists (W-CL and H-YF) performed a systematic

literature search of the PubMed, Embase, ProQuest,

ScienceDirect, Cochrane Library, ClinicalKey, Web of Science,

and ClinicalTrials.gov databases for articles published before

March 31, 2023. The databases were searched for relevant studies

without language restrictions using the key terms “atrial
Frontiers in Cardiovascular Medicine 0279
fibrillation,” “heart failure,” “catheter ablation,” and “medical

treatment.” Disagreements were resolved by a third reviewer (P-

JW). This study included different RCTs that compared the

efficacies of catheter ablation and medical treatment in patients

with AF and HF. The inclusion criteria were a human study with

parallel design and comparison of the efficacy of catheter

ablation and medical treatment in patients with AF and HF. The

exclusion criteria were case reports or series, animal studies,

review articles, conference abstracts, unpublished data, and

observational studies. We did not set language limitations to

increase the number of eligible articles. Supplementary

Figure S1 illustrates the literature search and screening protocol.
Outcomes

The outcomes of interest in this study were the change in LVEF,

6-min walk distance, HF questionnaire score, change in brain

natriuretic peptide (BNP), AF recurrence, HF hospitalization, and

all-cause mortality.
Statistical analysis

The frequency of each evaluated outcome was extracted from

each study, and the data were presented as cumulative rates. A

random-effects model was employed to pool the individual odds

ratio (OR), and all analyses were performed using Comprehensive

Meta-Analysis software version 3 (Biostat, Englewood, NJ, United

States). To assess the heterogeneity across trials, we used the chi-

squared test (values of p≤ 0.10 were considered significant) and

I2 statistics to examine each outcome from low to high

heterogeneity (25%–75%, respectively). Potential publication

bias was assessed using Egger’s test via funnel plots, and statistical

significance was set at p≤ 0.10. Statistical significance was set at

p < 0.05 to compare the catheter ablation and medical treatment

groups.
Results

Characteristics of included studies

The study selection process is illustrated in Supplementary

Figure S1. Nine studies met our inclusion criteria. The study

design, study period, participant characteristics, AF type, HF

criteria, mean LVEF, and follow-up period are described in

Table 1. A total of 2,074 participants (mean age, 65 ± 7.6 years;

70.9% men) were included. Most participants in these studies had

nonparoxysmal AF (68%–100%). The enrollment criterion for HF

trial patients in four studies was LVEF≤ 35% (5, 6, 9, 11). In

another three studies, different LVEF values were used to enroll

HF patients, including ≤50% (7), ≤40% (8), and ≤45% (10). The

remaining two studies did not declare the LVEF cutoff value for

enrollment and used only a history of NYHA functional

classification ≥II as the enrollment criteria (12, 13).
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TABLE 1 Characteristics of the nine included studies.

First author
(year)—
study name

Patients
number
(male %)

Age
(years)

Study
period

Nonparoxysmal
AF (%)

Enrollment criteria
for HF

Mean LVEF
of the two
groups

Follow-up Reference
number

MacDonald MR
(2011)

41 (78) 63 ± 7 January 2007–
July 2009

100 NYHA class≥ II and
LVEF ≤ 35%

19.6 ± 5.5% vs.
16.1 ± 7.1%

6 months 5

Jones DG (2013) 52 (87) 63 ± 9 April 2009–
June 2012

100 NYHA class≥ II and
LVEF ≤ 35%

25 ± 7% vs. 22
± 8%

12 months 6

Hunter RJ
(2014)—ARC AF

50 (96) 57 ± 11 N/A 92 NYHA class≥ II and
LVEF ≤ 50%

34 ± 12% vs.
32 ± 8%

12 months 7

Di Biase (2016)—
CAMTAF

203 (74) 61 ± 11 N/A 100 NYHA class II, III,
LVEF ≤ 40%, and an
implanted defibrillator

30 ± 8% vs. 29
± 5%

24 months 8

Marrouche NF
(2018)—
CASTLE-AF

363 (86) 64 ± 4 January 2008–
January 2016

68 NYHA class≥ II,
LVEF ≤ 35%, and an
implanted defibrillator

31.5 ± 2.5% vs.
32.5 ± 3.3%

37.8 months 9

Prabhu S (2018)
—CAMERA MRI

36 (N/A) 61 ± 11 N/A 100 LVEF ≤ 45% 36 ± 8.2% vs.
33 ± 8.0%

6 months 10

Kuck KH
(2021)—AMICA

140 (90) 65 ± 8 January 2008–
June 2016

100 LVEF ≤ 35% 24.8 ± 8.8% vs.
27.8 ± 9.5%

12 months 11

Packer DL
CABANA
subgroup (2021)

778 (55) 67 ± 3 November
2009–April
2016

68 NYHA class≥ II 56 ± 3% vs. 55
± 3%

60 months 12

Parkash R
(2022)—RAFTAF

411 (74) 67 ± 8 December
2011–January
2018

93 NYHA class II, III and
elevated NT-proBNP

40.3 ± 14.6%
vs. 41.0 ±
14.9%

24 months 13

HF, heart failure; AF, atrial fibrillation; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; N/A, not applicable; NT-proBNP; N-terminal pro-B-type

natriuretic peptide.

TABLE 2 Patients’ demographics.

Medical
treatment

Catheter
ablation

P
value

Number 1,041 1,033

Age (years) 65 ± 7.4 (1,041) 65 ± 7.8 (1,033) 1.000

Male sex (%) 71.5 (731/1,023) 70.3 (714/1,015) 0.551

Diabetes mellitus (%) 29.2 (289/991) 27.4 (269/981) 0.375

Hypertension (%) 73.4 (745/1,015) 71.5 (720/1,007) 0.339

Nonparoxysmal AF (%) 79.1 (808/1,022) 81.8 (827/1,011) 0.125

ICM (%) 41.0 (214/522) 37.9 (203/535) 0.303

Coronary artery disease
(%)

31.6 (293/927) 30.9 (285/921) 0.746

Lee et al. 10.3389/fcvm.2023.1165011
Patient demographics

Table 2 describes the details of patients’ demographics between

the medical treatment and catheter ablation groups of the enrolled

study patients. The mean age, sex, NYHA functional classification,

prevalence of diabetes mellitus, hypertension, prior stroke,

ischemic cardiomyopathy, implantable cardioverter defibrillator,

cardiac resynchronization therapy placement, nonparoxysmal AF,

AF duration, mean LVEF, and use of HF medications did not

differ significantly between the medical treatment and catheter

ablation groups.

Prior stroke (%) 10.3 (84/818) 10.5 (85/811) 0.895

NYHA class≥ III (%) 39.1 (204/522) 42.8 (229/535) 0.222

ICD and CRT (%) 57.2 (274/479) 57.1 (278/487) 0.975

LA dimension (mm) 48.2 ± 6.3 (548) 47.6 ± 6.4 (563) 0.116

LVEF (%) 41.7 ± 14.9 (1,041) 41.2 ± 14.1 (1,033) 0.433

CHA2DS2-VASc score 3.1 ± 1.2 (615) 3.1 ± 1.2 (610) 1.000

AF duration (months) 16.6 ± 21.3 (785) 15.7 ± 16.1 (786) 0.345

ACEI/ARB (%) 88.3 (545/617) 86.2 (542/629) 0.267

β-blocker (%) 84.4 (521/617) 82.7 (520/629) 0.419

MRA (%) 59.0 (364/617) 60.9 (383/629) 0.494

AF, atrial fibrillation; ICM, ischemic cardiomyopathy; NYHA, New York Heart

Association; ICD, implantable cardioverter defibrillator; CRT, cardiac

resynchronization therapy; LA, left atrium; LVEF, left ventricular ejection fraction;

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor

blocker; MRA, mineralocorticoid receptor antagonist.

Data are expressed as mean ± SD or number (percentage).
Pooled results of changes in LVEF, 6-min
walk distance, HF questionnaire score, BNP
level, AF recurrence, HF hospitalization, and
all-cause mortality

Pooled results from the random-effects model showed that

catheter ablation for AF, compared with medical treatment, was

associated with an increased LVEF from baseline [mean

difference 6.22%; 95% confidence interval (CI), 3.59%–8.86%]

with high heterogeneity (Cochran’s Q, 294.657; df, 7; I2, 97.624%;

p < 0.001) (Figure 1A). Egger’s test revealed nonsignificant

publication bias in the change in LVEF (t, 0.309; df, 6; p = 0.767).

The funnel plot of the change in LVEF is shown in

Supplementary Figure S2. Pooled results from the random-

effects model showed that catheter ablation vs. medical treatment

was associated with an increased 6-min walk distance from

baseline (mean difference, 0.97 m; 95% CI, 0.27–1.67 m), with
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high heterogeneity (Cochran’s Q, 94.559; df, 5; I2, 94.712%;

p < 0.001) (Figure 1B). Egger’s test revealed a nonsignificant

publication bias regarding the change in the 6-min walk distance

(t, 0.782; df, 4; p = 0.478). The funnel plot for the change in the
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FIGURE 1

Forest plots comparing the changes in LVEF, 6-min walk distance, HF questionnaire score, BNP level, odds ratio for AF recurrence, odds ratio for HF
hospitalization, and odds ratio for all-cause mortality of medical treatment versus catheter ablation. (A) Change of LVEF in eight studies. (B) 6-min
walk distance in six studies. (C) HF questionnaire in six studies. (D) Change of BNP level in six studies. (E) AF recurrence rate in five studies. (F) HF
hospitalization rate in five studies. (G) All-cause mortality rate in five studies. AF, atrial fibrillation; BNP, B-type natriuretic peptide; HF, heart failure;
LVEF, left ventricular ejection fraction.
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6-min walk distance is shown in Supplementary Figure S3. Pooled

results from the random-effects model showed that catheter

ablation vs. medical therapy was associated with an improved HF

questionnaire score from baseline (mean difference, 0.86; 95% CI,

0.35–1.37) with high heterogeneity (Cochran’s Q, 55.150; df, 5;

I2, 90.934%; p < 0.001) (Figure 1C). Egger’s test showed a

nonsignificant publication bias in the change in the

HF questionnaire score (t, 0.028; df, 4; p = 0.979). The funnel

plot for the change in HF questionnaire score is shown in

Supplementary Figure S4. Pooled results from the random-

effects model showed that catheter ablation vs. medical treatment

was associated with significant change in the BNP level from

baseline (mean difference, 2.58 pg/ml, 95% CI, 0.97–4.20 pg/ml)

with high heterogeneity (Cochran’s Q, 233.478; df, 5; I2, 97.858%;

p < 0.001) (Figure 1D). Egger’s test revealed a nonsignificant

publication bias for the change in the BNP level (t, 0.392; df, 4;

p = 0.715). The funnel plot for the change in the BNP level is

shown in Supplementary Figure S5. The overall OR of the

recurrence of AF of the catheter ablation group vs. medical

treatment was 4.26 (95% CI, 1.34–13.55) in favor of catheter

ablation (Figure 1E) with high heterogeneity (Cochran’s Q,

112.389; df, 4; I2, 96.441%; p < 0.001). Egger’s test revealed

nonsignificant publication bias regarding the overall OR of AF

recurrence (t, 0.382; df, 3; p = 0.728). A funnel plot for the log

OR of AF recurrence is shown in Supplementary Figure S6. The

overall OR of the HF hospitalization of catheter ablation vs.

medical treatment was 1.72 (95% CI, 1.22–2.42) in favor of

catheter ablation (Figure 1F) with moderate heterogeneity

(Cochran’s Q, 7.991; df, 4; I2, 49.946%; p = 0.092). Egger’s test

revealed a nonsignificant publication bias regarding the overall

OR of hospitalization for HF (t, 0.180; df, 3; p = 0.869). A funnel

plot for the log OR of HF hospitalization is shown in

Supplementary Figure S7. The overall OR of the incidence of

all-cause mortality of catheter ablation vs. medical treatment was

1.65 (95% CI, 1.25–2.20) in favor of catheter ablation

(Figure 1G) with low heterogeneity (Cochran’s Q, 3.622; df, 4; I2,

0%; p = 0.460). Egger’s test revealed a nonsignificant publication

bias regarding the overall OR of all-cause mortality (t, 0.215; df,

3; p = 0.844). The funnel plot for the log OR of all-cause

mortality is shown in Supplementary Figure S8.
Pooled results of change in LVEF, 6-min
walk distance, HF questionnaire score, BNP
level, AF recurrence, HF hospitalization, and
all-cause mortality stratified by different
LVEFs

A greater improvement in LVEF in favor of catheter ablation

vs. medical treatment was observed in the population with LVEF

≤50% (mean difference, 9.54%; 95% CI, 0.04%–19.04%) but not

in the population with LVEF ≤35% (Figure 2A). A longer 6-min

walk distance in favor of catheter ablation vs. medical treatment

was observed in the population with LVEF ≤50% (mean

difference, 0.40 m; 95% CI, 0.03–0.75 m), but not in the

population with LVEF ≤35% (Figure 2B). Interestingly, a greater
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ablation vs. medical treatment was observed in the population

with LVEF ≤35% (mean difference, 0.51; 95% CI, 0.14–0.89) but

not in the population with LVEF ≤50% (Figure 2C). There was

no significant difference in the change in the BNP level

between catheter ablation and medical treatment in the

population with LVEF ≤35% (mean difference, 2.29 pg/ml; 95%

CI, −0.30 to 4.87 pg/ml) and in the population with LVEF ≤50%
(mean difference, 2.57 pg/ml; 95% CI, −2.34 to 7.48 pg/ml)

(Figure 2D). The risk of recurrence of AF was significantly lower

by catheter ablation compared with medical treatment in the

population with LVEF ≤50% (OR, 4.51; 95% CI, 2.50–8.14) but

not in the population with LVEF ≤35% (Figure 2E). The overall

OR values of HF hospitalization were 1.93 (95% CI, 1.29–2.88),

in favor of catheter ablation vs. medical treatment in the

population with LVEF ≤35%, and 2.95 (95% CI, 1.66–5.24), also

in favor of catheter ablation vs. medical treatment in the

population with LVEF ≤50% (Figure 2F). The incidence of all-

cause mortality was significantly lower by catheter ablation

compared with medical treatment in the population with LVEF

≤50% (OR, 2.55; 95% CI, 1.05–6.17) but not in the population

with LVEF ≤35% (Figure 2G).
Pooled results of change in LVEF, 6-min
walk distance, HF questionnaire score, BNP
level, AF recurrence, HF hospitalization, and
all-cause mortality stratified only by NYHA
≥II

A greater improvement in LVEF in favor of catheter ablation

vs. medical treatment was observed in the population with HF

history (mean difference, 6.30%; 95% CI, 6.07%–6.53%)

(Figure 3A). A longer 6-min walk distance in favor of catheter

ablation vs. medical treatment was observed in the population

with HF history (mean difference, 1.85 m; 95% CI, 1.62–2.08 m)

(Figure 3B). A greater improvement in HF questionnaire scores

in favor of catheter ablation vs. medical treatment was observed

in the population with HF history (mean difference, 1.24; 95%

CI, 1.03–1.45) (Figure 3C). A significant difference in the change

in the BNP level in favor of catheter ablation vs. medical

treatment was observed in the population with HF history (mean

difference, 3.62 pg/ml; 95% CI, 3.30–3.93 pg/ml) (Figure 3D).

There was no significant difference in the recurrence of AF, HF

hospitalization, and all-cause mortality between catheter ablation

and medical treatment in the population with HF history of

NYHA ≥II (Figures 3E–G).
Pooled results of change in LVEF, 6-min
walk distance, HF questionnaire score, BNP
level, AF recurrence, HF hospitalization, and
all-cause mortality stratified by AF types

Mixed AF was defined as the study population with paroxysmal

and persistent AF (14). A greater improvement in LVEF in favor of
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FIGURE 2

Forest plots comparing the changes in LVEF, 6-min walk distance, HF questionnaire score, BNP level, odds ratio for AF recurrence, odds ratio for HF
hospitalization, and odds ratio for all-cause mortality of medical treatment versus catheter ablation in patients stratified by LVEF (LVEF≤ 35% and
LVEF≤ 50%). (A) Change in LVEF in seven studies (≤35% in four, ≤50% in three). (B) 6-min walk distance in five studies (LVEF≤ 35% in three, LVEF≤
50% in two). (C) HF questionnaire score in five studies (LVEF ≤ 35% in three, LVEF≤ 50% in two). (D) BNP level in five studies (LVEF≤ 35% in three,
LVEF≤ 50% in two). (E) AF recurrence in three studies (LVEF ≤ 35% in two, LVEF≤ 50% in one). (F) HF hospitalization in three studies (LVEF ≤ 35% in
two, LVEF≤ 50% in one). (G) All-cause mortality rate in three studies (LVEF≤ 35% in two, LVEF ≤ 50% in one). AF, atrial fibrillation; BNP, B-type
natriuretic peptide; HF, heart failure; LVEF, left ventricular ejection fraction.
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FIGURE 3

Forest plots comparing the changes in LVEF, 6-min walk distance, HF questionnaire score, BNP level, odds ratio for AF recurrence, odds ratio for HF
hospitalization, and odds ratio for all-cause mortality of medical treatment versus catheter ablation in patients stratified by NYHA≥ II without LVEF. (A)
Change in LVEF in one study. (B) 6-min walk distance in one study. (C) HF questionnaire score in one study. (D) BNP level in one study. (E) AF
recurrence in two studies. (F) HF hospitalization in two studies. (G) All-cause mortality rate in two studies. AF, atrial fibrillation; BNP, B-type natriuretic
peptide; HF, heart failure; LVEF, left ventricular ejection fraction.

Lee et al. 10.3389/fcvm.2023.1165011
catheter ablation vs. medical treatment was observed in the

population with nonparoxysmal AF (mean difference, 3.68%;

95% CI, 0.82%–6.54%) and mixed AF (mean difference, 9.07%;

95% CI, 6.46%–11.69%) (Figure 4A). A longer 6-min walk
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distance in favor of catheter ablation vs. medical treatment was

observed in the population with nonparoxysmal AF (mean

difference, 0.78 m; 95% CI, 0.11–1.45 m) and mixed AF (mean

difference, 1.85 m; 95% CI, 1.62–2.08 m) (Figure 4B). A greater
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FIGURE 4

Forest plots comparing the changes of LVEF, 6-min walk distance, HF questionnaire score, BNP level, odds ratio for AF recurrence, odds ratio for HF
hospitalization, and odds ratio for all-cause mortality of medical treatment versus catheter ablation in patients stratified by different AF types
(nonparoxysmal and mixed AF). (A) Change in LVEF in eight studies (nonparoxysmal AF in five, mixed AF in three). (B) 6-min walk distance in six
studies (nonparoxysmal AF in five, mixed AF in one). (C) HF questionnaire score in six studies (nonparoxysmal AF in four, mixed AF in two). (D) BNP
level in six studies (nonparoxysmal AF in four, mixed AF in two). (E) AF recurrence rate in five studies (nonparoxysmal AF in two, mixed AF in three). (F)
HF hospitalization rate in five studies (nonparoxysmal AF in two, mixed AF in three). (G) All-cause mortality rate in five studies (nonparoxysmal AF in
two, mixed AF in three). AF, atrial fibrillation; BNP, B-type natriuretic peptide; HF, heart failure; LVEF, left ventricular ejection fraction.
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improvement in HF questionnaire scores in favor of catheter

ablation vs. medical treatment was observed in the population

with nonparoxysmal AF (mean difference, 0.42; 95% CI, 0.16–

0.68) and mixed AF (mean difference, 1.70; 95% CI, 0.68–2.72)

(Figure 4C). A significant difference in the change in the BNP

level in favor of catheter ablation vs. medical treatment was

observed in the population with nonparoxysmal AF (mean

difference, 2.96 pg/ml; 95% CI, 0.68–5.24 pg/ml) but not in the

population with mixed AF (Figure 4D). The risk of recurrence

of AF was significantly lower by catheter ablation compared with

medical treatment in the population with mixed AF (OR, 8.25;

95% CI, 1.74–39.19) but not in the population with

nonparoxysmal AF (Figure 4E). The overall OR values of HF

hospitalization in favor of catheter ablation vs. medical treatment

were 2.17 (95% CI, 1.09–4.32) in the population with

nonparoxysmal AF and 1.53 (95% CI, 1.04–2.23) in the

population with mixed AF (Figure 4F). The incidence of all-

cause mortality was significantly lower by catheter ablation

compared with medical treatment in the population with mixed

AF (OR, 1.65; 95% CI, 1.21–2.25) but not in the population with

nonparoxysmal AF (Figure 4G).
Discussion

In the whole study population of this meta-analysis, improved

LVEF, improved 6-min walk distance, better HF questionnaire

score, significantly decreased BNP level, less AF recurrence, less HF

hospitalization, and lower all-cause mortality were observed after

catheter ablation vs. medical treatment. When the study population

was stratified by LVEF, improved LVEF, improved 6-min walk

distance, less AF recurrence, and lower all-cause mortality in favor

of catheter ablation vs. medical treatment were observed in the

population with LVEF ≤50% but not in the population with LVEF

≤35%; however, less HF hospitalization was observed both in the

population with LVEF ≤50% and LVEF ≤35%. When the study

population was stratified by HF NYHA ≥II, improved LVEF,

improved 6-min walk distance, and better HF questionnaire score

in favor of catheter ablation vs. medical treatment were observed in

the population with HF NYHA ≥II. When the study population

was stratified by AF types, improved LVEF, improved 6-min walk

distance, better HF questionnaire score, and less HF hospitalization

in favor of catheter ablation vs. medical treatment were observed

both in the population with nonparoxysmal AF and mixed AF;

however, less AF recurrence and lower all-cause mortality in favor

of catheter ablation vs. medical treatment were observed only in

the population with mixed AF.
Population stratified by different LVEF
criteria

The criteria for HF in the enrolled studies differed in LVEF

cutoff values, ranging from LVEF ≤35% (5, 6, 9, 11) to ≤40%
(8), ≤45% (10), and ≤50% (7) or differed in only enrolling

patients with a history of HF with NYHA functional
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classification ≥II without mention LVEF (12, 13). According to

our meta-analysis, improved LVEF, improved 6-min walk

distance, less AF recurrence, and lower all-cause mortality in

favor of catheter ablation vs. medical treatment were observed in

the population with LVEF of 36%–50% and less HF

hospitalization was observed both in the population with LVEF

≤ 50%, and LVEF ≤35%.
Population stratified by different AF types

In patients with HF and reduced LVEF, a high prevalence of

persistent AF exists and is closely related to underlying heart

disease severity and HF functional classes (15). In the enrolled

studies of this meta-analysis, the prevalence of nonparoxysmal AF

was 68%–100%. Previous meta-analyses comparing catheter

ablation vs. medical treatment in terms of clinical outcomes in

patients with AF and HF did not specifically stratify the study

subjects by different AF types (16, 17). However, the long-term

efficacy of catheter ablation vs. medical treatment for different AF

types on clinical outcomes may differ and may require more than

one catheter ablation procedure for different AF types (18). In this

meta-analysis, improved LVEF, improved 6-min walk distance,

better HF questionnaire score, and less HF hospitalization in favor

of catheter ablation vs. medical treatment were observed both in

the population with nonparoxysmal AF and mixed AF; however,

AF recurrence and all-cause mortality in favor of catheter ablation

vs. medical treatment were only observed in the population with

mixed AF but not in the population with nonparoxysmal AF.

Nonparoxysmal AF may contribute to more atrial and ventricular

structural remodeling and atrial fibrosis, reducing the benefit of

catheter ablation for AF, especially in HF patients. Therefore,

catheter ablation could achieve more clinical benefits in patients

with mixed AF than in patients with nonparoxysmal AF.
Limitations

This study had several limitations. First, the enrollment criteria

for HF differed among the nine enrolled studies, and high

heterogeneity was found in the analyses of the whole population.

Therefore, we performed subgroup analyses, and patients were

stratified by different LVEFs, HF history of NYHA≥ II, and AF

types. Second, the use of HF biomarkers differed among six

studies, three (6, 7, 10) used serum BNP and the other three

(5, 11, 13) used N-terminal proBNP. Third, although nine studies

were included, over one-third of the 2,074 participants enrolled in

this meta-analysis were derived from the HF subgroup of the

CABANA study, which contributes a large number of patients

with LVEF >50% (12). Fourth, the baseline characteristics of all

participants in the enrolled studies were not completely available.

Fifth, the enrolled studies had different follow-up periods, while

HF hospitalization and all-cause mortality might need longer

follow-up periods to show a significant difference between

catheter ablation and medical treatment.
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Conclusion

This meta-analysis showed improved LVEF, improved 6-min

walk distance, less AF recurrence, and lower all-cause mortality

in favor of catheter ablation vs. medical treatment in AF patients

with HF and LVEF of 36%–50%, and less HF hospitalization was

observed both in AF patients with HF and LVEF ≤50%, and

LVEF ≤35%. Compared with medical treatment, catheter

ablation improved LVEF, improved 6-min walk distance, and had

better HF questionnaire score and less HF hospitalization in

patients with nonparoxysmal AF and mixed AF; however, AF

recurrence and all-cause mortality in favor of catheter ablation

were observed only in HF patients with mixed AF.
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SUPPLEMENTARY FIGURE 1

Flowchart of the study selection strategy and inclusion and exclusion criteria
for this meta-analysis. AF, atrial fibrillation; HF, heart failure

SUPPLEMENTARY FIGURE 2

Funnel plot showing non-significant publication bias using Egger’s test
(t, 0.309; df, 6; p = 0.767).

SUPPLEMENTARY FIGURE 3

Funnel plot showing non-significant publication bias using Egger’s test
(n t, 0.782; df, 4; p = 0.478).

SUPPLEMENTARY FIGURE 4

Funnel plot showing non-significant publication bias using Egger’s test
(t, 0.028; df, 4; p = 0.979).

SUPPLEMENTARY FIGURE 5

Funnel plot showing non-significant publication bias using Egger’s test
(t, 0.392; df, 4; p = 0.715).

SUPPLEMENTARY FIGURE 6

Funnel plot showing non-significant publication bias using Egger’s test
(t, 0.382; df, 3; p = 0.728).

SUPPLEMENTARY FIGURE 7

Funnel plot showing non-significant publication bias using Egger’s test
(t, 0.180; df, 3; p = 0.869).

SUPPLEMENTARY FIGURE 8

Funnel plot showing non-significant publication bias using Egger’s test
(t, 0.215; df, 3; p = 0.844).
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The feasibility and safety of
his-purkinje conduction system
pacing in patients with heart
failure with severely reduced
ejection fraction
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Shiyu Dai1, Nan Wang1, Yiheng Yang1, Guocao Li1, Lianjun Gao1,
Yunlong Xia1, Xianjie Xiao1 and Yingxue Dong1*
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Objective: The purpose of this study was to evaluate the feasibility and outcomes
of conduction system pacing (CSP) in patients with heart failure (HF) who had a
severely reduced left ventricular ejection fraction (LVEF) of less than 30% (HFsrEF).
Methods: Between January 2018 and December 2020, all consecutive HF patients
with LVEF < 30% who underwent CSP at our center were evaluated. Clinical
outcomes and echocardiographic data [LVEF and left ventricular end-systolic
volume (LVESV)], and complications were all recorded. In addition, clinical and
echocardiographic (≥5% improvement in LVEF or ≥15% decrease in LVESV)
responses were assessed. The patients were classified into a complete left
bundle branch block (CLBBB) morphology group and a non-CLBBB morphology
group according to the baseline QRS configuration.
Results: Seventy patients (66 ± 8.84 years; 55.7% male) with a mean LVEF of 23.2 ±
3.23%, LVEDd of 67.33 ± 7.47 mm and LVESV of 212.08 ± 39.74 ml were included.
QRS configuration at baseline was CLBBB in 67.1% (47/70) of patients and non-
CLBBB in 32.9%. At implantation, the CSP threshold was 0.6 ± 0.3 V @ 0.4 ms
and remained stable during a mean follow-up of 23.43 ± 11.44 months. CSP
resulted in significant LVEF improvement from 23.2 ± 3.23% to 34.93 ± 10.34%
(P < 0.001) and significant QRS narrowing from 154.99 ± 34.42 to 130.81 ±
25.18 ms (P < 0.001). Clinical and echocardiographic responses were observed in
91.4% (64/70) and 77.1% (54/70) of patients. Super-response to CSP (≥15%
improvement in LVEF or ≥30% decrease in LVESV) was observed in 52.9%
(37/70) of patients. One patient died due to acute HF and following severe
metabolic disorders. Baseline BNP (odds ratio: 0.969; 95% confidence interval:
0.939–0.989; P= 0.045) was associated with echocardiographic response. The
proportions of clinical and echocardiographic responses in the CLBBB group
were higher than those in the non-CLBBB group but without significant
statistical differences.
Conclusions: CSP is feasible and safe in patients with HFsrEF. CSP is associated
with a significant improvement in clinical and echocardiographic outcomes,
even for patients with non-CLBBB widened QRS.

KEYWORDS

his-purkinje conduction system pacing, heart failure, severely reduced ejection fraction,

his-bundle pacing, left bundle branch pacing
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Introduction

Heart failure (HF) remains a major health and economic

burden worldwide with high incidence, hospitalizations, and

mortality (1, 2). HF patients with a severely reduced left

ventricular ejection fraction (LVEF) of less than 30% (HFsrEF)

are not rare. These patients have a high risk of admission,

progression to advanced HF, and mortality even after receiving

maximal and optimal pharmacological therapy. Patients with

HFsrEF are becoming more prevalent due to the ageing

population, increasing number of HF patients, and improved

treatment (3). Providing a better treatment is crucial to

improving prognosis and lowing medical costs for these patients.

Conduction system pacing (CSP), including His bundle pacing

(HBP) and left bundle branch pacing (LBBP), is an alternative

strategy for achieving cardiac resynchronization therapy (CRT) in

HF patients with reduced EF (HFrEF) and ventricular

desynchrony (4, 5). Most guidelines recommended LVEF≤ 35%

as a crucial inclusion criterion for CRT selection, and the LVEF

values in most randomized controlled trials (RCTs) focusing on

CSP ranged from 30% to 40%. However, due to limited clinical

trials, the feasibility, safety and benefits of CSP in patients with

HFsrEF (<30%) remains unknown. Furthermore, patients with

typical complete left bundle branch block (CLBBB) QRS

morphology show a better CRT response than patients with non-

CLBBB morphology (6). However, CRT response in patients with

a non-CLBBB widened QRS remains uncertain.

This research aimed to describe the feasibility and safety of CSP

in patients with HFsrEF and evaluate the clinical and

echocardiographic responses to CSP.
Materials and methods

This was a retrospective, single-center and observational study.

Written informed consent was obtained from all enrolled patients.

The local ethics committee approved this study. The data from our

research are available from the corresponding author upon request.
Study patients

All consecutive HF patients with LVEF < 30% treated with CSP

in our center from January 2018 to December 2020 were collected,

and all the patients met the CRT indication (Figure 1). All patients

received guideline-directed medical treatment for at least three

months before implantation. Patients who lost follow-up or could

not perform device programming after the CSP procedure were

excluded from this study.
Implant procedure

The detailed implant procedure was found in this article (7). In

brief, a pre-shaped sheathing canal was inserted into the superior
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vena cava via the left or right subclavian vein approach. A Select

Secure pacing lead (Model 3,830–69 cm, Medtronic, Minneapolis,

Minnesota, USA) was introduced into the right atrium via a fixed

curve sheathing canal (C315HIS; Medtronic, Minneapolis,

Minnesota, USA). Endocardial mapping was performed using a

unipolar mapping technique with the pacing lead. During the

HBP procedure, the pacing lead initially obtained the HB

potential. The preferred site was defined as a narrow paced QRS

with the same QRS morphology as the intrinsic QRS and

successful correction of LBBB with satisfactory pacing thresholds.

During the LBBP procedure, the initial site of LBBP at the right

ventricular septum was advanced 1–2 cm anteriorly and inferiorly

into the ventricle along an imaginary line between the His and the

right ventricle apex in the right anterior oblique projection. The

location of the LBBP site was guided using the distal HBP location

or the paced QRS morphology (“W” pattern with a notch at the

nadir of the QRS in lead V1). Subsequently, the lead was inserted

deeply into the muscular interventricular septum with caution.

When LBB capture was confirmed with a low threshold,

additional rotations were stopped. The preferred location was

determined using criteria that had already been disclosed. An

abrupt reduction in the stim to LV active time (LVAT) of longer

than 10 ms and the morphologies of qR, Qr, or rSR′ in lead V1

was the criteria for the LBBB correct in the LBBP procedure.
Follow-up

All patients were followed up at the clinic 1-month, 6-month,

and 12-month following the CSP procedure and then every 6

months after that. The device programming was performed at the

time of discharge and each subsequent visit. The pacing

parameters were collected, including bipolar R-wave amplitude,

bipolar capture threshold and impedance. All transthoracic

echocardiography (TTE) parameters at pre-implantation and post-

implantation were collected, including LVEF, left ventricular end-

diastolic diameter (LVEDd), left ventricular end-systolic volume

(LVESV), and emerging or worsening tricuspid regurgitation (TR).

Post-implantation echocardiographic outcomes were based on the

last available follow-up. The baseline and post-procedural ECGs

were analyzed, including QRS duration, QRS pattern, and QRS

axis. The New York Heart Association (NYHA) cardiac function

classification was documented. The following complications were

recorded: a significant increase in pacing threshold (defined as a

>1 V increase in capture threshold after implantation or capture

threshold >5 V @ 0.4 ms at any follow-up visit), loss of capture,

lead dislodgement, and cardiac perforation. All patients received

guideline-directed medical treatment.
Response to CSP

The primary outcome was the clinical and echocardiographic

responses to CSP. The secondary outcome was rehospitalization

for HF and all-cause death. The definition of response to CSP

was consistent with most studies in the literature, including the
frontiersin.org
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following: (1) the documentation of an increase in LVEF≥ 5% or

decrease in LVESV≥ 15% after 6 months relative to baseline, (2)

clinical improvement in NYHA class ≥1 or NHYA class Ⅰ at

last observation carried forward, or a ≥25% increase in 6-MWD

(8–10). The super-response to CSP was defined as a ≥15%
improvement in the LVEF or a ≥30% decrease in the LVESV

with clinical improvements after 6 months relative to baseline. A

non-responder was classified as a patient who had worsened HF,

no improvement in clinical features, or a <5% increase in LVEF.
TABLE 1 Baseline characteristics of enrolled patients.

n = 70
Age (years), mean ± SD 66 ± 8.84

Male, n (%) 39 (55.7%)

ICM, n (%) 18 (25.7%)

Hypertension, n (%) 32 (45.7%)

Diabetes mellitus, n (%) 18 (25.7%)

DCM, n (%) 30 (42.9%)

Atrial fibrillation, n (%) 30 (42.9%)

CKD, n (%) 7 (10%)
CLBBB morphology vs. non-CLBBB
morphology

According to the baseline QRS configuration, the patients were

classified into a CLBBB morphology (CLBBB +RVP) group and a

non-CLBBB morphology group. RVP causes an CLBBB type QRS

pattern and results in LV desynchrony; thus, patients who upgraded

from RVP were assigned to the CLBBB morphology group. The

clinical and echocardiographic responses to CSP were compared.

Valve replacement, n (%) 9 (12.9%)

Mitral valve 5 (7.1%)

Aortic valve 3 (4.3%)

Mitral valve replacement + tricuspid annuloplasty 1 (1.4%)

Tricuspid regurgitation 43 (61.4%)

NYHA class 3.46 ± 0.55

Ⅰ 0

Ⅱ 2 (2.9%)

Ⅲ 33 (47.1%)

Ⅲ–Ⅳ 1 (1.4%)

Ⅳ 34 (48.6%)

6-MWD (m), mean ± SD 166.14 ± 54.52

BNP (pg/ml), median, [25% percentile,75% percentile]
IQR1854

787.63 [402.83,
1686.63]

LVEF (%), mean ± SD 23.2 ± 3.23

LVEDd (mm), mean ± SD 67.33 ± 7.47

LVESV (ml), mean ± SD 212.08 ± 39.74
Statistical analysis

The data analysis was performed using SPSS 22.0 (SPSS Inc.,

Chicago, USA). The quantitative data were expressed as the

mean ± standard deviation (SD) if normally distributed; they

were described by median [25th quarter, 75th quarter] if non-

normally distributed. The homogeneity of variance was tested by

Kolmogorov–Smirnov Goodness. The categorical data were

expressed in terms of frequency and percentage. An unpaired

t-test or nonparametric Mann–Whitney U test was performed for

comparison between groups for quantitative data. For categorical

variables, chi-square tests or Fisher’s exact tests were used. A

2-tailed P–value <0.05 was considered statistically significant.

QRS duration (ms), mean ± SD 154.99 ± 34.42

QRS axis (°), median, [25% percentile,75% percentile]
IQR75

−7, [−33.25, 35.5]

CLBBB 48 (68.6%)

IVCD 7 (10%)

Expected high VP burden 7 (10%)

Upgrade from RVP 4 (5.7%)

AF + AVJ ablation 4 (5.7%)

Previous implanted pacemakers, n (%) 14 (20%)

CRT 13 (16.5%)

RVP 4 (5.7%)

Pharmacological therapy for HF

ACE inhibitors/ARB/ARNI 25 (35.7%)

Beta blockers 39 (55.7%)

MRA 60 (85.7%)

Diuretics 54 (77.1%)

DCM, dilated cardiomyopathy; ICM, Ischemic cardiomyopathy; CKD, chronic

kidney disease; 6-MWD, 6 min’ walk distance; BNP, brain natriuretic peptide;

LVEF, left ventricular ejection fraction; LVEDd, left ventricular end-diastolic

diameter; LVESV, left ventricular end-systolic volume; NYHA, New York Heart

Association; CLBBB, complete left branch bundle block; IVCD, inner-ventricular

conduct delay; CRT, cardiac resynchronization therapy; RVP, right ventricular

pacing; MRA, mineralocorticoid receptor antagonists; ACE, angiotensin-

converting enzyme; ARB, angiotensin receptor blockers; ARNI, angiotensin

receptor neprilysin inhibitors; AVJ, atrioventricular junction.
Results

Baseline characteristics of study patients

Between January 2018 to December 2021, 70 patients (66 ±

8.84 years; 55.7% male) were included in this study. The mean

baseline LVEF of these patients was 23.2 ± 3.23%, and their mean

baseline LVEDd and LVESV were 67.33 ± 7.47 mm, and 212.08 ±

39.74 ml, respectively. The mean NYHA class was 3.46 ± 0.55

(NYHA Ⅱ in 2 (2.9%) patients, Ⅲ in 33 (47.1%) patients, Ⅲ-Ⅳ
in 1 (1.4%) patient, and Ⅳ in 34 (48.6%) patients) with a

baseline BNP of 787.63 pg/ml. The mean QRS duration

was154.99 ± 34.42 ms. Among them, CRT indicated for HFrEF

with CLBBB in 48 (68.6%) patients, HFrEF with inner-

ventricular conduct delay (IVCD) in 7 (10%) patients, HFrEF

with permanent atrial fibrillation (AF) being eligible for

atrioventricular junction (AVJ) ablation in 4 (5.7%) patients,

expected high ventricular pacing (VP) burden in 7 (10%)

patients and upgrading for low LVEF due to RV pacing in the
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remaining 4 (5.7%) patients (Figure 1). Other baseline

characteristics of the enrolled patients are shown in Table 1.
CSP implantation

The CSP procedure was successfully performed in all patients.

Among them, 52 (74.29%) patients received HBP, and 18 (25.71%)

patients received LBBP. After the implantation, all patients with

widened QRS (CLBBB + RVP) were corrected, and the mean
frontiersin.org
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TABLE 2 Clinical outcomes of the patients and changes in TTE.

Baseline Post-implantation P
NYHA classification 3.46 ± 0.55 1.87 ± 0.92 <0.001

None 0 8 (11.4%)

Ⅰ 0 10 (14.3%)

Ⅱ 2 (2.9%) 35 (50%)

Ⅲ 33 (47.1%) 17 (24.3%)

Ⅲ–Ⅳ 1 (1.4%) 0

Ⅳ 34 (48.6%) 0

6-MWD (m) 166.14 ± 54.52 474.29 ± 293.38 <0.001

LVEF (%) 23.2 ± 3.23 34.93 ± 10.34 <0.001

LVEDd (mm) 67.33 ± 7.47 61.4 ± 8.9 <0.001

LVESV (ml) 212.08 ± 39.74 119.08 ± 64.09 <0.001

QRS duration (ms) 154.99 ± 34.42 130.81 ± 25.18 <0.001

QRS axis (°) −7, [−33.25, 35.5] 12.5, [−11.5, 33] 0.578

LVEF, left ventricular ejection fraction; LVEDd, left ventricular end-diastolic

diameter; LVESV, left ventricular end-systolic volume; NYHA, New York Heart

Association.

FIGURE 1

Flow chart of patients screened for inclusion in this study. IVCD, inner-ventricu
pacing; CSP, conduction system pacing; CLBBB, complete left branch b
atrioventricular junction; TTE, transthoracic echocardiography.
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postprocedural QRS duration was 131.75 ± 22.29 ms, significantly

narrower than baseline (166.52 ± 23.99 ms, P < 0.001).

The mean capture threshold at implantation was 0.63 ±

0.31 V@ 0.4 ms, slightly decreased at 1-month post-implantation,

and no increase was observed during the 1-year follow-up period.

The R-wave amplitudes were 4.10 [2.73, 7.07] mV and impedance

were 635.90 ± 141.73 Ω, with no significant increase noted during

the follow-up. Capture threshold increase >1 V was noted in

4 (5.71%) patients. No dislodgments were observed. Other

procedure related complications, such as thrombosis, infection,

perforation, and stroke, were also not detected during the follow-up.
Clinical outcomes

During the mean follow-up period of 23.43 ± 11.44 months,

compared with pre-implantation, a significant increase in LVEF
lar conduct delay; CRT, cardiac resynchronization therapy; VP, ventricular
undle block; RVP, right ventricular pacing; AF, atrial fibrillation; AVJ,
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FIGURE 2

Echocardiographic performance after CSP. Significant improvements in LVEF (A), LVESV (B) and LVEDd (C) were observed after CSP in all patients. LVEF, left
ventricular ejection fraction; LVEDd, left ventricular end-diastolic diameter; LVESV, left ventricular end-systolic volume; CSP, conduction system pacing.
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(23.2 ± 3.23% vs. 034.93 ± 10.34%, P < 0.001), a decrease in LVESV

(212.08 ± 39.74 vs. 119.08 ± 64.09 ml, P < 0.001) and a reduction in

LVEDd (67.33 ± 7.47 vs. 61.4 ± 8.9 mm, P < 0.001) were observed

(Table 2 and Figure 2). A significant improvement in the NYHA

class and 6-MWD post-implantation was observed in all patients

(3.46 ± 0.55 vs. 1.87 ± 0.92, P < 0.001; 166.14 ± 54.52 m vs.

474.29 ± 293.38 m, P < 0.001, Table 2 and Figure 3). A significant

QRS narrowing from 154.99 ± 34.42 to 130.81 ± 25.18 ms (P <

0.001) was observed after the CSP (Figure 3). In addition, the

mean number of rehospitalizations was 0.53 ± 0.28, and one

patient died 13 months after implantation due to acute HF and

subsequently severe metabolic disorders.

Of 70 patients in the study, 37 (52.9%) patients achieved a

mean increase of 17.78 ± 10.4% in LVEF and were categorized as

super-responders (Figure 4A). There were 43 (61.4%) patients

who achieved a >10% increase in LVEF. In addition, a positive

echocardiographic response to CRT was detected in 54 (77.1%)

patients with a mean LVEF increase of 14.61 ± 9.89%. Sixteen

(22.9%) patients had a <5% increase in LVEF; however, no

patient had a decrease in LVEF during the follow-up. Sixty-four

(91.4%) patients obtained a clinical improvement.

After multivariable logistic regression analysis, only baseline

BNP (odds ratio: 0.969; 95% confidence interval: 0.939 to 0.989;

P = 0.045) was associated with CRT response (Table 3).
FIGURE 3

Clinical outcomes after CSP. Compared with pre-implantation, NYHA
class and 6-MWD improved significantly at post-implantation (A, B).
QRS duration after CSP was significantly reduced (C) with no apparent
change in QRS axis (D). 6-MWD, 6-minute walk distance; NYHA,
New York Heart Association.
CLBBB morphology vs. non-CLBBB
morphology

Among all the enrolled patients, 52 patients (48 patients with

CLBBB and 4 patients upgraded to CSP from RVP) were in

the CLBBB morphology group, and 18 patients were in the

non-CLBBB morphology. No significant differences in sex, age, HF

duration, and baseline BNP were detected between the two groups.
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FIGURE 4

Distribution chart of CRT response. Among all 70 patients, 37 (52.9%) patients were classified as super-responders, 54 (77.1%) patients were classified as
CRT-responders, and 16 (22.9%) patients had no response to CRT (A). The proportion of super-response (59.6% vs. 33.3%, P= 0.054) and response to CRT
(80.8% vs. 66.7%, P= 0.219) in the CLBBB group were higher than those in the non-CLBBB group but without significant statistical differences (B). CRT,
cardiac resynchronization therapy; CLBBB, complete left branch bundle block.

FIGURE 5

Kaplan–Meier curve comparing HF recovered between patients with CLBBB and non-CLBBB morphology. CSP, conduction system pacing; CLBBB,
complete left branch bundle block; HF, heart failure.

Ma et al. 10.3389/fcvm.2023.1187169
The baseline characteristics of the two groups were summarized in

Supplementary Table S1. The baseline QRS duration in the

CLBBB morphology group was wider than that in the non-CLBBB

morphology group. The baseline NYHA class, LVEF, LVEDd, and

LVESV in the CLBBB morphology group were more severe than

those in the non-CLBBB morphology group. There was no

significant statistical difference in post-procedural NYHA class, 6-

MWD, LVEF, LVEDd, LVESV, and QRS duration between the two

groups (Supplementary Table S2). The proportion of super-

response and response to CRT in the CLBBB group were higher

than those in the non-CLBBB group but without significant

statistical differences (Super-response: 59.6% vs. 33.3%, P = 0.054;
Frontiers in Cardiovascular Medicine 0694
CRT response: 80.8% vs. 66.7%, P = 0.219, Supplementary

Table S2 and Figure 4B). No difference in time to HF recovered

between the two groups (Figure 5).
Discussion

The present study found that CSP is feasible and safe and

improves LV function for HF patients with LVEF < 30%.

Furthermore, CSP is associated with significantly improving

clinical and echocardiographic outcomes, even for patients with

non-CLBBB widened QRS.
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TABLE 3 Independent predictors of CSP response.

Variables Univariate analysis Multivariable analysis

OR (95%CI) P OR (95%CI) P
Sex (male) 0.696 (0.222–2.187) 0.535 0.56 (0.101–3.103) 0.507

Age 1.007 (0.946–1.073) 0.82 1.07 (0.974v1.175) 0.158

CLBBB 1.847 (0.586–5.819) 0.295 3.174 (0.303–33.31) 0.335

ICM 0.476 (0.144–1.578) 0.225 0.272 (0.036–2.055) 0.207

Hypertension 2.2 (0.673–7.189) 0.192 10.274 (1.176–13.531) 0.083

Diabetes mellitus 1.05 (0.291–3.795) 0.941 0.862 (0.147–5.044) 0.869

DCM 0.954 (0.31–2.939) 0.935 4.72 (0.621–6.220) 0.134

AF 0.688 (0.224–2.108) 0.512 0.870 (0.155–4.874) 0.874

CKD 0.347 (0.069–1.746) 0.199 0.173 (0.023–1.316) 0.090

LVEF 1.002 (0.842–1.192) 0.986 0.942 (0.727–1.22) 0.648

LVEDd 0.947 (0.876–1.025) 0.176 0.992 (0.872–1.129) 0.907

LVESV 0.355 (0.068–1.841) 0.218 1.007 (0.975–1.041) 0.666

BNP 0.969 (0.939–0.999) 0.045 0.969 (0.939–0.989) 0.045

NYHA class 1.121 (0.409–3.076) 0.824 1.452 (0.125–16.87) 0.766

6-MWD 1.24 (0.414–3.716) 0.701 1.108 (0.062–19.73) 0.944

QRS duration 1.007 (0.856–1.186) 0.929 1.108(0.874–1.406) 0.397

DCM, dilated cardiomyopathy; ICM, Ischemic cardiomyopathy; CKD, chronic

kidney disease; 6-MWD, 6 min walk distance; BNP, brain natriuretic peptide;

LVEF, left ventricular ejection fraction; LVEDd, left ventricular end-diastolic

diameter; LVESV, left ventricular end-systolic volume; NYHA, New York Heart

Association; CLBBB, complete left branch bundle block; IVCD, inner-ventricular

conduct delay; CRT, cardiac resynchronization therapy; RVP, right ventricular

pacing.
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HF with severely reduced EF

Patients with HFsrEF are not uncommon in clinical practice

and frequently present with advanced HF, particularly in elderly

patients (11). Many patients have poor prognoses, persistent

symptoms, and a high rehospitalization rate despite receiving

optimal drug treatment. To the best of our knowledge, there is

no consensus on the definition of severely reduced EF. LVEF≤
30% is a criterion for diagnosing advanced HF in ESC guidelines

and is used as a severity partition cut-off value for 2-dimensional

echocardiography-derived LVEF (12, 13). Our study’s baseline

LVEF of enrolled patients ranged from 15% to 27%, with

considerably enlarged LVEDd and LVESV. The median baseline

NHYA class was at grade 3.46, with 97.1% of patients in NHYA

class above grade 3, demonstrating the severity of these patients.

Patients with HFsrEF are becoming more prevalent due to the

ageing population, increasing number of HF patients, and

improved treatment (3). A large study of patients with chronic

HF demonstrated that improving LVEF was associated with

better outcomes and a lower risk for cardiovascular events (14).

However, although optimal medical therapies have been

thoroughly studied to improve cardiac function, managing the

severely reduced EF in patients with HF remains a therapeutic

challenge. CSP may provide a practical treatment choice to

improve clinical outcomes for these patients.
CSP in patients with HFsrEF

To date, most guidelines recommend CRT in patients with

LBBB and LVEF≤ 35%, for those who subsequently develop
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symptomatic HF with decreased LV function following right

ventricular (RV) pacing, and for atrioventricular (AV) block with

poor LV function. CRT should also be considered for patients

with AF who are candidates for AV node ablation, irrespective of

QRS duration. CSP is an alternative strategy for achieving CRT.

Several RCTs have demonstrated that CSP is superior to RV

pacing in improving quality of life, NYHA class, and LV

function in patients with HFrEF. However, the data on the

benefit of CSP in patients with severely reduced EF was limited.

The mean baseline LVEF values in several early small-sample

studies focusing on HBP in HFrEF and LBB were less than 30%

(15–17). The HBP was successful in 56%–76% of enrolled

patients, achieving significant improvements in clinical outcomes

and an approximately 5% increase in LVEF. Vijayaraman et al.

evaluated His-Optimized CRT in 27 HF patients with a baseline

LVEF of 24 ± 7% (NYHA class Ⅲ-Ⅳ). They reported a favorable

clinical responder (NYHA class decreased to 2.04) in 84% and

an echocardiographic response (LVEF grew to 38 ± 10%) in 92%

of patients (18). Our study also demonstrated that CSP

significantly improves HF symptoms, 6-MWD and NYHA

classifications in patients with HFsrEF. Most patients had an

echocardiographic response, and LV function improved

significantly. Additionally, 77.1% of patients were CRT

responders, 52.9% were CRT super-responder, and no patient

had a reduction in LVEF during the follow-up. This satisfactory

response rate to CSP provides us confidence in treating patients

with HFsrEF with CSP.

Moreover, CSP has significantly facilitated implantation

compared to CRT and has become more extensively employed in

well-established centers. And, in our experience, with an

experienced operator, CSP could be completed in a reasonably

short time (in 2 h) and significantly decreased the duration of

device implantation. Finally, even for patients with HFsrEF in

the present study, none suffered from intraprocedural acute HF,

and no severe complication was detected. Therefore, CSP may

also be appropriate for patients with advanced HF.

In fact, CRT may be underutilized in these patients due to

concerns about severe symptoms, a poor prognosis, and

questionable improvement. Recently, a position statement on

CRT by the Heart Failure Association (HFA) with several other

European associations indicated that many HF patients are not

exposed to the full potential benefit of CRT (19). They advocated

for enhanced patient screening to identify potential eligible CRT

candidates, ECG surveillance in HF patients, and comprehensive

CRT education in primary and secondary care settings.
CRT response in patients with HFsrEF

In our study, CRT response was observed in 77.1% of enrolled

patients, indicating CSP was highly effective for patients with

severely impaired systolic. On the other hand, the patients who

had no response to CRT presented with a 2% increase in LVEF

and a significant improvement in HF symptoms. In addition,

symptom improvement was more pronounced and occurred

earlier than echocardiographic improvement. This finding was
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consistent with most other studies, demonstrating that the

proportion of super- and non-responders is low and that even

non-responders are likely to obtain a clinical improvement (16,

20, 21). There is no consensus regarding the definition of CRT

response or whether the echocardiographic response is a decisive

criterion for CRT response (22). It is well known that LV reverse

remodeling is poorly related to symptom improvement. LV

remodeling is a long-term process and is likely to be maximal

more than 2 years following CRT (23). Furthermore, patients

with advanced decompensated HF who fail to achieve significant

LV reverse remodeling in the early CRT post-implantation may

still obtain hemodynamic benefits (24). Indeed, patients assessed

as “non-responders” may have benefited symptomatically in

NYHA class and 6-MWD. Thus, we believe that using

echocardiographic response to evaluate CRT response may

underestimate the benefits of CRT. HF is incurable, and the goal

of treatment is to slow the disease progression. As CRT is a

treatment for “disease modification”, the concept of “remission”

and “non-remission” may be more appropriate for assessing the

effect of CRT rather than “response” and “non-response” (19).
Predictors of response to CRT

Several characteristics have been proven to predict a favorable

CRT response. The patients with wide QRS and LBBB

morphology, echocardiographic evidence of desynchrony, non-

ischemic cardiomyopathy (ICM), and female sex responded

favorably to CRT. In a meta-analysis of 5 randomized trials

using individual patient data, QRS width was found to be a

powerful predictor of response to CRT (25). In most guidelines,

QRS duration ≥150 ms is listed as an inclusion criterion of

recommendation for CRT. In contrast, CRT is not suggested in

patients with a QRS duration <130 ms who are not candidates

for RVP (26). Patients with typical LBBB QRS morphology show

a better CRT response than patients with non-LBBB morphology

(6). However, CRT response in patients with a non-CLBBB

widened QRS remains uncertain. In our study, compared to

patients with non-CLBBB, patients with CLBBB obtained more

significant clinical and echocardiographic improvements from CSP.

The association between the etiology of HF and CRT response

is also unclear. The magnitude of the echocardiographic response

to CRT in patients with non-ICM is significantly higher than in

those with ICM (27). Moreover, QRS narrowing after CRT was

associated with clinical and echocardiographic CRT response

(28). CRT response predictors are similar to those for reverse LV

remodeling (29). A prospective registry study of outpatients with

HFrEF found that shorter HF duration, no implantable

cardioverter, lower LVEF, non-ICM, and no coronary disease

were associated with significantly LVEF increase (30). However,

only baseline BNP was associated with CRT response after

multivariable analysis in our study.

This study has several limitations. First, this is a retrospective

study with some patients without strict Strauss criteria for
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CLBBB. However, these patients represented only about 30% of

this study and were compared with true CLBBB in terms of

clinical outcomes. Moreover, most of the enrolled patients

underwent the CSP procedure within the last 4 years. The CSP

was performed mainly through one experienced operator, and

only 4 patients were lost to follow-up, which helped to minimize

bias. Second, the sample size was limited, but HF patients with

LVEF < 30% who underwent CSP were relatively few. Third, the

NYHA class is based on patients’ symptoms. It is worth noting

that when a patient feels significantly better after CSP, their

attention may be directed towards less frequent admission to the

hospital. However, 6-MWD is an objective indicator of HF

symptoms. Fourth, we could not completely exclude that

pharmacological therapy for HF contributed to the favorable

prognosis. However, due to the low blood pressure, most HF

patients with very low EF are intolerant to these drugs. In our

analysis, there was no difference in drug use between CSP

responders and non-responders. Finally, as a retrospective study,

this study lacked intraprocedural ECG data.
Conclusions

CSP is feasible and safe in patients with HFsrEF, and it is

associated with significantly better clinical and echocardiographic

outcomes.
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Objective: The aim of this paper is to analyze the application of machine learning
in heart failure-associated diseases using bibliometric methods and to provide a
dynamic and longitudinal bibliometric analysis of heart failure–related machine
learning publications.
Materials and methods: Web of Science was screened to gather the articles for the
study. Based on bibliometric indicators, a search strategy was developed to screen
the title for eligibility. Intuitive data analysis was employed to analyze the top-100
cited articles and VOSViewer was used to analyze the relevance and impact of all
articles. The two analysis methods were then compared to get conclusions.
Results: The search identified 3,312 articles. In the end, 2,392 papers were included
in the study, which were published between 1985 and 2023. All articles were
analyzed using VOSViewer. Key points of the analysis included the co-authorship
map of authors, countries and organizations, the citation map of journal and
documents and a visualization of keyword co-occurrence analysis. Among these
100 top-cited papers, with a mean of 122.9 citations, the most-cited article had
1,189, and the least cited article had 47. Harvard University and the University of
California topped the list among all institutes with 10 papers each. More than one-
ninth of the authors of these 100 top-cited papers wrote three or more articles.
The 100 articles came from 49 journals. The articles were divided into seven areas
according to the type of machine learning approach employed: Support Vector
Machines, Convolutional Neural Networks, Logistic Regression, Recurrent Neural
Networks, Random Forest, Naive Bayes, and Decision Tree. Support Vector
Machines were the most popular method.
Conclusions: This analysis provides a comprehensive overview of the artificial
intelligence (AI)-related research conducted in the field of heart failure, which
helps healthcare institutions and researchers better understand the prospects of AI
in heart failure and formulate more scientific and effective research plans. In
addition, our bibliometric evaluation can assist healthcare institutions and
researchers in determining the advantages, sustainability, risks, and potential
impacts of AI technology in heart failure.
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machine learning, heart failure, bibliometric analysis, VOSviewer, artificial intelligence,
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1. Introduction

The explosive growth in the research literature production has

led to the need for new approaches to structure knowledge (1).

Citations in the medicinal field can reflect the impact of an

article in its field, which show that the number of citations is

directly related to its worth (2). Bibliometric analysis provides

the opportunity to gain an informative understanding of the field

of study and promotes interdisciplinary collaboration (3).

Bibliometrics is a measurable approach to informatics that

analyzes emerging trends and knowledge structures in a field to

obtain quantifiable, repeatable, and objective data (4). Top-cited

publications in medical journals are also crucial in educating and

advancing the next generation of technology (5).

There is a lack of literature on the top heart failure (HF)–related

articles, despite the fact that the study of heart disease in recent

decades has remained a very popular research topic (6). The

epidemiology, pathophysiology, and development of heart failure

are complex, and as a result, it can be difficult to determine its

origin as well as its diagnosis, prognosis, and course of treatment

(7). Artificial Intelligence (AI) is a technology that enables

computer systems to simulate, understand, and execute tasks

similar to human intelligence. The goal of AI is to create a

machine that can think, learn, and adapt to new environments

autonomously, handling complex problems and making accurate

decisions like a human. Machine learning (ML) has recently been

applied in heart failure treatment and it has contributed to the

diagnosis, categorization, and prediction of the disease (8).

The aim of the present paper is to propose certain machine

learning concepts and provide advice for cardiologists with no

machine learning background to participate in the integration of

machine learning and medicine and help them conduct research

in this area. This paper is also an essential resource for people

who are less familiar with the field but are interested in machine

learning applications in the field of heart failure.

These excellent articles (9–14) are a good introduction to AI

and machine learning–related technologies.

In addition, we provide some key machine learning concepts

for busy clinicians.
1.1. Traditional rule-based algorithms apply
rules to data, while machine learning
algorithms learn patterns from data

The main difference between machine learning algorithms and

traditional algorithms lies in their input and output. Traditional

algorithms are based on rules and logical statements written by

programmers that require precise definition of input and

expected output. For example, a sorting algorithm requires an

unordered list as input to generate a sorted list in ascending

order as output.

In contrast, machine learning algorithms are based on statistics

and data analysis and can automatically learn patterns and rules

from data. Machine learning algorithms can handle raw or
Frontiers in Cardiovascular Medicine 02100
unclassified data and learn and adapt from it. The input for

machine learning algorithms can be large datasets, and the

output is typically a prediction or classification. For example,

machine learning algorithms can learn natural language

processing rules from large amounts of natural language data to

perform natural language understanding or generation tasks

more accurately (15).

Another difference is that traditional algorithms are usually

deterministic, meaning they always produce the same output for

a given input. In contrast, machine learning algorithms can be

stochastic or probabilistic, meaning they may produce different

output results for a given input because they are based on

probabilistic models.

Finally, machine learning algorithms typically require a large

amount of data to train the model to improve the accuracy of

prediction or classification, whereas traditional algorithms typically

use less data. There are several types of machine learning

algorithms, from decision trees and support vector machines

(SVMs), to highly complex, data-hungry algorithms called neural

networks. Neural networks are used in deep machine learning

(deep learning or DL), and their ability to analyze large amounts

of highly complex data—electronic health record (EHR) data, for

example, or the collection of pixels that make up medical images

—are especially exciting for cardiology applications (16).
1.2. ML algorithms can learn patterns from
labeled examples: supervised learning

Supervised learning algorithms need to be trained using

existing datasets in order to learn regularity and patterns. These

datasets are typically from hospitals or research institutions and

include medical images, medical records, and experimental data.

The accuracy of supervised learning algorithms depends on the

quality and quantity of the datasets used, so a large amount of

high-quality data is required to train the model (17).

The advantage of supervised learning algorithms is that they have

a clear goal: to predict the labels of interest. But the downside of

supervised ML algorithms is that their ability to find interesting

patterns in the data is also limited by these labels. Training the

right data and deciding on the right answer or label is critical to

training and requires a lot of work. Similarly, a major challenge in

supervised machine learning is the availability of datasets of

sufficient size that have properly annotated labels of interest.

However, this is also not necessarily accurate. Therefore, proper

labeling of datasets requires active management by physicians and

often requires consensus from more than one physician.
1.3. ML algorithms can learn patterns
without labeled examples: unsupervised
learning

Unsupervised learning is a machine learning method that uses

unlabeled data for training to discover regularity and patterns in

the data without first having labeled data. Unlike supervised
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learning, unsupervised learning does not require predefined inputs

and outputs, but instead lets the algorithm learn the structure and

features of the data on its own. The main goal of unsupervised

learning is to discover hidden structures in data in order to

better understand the data and extract useful information.

The advantages of unsupervised learning include the following:

(i) No need to label data: Unlike supervised learning, unsupervised

learning does not require labeled data for training, so it is easier

to obtain a large amount of unlabeled data.

(ii) Discover hidden structures: Unsupervised learning can help

discover hidden structures and patterns in data to provide

better data understanding and analysis.

(iii) More comprehensive data analysis: Unsupervised learning

can use a variety of algorithms to analyze data from

different perspectives, so as to be able to understand the

data more comprehensively.

(iv) Applicable to a variety of fields: Unsupervised learning can be

applied to a variety of fields, such as image processing, natural

language processing, data mining, etc. (11).

1.4. A hot branch of the AI field: deep
learning

With the development of medical informatization and digital

diagnosis, medical monitoring indicators continue to grow, and

the amount of data is getting larger and larger; strong data

processing capabilities are urgently needed to provide strong

support to the medical field. Deep learning, as a hot branch of

the AI field, has developed rapidly in speech recognition and

computer vision, and its application in the medical field is

increasingly used.

The reason why deep learning is suitable for application in the

field of medicine is that it can automatically learn and extract

hidden patterns and features from data. This automated process

can reduce human interference and errors, and improve the

accuracy and efficiency of disease diagnosis and treatment.
2. Materials and methods

Two researchers examined the core collection database Web of

Science (WOS) on December 15, 2022. They identified 3,312

articles. In the end, 2,392 papers were included in the study. The

papers related to heart failure and machine learning were

identified by combing keywords with Boolean operators in the

search engine: “heart failure” and “machine learning, AI, Support

Vector Machine, Convolutional Neural Networks, Logistic

Regression, Recurrent Neural Networks, Random Forest, Naive

Bayes, or Decision Tree”. As the search results settled at 2,392

papers, on this basis, we further selected the 100 top-cited

articles. Figure 1 shows the selected process. The 100 top-cited

articles were compared with the analysis results of all searched

articles, and their similarities and differences were analyzed.

The abstract or full text of 100 top-cited articles was read by

two independent researchers who manually extracted information
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about the first and second authors, the journal name, the

institute, and other details after evaluating the pertinent articles

in accordance with the inclusion and exclusion criteria (18).

Exclusion criteria included (i) articles unrelated to heart failure

or machine learning and (ii) articles about heart transplantation

and blood pressure measurement. Data were extracted from each

of the articles by the two researchers and then analyzed by other

researchers. The first draft was written by two researchers and all

authors commented on the previous editions of the manuscript.
3. Results

3.1. The basic characteristics of 100
top-cited articles and all articles

In Online Resource 1 (Supplementary Table S1), the final top-

100 cited articles were given in order of decreasing number of

citations per article. The 2015 article about machine learning in

medicine had the most citations, totaling 1,189 (19). The 2019

article about cardiac tissue engineering: state-of-the-art methods

and outlook had the fewest citations (47 times) (20).

The 100 top-cited articles were all published from 2009 to 2021.

The timeline diagram in Figure 2A shows that the period between

2017 and 2022 contains one peak. The majority (68%) of highly

cited articles on heart failure were published between 2017 and

2020. All of the articles were published between 1999 and 2023.

Figure 2B shows a peak in 2020–2022 and a trend to continue to

rise. It can reflect the development history and important nodes

in the field of machine learning and heart failure. The growth

rate of publications over time was calculated by raising the rate of

the number of publications in 2022 over the number of

publications in 1999 to the power of 1/23, as shown below.

The growth rate is a very important indicator that reflects the

development trend in the field. The publication trends of the

number of publications each year were also reported (21).

Growth rate ¼ ((number of publications in the last year

4 number of publications in the

first year)1=(last year�first year) � 1)� 100

3.2. Distribution by journal and author

Table 1 lists the journals of the top 100 cited papers in

descending order, with the number of articles, average number of

citations per publication, and impact factor (2021). In total, 49

journals were included. The following journals had >3 instances:

Artificial Intelligence in Medicine (n = 5), Journal of the American

College of Cardiology (n = 5), Computer Methods and Programs in

Biomedicine (n = 4), BMC Medical Informatics and Decision

Making (n = 3), European Heart Journal (n = 3), European

Journal of Heart Failure (n = 3), JACC-Basic to Translational

Science (n = 3), and American Journal of Surgical Pathology (n =

3). A total of 206 authors participated in the preparation of these
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FIGURE 1

Flow chart showing the methodology used in the study.
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most-cited articles, and 15 authors participated in the preparation

of three or more articles. Daniel Rueckert wrote 5 of the 100 top-

cited articles, topping this list. Table 2 includes a list of these 15

authors.

Analyses of the data were descriptive in nature (22). According

to the total link strength (TLS), which measures the overall strength

of connections between a certain researcher and the co-authors of

other articles, projects were divided into clusters. The citation map

of journals and the co-authorship map of authors for the 2,392

articles are shown in Figures 3A, 4A. A total of 43 journals have

contributed to machine learning in heart failure. Among them,

Frontiers in Cardiovascular Medicine was the leading journal

with 78 documents, followed by Circulation with 58 documents,

and PLoS One with 52 documents. The top three co-authorship

triads of authors were Pandey Ambarish (TLS = 38), Segar

Matthew W. (TLS = 36), and Acharya U. Rajendra (TLS = 35). In

comparing highly cited articles to all articles, we found a big

difference. The impact rankings for each country and each

journal provided are based on citation rates (23).
3.3. Analysis of high-cited references

The most-cited reference was published in the New England

Journal of Medicine and authored by Alan S. Maisel in 2002. The
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second most-cited reference was published in Circulation and

authored by Rahul C. Deo in 2015. The third most-cited

reference was published in the Cochrane Database of Systematic

Reviews and authored by Jasvinder A. Singh in 2011.

These top three articles were analyzed. The most-cited

reference by A. S. Maisel in 2002 (24) reported that

measurements of B-type natriuretic peptide added significant

independent predictive power to other clinical variables in

models predicting which patients had congestive heart failure,

using multiple logistic regression analysis. Used in conjunction

with other clinical information, rapid measurement of B-type

natriuretic peptide is useful in establishing or excluding the

diagnosis of congestive heart failure in patients with acute

dyspnea.

The second most-cited reference by R. C. Deo in 2015

reported that part of its effort was to identify what obstacles

there may be in the change of the practice of medicine through

statistical learning approaches, and discuss how these might be

overcome (19).

The third most-cited reference by J. A. Singh in 2011 used

mixed-effects logistic regression using arm-based random-effects

models within the empirical Bayesian framework, and planned to

combine the results of biologics used in many conditions to

obtain much-needed risk estimates (25). The citation map

documents are shown in Figure 3B.
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FIGURE 2

Times cited and publications over time (A) with the 100 top-cited articles and (B) with the 2,392 articles.
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3.4. Countries and organizations of top 100
cited articles

Countries and institutes of origin of the top 100 cited articles

are listed in Tables 3, 4. A total of 24 different countries

contributed these 100 articles. The United States (n = 50) with

half of the articles was the most prolific country, followed by

China (n = 7), England (n = 5), Singapore (n = 4), Canada (n = 4),

Spain (n = 4), Australia (n = 3), Turkey (n = 3), Italy (n = 3), and

others. The institutes with the largest number of publications

were Harvard University in the United States (n = 17) and

University of California in the United States (n = 10). Icahn

School of Medicine at Mount Sinai in Egypt produced eight

articles. Two institutes produced seven articles: Mayo Clinic in

the United States and Stanford University in the United States.
Frontiers in Cardiovascular Medicine 05103
As for all the articles, the co-authorship map of countries and

institutes is summarized in Figures 4B,C. The top three

countries in co-authorship were the United States, China, and

England. The top three institutes in co-authorship were Harvard

Medical School in the United States, Duke University in the

United States, and University of Toronto in Canada. The field of

AI healthcare attracts research from all over the world, but high-

income countries are a major force in healthcare-related AI

research. The United States alone contributes about half of the

research in healthcare-related AI research (26), staying far ahead

of other countries in terms of both quantity and quality of its

contribution in this area. For researchers, understanding the

ranking results can help them better choose suitable research

partners, publish research results in appropriate journals, and

participate in academic conferences.
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TABLE 1 Journals in which the top 100 cited heart diseases articles were
published.

Rank Journals Number of
articles
(%)

Average
number of
citations per

paper

Impact
factora

(2021)

1a Artificial Intelligence in
Medicine

5 59.2 7.011

1b Journal of the
American College of
Cardiology

5 199.7 27.203

2 Computer Methods
and Programs in
Biomedicine

4 88 7.027

3a BMC Medical
Informatics and
Decision Making

3 133.7 3.298

3b European Heart
Journal

3 107.3 35.855

3c European Journal of
Heart Failure

3 83.7 17.349

3d JACC-Basic to
Translational Science

3 50.7 9.531

4a Circulation 2 528.5 39.918

4b Circulation-
Cardiovascular
Imaging

2 62.5 8.589

4c Circulation-Heart
Failure

2 71 10.447

4d Computers in Biology
and Medicine

2 50.5 6.698

4e Critical Care 2 70 19.334

4f Expert Systems With
Applications

2 70 8.093

4g IEEE Access 2 57.5 3.476

4h IEEE Journal of
Biomedical and Health
Informatics

2 93 7.021

4i IEEE Transactions on
Biomedical
Engineering

2 141.5 4.756

4j IEEE Transactions on
Visualization and
Computer Graphics

2 80 5.226

4k International Journal
of Medical Informatics

2 123.5 4.73

4l Journal of Biomedical
Informatics

2 63.5 8

4m Journal of the
American Society of
Echocardiography

2 52.2 7.722

aJournal impact factor is based on Thomson Reuters Web of Knowledge Journal

Citation Reports Ranking (2021).

TABLE 2 Authors with three or more top-cited articles.

Rank Author Number of articles
1 Ruecker D 5

2a Acharya UR 4

2b Johnson KW 4

2c Sengupta PP 4

2d Stewart WF 4

3a Cook SA 3

3b Dawes TJW 3

3c De Marvao A 3

3d Dudley JT 3

3e Krittanawong C 3

3f Melillo P 3

3g Sanchez-martinez S 3

3h Shameer K 3

3i Tang WHW 3

3j Wang Z 3
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3.5. Heart diseases and machine learning
methods of the top-cited articles

Causes of heart failure included atrial fibrillation (n = 8),

cardiomyopathy (n = 20), cardiovascular disorders (n = 22), and

coronary artery disease (n = 6). Moreover, we discovered that

SVM appeared 22 times and SVM utilized in the 100

publications accounted for the majority. Numerous deep learning

techniques, including Recurrent Neural Networks, Convolutional
Frontiers in Cardiovascular Medicine 06104
Neural Networks, and others, were also utilized. Heart disorders

frequently had certain consequences or causative diseases in

addition to the link to machine learning, for example,

pneumonia (n = 2), diabetes (n = 5), hypertension (n = 5), and

stroke (n = 5). The 100 studies suggest that machine learning

techniques can be used to discover interactions between heart

failure and other diseases.

Figure 5 shows the co-occurrence map of keywords and four

research directions. The blue cluster includes heart failure,

machine learning, AI, and precision medicine. The red cluster

includes risk score, risk prediction, in-hospital mortality, and

hospitalization. The green cluster includes prediction,

classification, electronic health records, feature selection, and

identification. Finally, the yellow cluster includes

electrocardiograph, biomarker, and recommendations. AI

technology research in recent years has involved more healthcare

fields and produced more diverse keywords. It is possible that

the higher diversity of keywords of healthcare-related AI research

diluted the citation bursts. From the perspective of citation rates,

deep learning, SVM, big data, and electronic health records have

the greatest impact on heart failure research. We have realized

that deep learning has been gradually applied to the medical

field, surpassing traditional machine learning methods frequently

mentioned in the 100 top-cited articles.
4. Discussion

4.1. Bibliometrics is of significance in
promoting scientific development and
progress

Bibliometrics not only demonstrates trends in heart failure

research but also shows historical promises for scientific growth

(27). Moreover, bibliometric analysis might shed light on the

most popular subjects in heart disease (28).
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FIGURE 3

Visualization knowledge maps of citation. (A) Citation map of journal; (B) citation map of documents. Different color indicates different clusters. The size
of the nodes represents the count of citations. The distance between the two nodes indicates their correlation.

FIGURE 4

Visualization knowledge maps of the co-authorship. (A) Co-authorship map of authors that indicates the authors that cooperate in the field of heart
failure. (B) Co-authorship map of countries. (C) Co-authorship map of organizations. Different colors indicate different clusters and the size of nodes
indicates the number of publications. Thickness of the lines represents link strength of the countries.
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The most citations that the top 100 journal papers from 1988 to

2022 ranged from 47 to 1,189. The collection of publications

identifies topics that mirror the development of research on

cardiac disorders throughout this 34-year span. Even though it

might not be possible to thoroughly evaluate every one of these

highly referenced papers, certain findings can be made. The

characteristics of these important articles on heart problems are

summed up in our current research.
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4.2. The United States is leading the way in
the area of heart failure and machine
learning

The United States accounts for 50 of the 100 top-cited articles

globally, which confirms the tremendous impact on medical

science research in the United States with its large scientific

population and the sufficient financial resources which are
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TABLE 4 Original institutions with two or more top-cited articles.

Rank Institutions No. of articles
1a Harvard University, United States 17

1b University of California System, United States 10

2 Icahn School of Medicine at Mount Sinai, Egypt 8

3b Mayo Clinic, United States 7

3c Stanford University, United States 7

4a Brigham Women’s Hospital, United States 6

4b National Heart Centre Singapore, Singapore 6

5a Columbia University 5

5b Imperial College London, United Kingdom 5

5c National University of Singapore, Singapore 5

5d Northwestern University, United States 5

5e University of California Sanfrancisco, United States 5

5f University of Texas System, United States 5

6a Cleveland Clinic Foundation, United States 4

6b Ngee Ann Polytech, Singapore, Singapore 4

6c Siemens Ag University of Texas, United States 4

6d Yale University, United States 4

6e Southwestern Medical Center Dallas, United States 4

TABLE 3 Original countries of the top-cited articles.

Rank Countries Number of article
1 United States 50

2 China 7

3 England 5

4a Singapore 4

4b Canada 4

4c Spain 4

5a Australia 3

5b Turkey 3

5c Italy 3
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available to the scientific communities, demonstrating its

dominance in the fields of research, technology, and medicine.

The United States is a pioneer in many other fields as well (29).

The United States hosts many prestigious journals, which may be

the reason why publications there account for the vast majority.

Nevertheless, researchers prefer to cite papers from their own

countries. American researchers may similarly favor papers from

their own country (30, 31). For papers published in WOS, this

work is with significant per-capita contributions from all

industrialized nations as well as work in the majority of

developing nations. Global and similarly multi-institutional

collaborations in cardiac AI/ML exist within the United States.

It is undeniable that citation analysis within a specific subject

may always provide a wealth of information about journals,

organizations, and authors that is useful for identifying

important publications and high-impact journals. It shows the

trajectory of heart failure research as well as a historical

perspective on scientific advancement in the subject. Through the

analysis of the statistics of the journals, authors, and countries of

the first 100 citations, we can learn advanced medical

technologies and concepts, learn the advanced nature of the

country that plays a leading position in this field, understand the
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future development trend of the field, and timely improve the

shortcomings and shortcomings of the data analysis methods

used by medical scientists. Most importantly, our statistical

results are intended to provide these healers with the direction

and orientation to solve problems (32).
4.3. Range of machine learning methods in
heart diseases in United States, Europe, and
Asia

We divided the 100 articles based on their original countries

for analysis: the United States, Europe, and a few Asian countries

(mainly from China). Figure 6 displays the articles from the

three areas that examine the main cardiac conditions and

machine learning techniques. The tables on the left of the three

regions show heart failure and its common causes (33). It

demonstrates that the worldwide research results about origins of

heart diseases are much the same. SVM, a binary classification

method that uses machine learning techniques, occurs most

frequently. Its basic model is defined in the feature space of the

largest interval linear classifier. Its advantage is that only a small

number of support vectors determine the outcome, which not

only helps identify important samples but also eliminates

redundant samples (34). These techniques have been widely

adopted by medical research to predict disease and survival.

However, the interesting thing is that in the article “Comparing

different supervised machine learning algorithms for disease

prediction,” we found the following description. They discovered

that the SVM algorithm is applied most frequently (in 29

studies) followed by the Naïve Bayes algorithm (in 23 studies).

However, the Random Forest (RF) algorithm showed superior

accuracy comparatively. Of the 17 studies where it was applied,

RF showed the highest accuracy in 9 of them, i.e., 53%. This was

followed by SVM which topped in 41% of the studies it was

considered (35). We also found that different diseases use

different machine learning models to achieve different accuracy.
4.4. Analysis of the application of machine
learning in heart failure

Millions of individuals die from cardiovascular disease yearly

worldwide. Heart attack (induced by obstruction of blood

vessels), stroke (caused by occlusion or rupture of cerebral blood

vessels), and heart failure are the three main heart and blood

vessel diseases (caused by the inability of the heart to pump

enough blood to the body). Prediction of patients’ status and

prognosis based on clinical and laboratory data is crucial since

severe heart failure can result in mortality (36).

Using machine learning, heart failure may be predicted,

detected, and treated with high reliability and accuracy. Among

these, data analysis and model building for heart failure

frequently use methods like Neural Networks, Support Vector

Machines, Decision Tree, and Random Forests. Physiological

data, electrocardiograms, medical records, and images are just a
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FIGURE 5

Visualization of keyword co-occurrence analysis. The size of nodes indicates the frequency of occurrences of the keywords. The lines between the nodes
represent their co-occurrence in the same publication. Shorter distance between two nodes means higher co-occurrence of two key words.

Kuang et al. 10.3389/fcvm.2023.1158509
few of the numerous data sources that offer rich data resources and

research foundations for application of machine learning in heart

failure (37).

Since SVM appears the most, we analyzed the articles in which

this keyword appeared. We found that most of the SVM used by

these authors are not traditional SVM models. Here are some

examples: (i) SVM and boosting algorithms (38); (ii) an expert

system that stacks two (SVM) models. The first SVM model is

linear and L-1 regularized and the second SVM model is L-2

regularized (39); (iii) RBF kernel-based SVM (40); (iv) a boosted

C5.0 tree, as the base classifier, was ensembled with a SVM, as a

secondary classifier (41); (v) the proposed prediction SVM model

with particle swarm parameter (42). These are some of the

representatives of the 100 top-cited articles. It is all known to us

that just building a working AI model does not make it usable.

We have to combine and compare different models to improve

our accuracy, and we have to pay attention to the development

of technology and update our technology, because each model

has its advantages and disadvantages. For example, random

forests are suitable for handling large datasets, and this
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ensemble-based classifier may outperform a single classifier,

while SVM is less prone to overfitting and performs well in

classifying semistructured or unstructured data such as text,

images, etc. (35). We can learn more about the differences from

this paper.
4.5. Specific applications of machine
learning

As most machine learning algorithms are “data agnostic” (43),

the case studies are organized not by clinical data types or

disorders, but rather by machine learning use cases.

Machine learning has some of the following key capabilities

Denoising and image enhancement: Machine learning has been

used to address the clinical issue of image post-processing and

denoising across a variety of modalities. For ultrasound, CT,

MRI, and clinical imaging, neural network-based denoising has

proven beneficial due to the complicated patterns of noise found

in clinical imaging (44). In terms of clinical utility, machine
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FIGURE 6

Major heart diseases and machine learning methods in the United States (A), Europe (B), and Asia (C).
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learning has the ability to reduce the time and effort required for

image post-processing as well as the discrepancies in data

processing between operators, vendors, and institutes (45). Most

machine learning denoising techniques now employ supervised

learning techniques, where the model is trained to approximately

represent proprietary denoising software as a real label (46). A

crucial next step to demonstrate its usefulness in clinical practice

is the use of machine learning–based image denoising to monitor

changes in diagnostic performance. To test image denoising on a

broader scale, several clinical trials are now underway (47).

Feature extraction, feature selection, and feature representation:

Feature selection is the process of choosing the most pertinent

characteristics from a vast number of features, aiming to increase

the precision and interpretability of the prediction model. For

instance, feature selection techniques based on Decision Trees or

Logistic Regression algorithms might be used. Representing

important features in a simpler and more unified form is called

feature extraction. For example, myocardial wall thickness

measurement is a crucial diagnostic, monitoring, and therapeutic

tool for the identification of coronary heart disease and

cardiomyopathy. The outlines and thickness of the myocardial

wall can be automatically extracted and determined using feature

extraction methods in medical image analysis (48).
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Measuring cardiac flow is vital for evaluating cardiac function

and lesions as it provides important diagnostic information about

the volume of blood the heart pumps each minute (49). Heart

disorders including coronary artery disease and heart failure may

be diagnosed and treated using feature extraction algorithms.

These algorithms can automatically extract the contours of the

ventricles and blood arteries and determine the flow rate and

velocity (50).

Deep learning algorithms achieve higher classification

performance through automatic extraction of these characteristics

through intricate nonlinear combinations of input data (51).

Data may be compared between institutes using these extracted

features, and by integrating features from various data types, it is

possible to create a multimodal image of a specific patient or

disease by integrating features from various data types. This

study will continue to benefit from concurrent experiments using

small datasets as well as synthesizing larger datasets from smaller

datasets, because training a model to execute these fundamental

tasks frequently requires a lot of data labeling.

With a small amount of data available, synthetic knowledge

synthesis (SKS) can be a useful tool for heart failure feature

extraction. Existing data can be combined with domain expertise

to create more data samples, enlarging the dataset and enhancing
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1158509
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Kuang et al. 10.3389/fcvm.2023.1158509
the model’s performance. Synthetic knowledge synthesis can also

aid in avoiding issues such as overfitting. However, SKS cannot

deal with all issues. There is just one viable answer and more

experimental testing is needed to determine whether it applies to

certain datasets. For effectiveness, it is necessary to combine SKS

with other machine learning approaches, such as feature

selection, classifier selection, and so on (52).
4.6. Strength and limitations in our analysis
process

4.6.1. Strength
The Web of Science database is an authoritative citation

database with a worldwide scope. It includes the core journals

with the greatest academic influence across a range of disciplines

and the literature can, to a certain extent, reflect cutting-edge

global development trends in certain discipline or field. Objective

assessment of the current state and level of scientific

advancement is possible through observing quantity and quality

of the produced scientific materials.

The 100 top-cited articles were compared with all articles

retrieved. Readers can find suitable and commonly used methods

as well as valuable conclusions from their comparison and

analysis. They can also learn development laws from the present

paper and realize better combination of medicine and machine

learning.
4.6.2. Limitations
Some pertinent articles might have been overlooked due to

the keywords used. Second, the citation count could be inflated

by self-citations, errors, or insufficient statistics. Because of this,

older articles may receive more citations at the time of retrieval

and study because they have received more citations over a

longer period of time (53). The Web of Science core collection

database was used as the literature source. Various databases

have significant disparities and if the literature was procured

from another database, even more variations would be observed

in the citations or articles (54). Most importantly, some

keywords, although they were ranked as top keywords, were

uninformative by themselves (risk, model, and system) and

could not be analyzed.

Notwithstanding the potential of machine learning in the study

and treatment of heart failure, there are a number of problems and

difficulties that must be resolved. For instance, gathering a

sufficient amount of high-quality data to train and verify

machine learning algorithms can be challenging. On the other

hand, heart failure is a complicated disease and involves

interaction of multiple tissues and organ systems. Therefore, data

integration and model interpretability are the major challenges

preventing widespread assimilation into clinical practice (55),

which might lead to practical application issues, particularly in

clinical decision-making.
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5. Conclusion

Our analysis also depicted research trends of AI-related health

research: (i) the growth rate of heart failure–related ML

publications has grown rapidly in the past two decades and the

rate showed a trend of continuous growth; (ii) high-income

countries are the main force of HF-related AI research; (iii) ML

is being increasingly employed in the field of heart failure. Future

research trends will most likely include more accurate predictive

models, personalized treatment, real-time monitoring, and early

warning systems; (iv) although SVM appears the most, what

cannot be ignored is the combination of different models.

Improving accuracy and reducing complexity is the goal of doctors.
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1. Introduction

Many patients with heart failure with reduced ejection fraction (HFrEF) are initially

diagnosed at an index heart failure hospitalization. Nearly half of these patients have an

ischemic etiology. In the latter group, the Surgical Treatment for Ischemic Heart Failure

(STICH) trial was the first, and thus far, the only trial to show benefit of revascularization

on survival in patients with left ventricular (LV) dysfunction (1). Revascularization by

percutaneous coronary intervention (PCI) has also been applied to this population in

anticipation of achieving similar benefit. The REVIVED-BCIS2 trial tested this hypothesis

by randomizing patients with multivessel coronary artery disease (CAD) and a left

ventricular ejection fraction (LVEF) < 35% to PCI and guideline directed medical therapy

(GDMT) vs. GDMT alone (2). However, no benefit on survival or LV function was found

with PCI compared to GDMT during a mean follow-up interval of more than 3 years.

Thus, for patients with HFrEF and stable multivessel CAD, coronary artery bypass graft

surgery (CABG) is the only revascularization method with documented mortality benefit.

GDMT remains the foundation of care for these patients.

This finding raises an important question: For newly diagnosed HFrEF patients at high

risk for CAD not presenting with acute coronary syndrome, how should revascularization be

prioritized at index hospitalization?
2. Discussion

2.1. GDMT should be the focus for newly diagnosed HFrEF

The 2022 ACC/AHA/HFSA Guidelines identify 4 pillars of GDMT for HFrEF (3). Each

of these agents has shown reduction in heart failure hospitalization and cardiovascular death

within 30 days of initiation (4). However, due to widespread underuse of GDMT, there have

been considerable and potentially avoidable losses of life and function (5). The Guidelines

suggest simultaneous initiation of this regimen at diagnosis with subsequent titration at

regular intervals (3). This is a documented strategy to reduce both early and long-term

mortality and morbidity in HFrEF, regardless of etiology.
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In fact, the STRONG-HF trial randomized patients hospitalized

with heart failure, a majority with HFrEF, to a strategy of aggressive

initiation and titration of GDMT vs. usual care (6). The result was a

notable 8.1% absolute risk reduction in the primary endpoint of 180-

day readmission for heart failure or all-cause death. N-terminal pro-

brain natriuretic peptide was also reduced by 23% at 90 days in the

aggressively titrated arm compared to usual care despite no

difference in doses of loop diuretics. The key to this success was

targeted up-titration of GDMT peri-discharge, resulting in >80%

of patients on half-target dose or greater of beta-blocker, renin-
FIGURE 1

Proposed algorithm for evaluation of ischemic cardiomyopathy in hospitalize
CAD. ACS, acute coronary syndrome; ARNi, angiotensin receptor-neprily
guideline-directed medical therapy; HFrEF, heart failure with reduced ejectio
glucose cotransporter-2 inhibitors.
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angiotensin-aldosterone system inhibitor, and mineralocorticoid

receptor antagonist by 2 weeks post-discharge.

While an ischemic evaluation is a crucial aspect in the evaluation

of newly diagnosed HFrEF, immediate revascularization may impede

GDMT initiation. Percutaneous coronary intervention-induced

acute kidney injury (AKI) occurs in up to 7%–10% of cases, which

may prohibit initiation or continuation of GDMT agents, which

often transiently reduce glomerular filtration rate (7). Moreover,

the concern for contrast induced AKI from coronary angiography

can render clinicians reluctant to titrate GDMT. Additionally,
d patients with newly diagnosed HFrEF. aSuggestive of LM or multivessel
sin inhibitor; BB, beta-blocker; CAD, coronary artery disease; GDMT,
n fraction; MRA, mineralocorticoid receptor antagonist; SGLT2i, sodium/
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GDMT use after CABG has historically been lower than with PCI,

presenting another barrier to medical optimization (8).
2.2. Could there be benefit to deferred
revascularization of multivessel disease?

Guidelines provide a Class I indication for revascularization with

CABG for patients with high risk leftmain (LM)CADandmultivessel

CAD associated with diabetes or LVEF < 35% (9). However, as with

candidacy for implantable cardiac defibrillators for primary

prevention, consideration of revascularization may shift as a

patient’s LVEF improves after optimization of GDMT (10). Per

Guidelines, a patient with an LVEF of 30% with multivessel disease

and no diabetes has a Class I indication for CABG; however, in

three months if the EF improves to 35%–50% with optimal GDMT,

then the recommendation for CABG drops to Class 2a; if EF

improves to >50% then it becomes 2b. Moreover, marked LV

dysfunction is a leading reason for rejection of surgery due to the

increased risk of surgical mortality (1, 5). Historically, many of these

turndowns are sent for PCI. However, results of REVIVED-BCIS2

reveal that this approach may not have been beneficial (2). But even

with high rates of surgical mortality, the STICH trial showed that

the clinical benefits of CABG in LV dysfunction are eventually

realized (1). Prioritization of optimal GDMT before

revascularization in patients whose sole indication is LVEF < 35%,

could result in increased LVEF at the time of consideration for

CABG, which may obviate the need for CABG, or lower operative

risk if the decision is made to proceed with CABG. Therefore,

deferred, i.e., postponement of this decision to the outpatient setting,

may be a preferred strategy for management of these patients.
2.3. Consider a non-invasive ischemic
evaluation

While invasive coronary angiography has been the gold-standard

for diagnosis of ischemic cardiomyopathy, the limited role of PCI in

patients with LV dysfunction and stable CAD may limit its

necessity. Non-invasive imaging minimizes procedural risk while

maintaining diagnostic accuracy for high risk disease. Coronary

computed tomography angiography (CCTA) has upwards of 90%

sensitivity and specificity for identifying obstructive CAD (11). For

certain patients in which CCTA may be impractical, such as those

with elevated heart rates or marginal kidney function, non-invasive

stress imaging can be used to detect LM and triple vessel CAD (3,

12). Patients with high risk, inconclusive, or high likelihood of false

negative findings on non-invasive testing can be considered for

invasive angiography, but the possible benefits of deferred
Frontiers in Cardiovascular Medicine 03114
revascularization should be considered as previously noted

(Figure 1). Patients whose non-invasive testing is negative or not

high risk have low annual rates of ischemic events and further

invasive evaluation can be performed in the outpatient setting, if

indicated (13, 14). In these cases, non-ischemic causes of

cardiomyopathy should also be evaluated (15).
3. Conclusion

With the negative results of the REVIVED-BCIS2 trial, CABG

remains the only method of revascularization in patients with

ischemic cardiomyopathy to demonstrate morbidity and

mortality benefit. However, deferred revascularization of multi-

vessel disease in patients with new onset HFrEF should be

considered to allow time for the impact of the rapid, beneficial

effects of GDMT, which may lead to lower surgical risk or

render CABG unnecessary. Additionally, an initial non-invasive

ischemic evaluation reduces procedural risk and may better

facilitate GDMT optimization than an initial invasive evaluation.

Overall, for newly diagnosed HFrEF patients, a strategy

prioritizing GDMT over revascularization may lead to greater

long-term benefits. A randomized trial is required to provide

further guidance on this approach.
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Case Report: do heart transplant
candidates benefit from
mechanically supported
revascularization?
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Malgorzata Swietlińska2 and Mariusz Gąsior1

13rd Department of Cardiology, Faculty of Medical Sciences in Zabrze, Medical University of Silesia,
Katowice, Poland, 2Department of Cardiology, Scanmed Center of Cardiology, Chorzow, Poland

Introduction: Recently published studies suggest that percutaneous coronary
intervention (PCI) has no significant impact on outcomes in patients with heart
failure and stable coronary artery disease. The use of percutaneous mechanical
circulatory support is growing, but its value is still uncertain. If large areas of
viable myocardium are ischemic, the benefit from revascularization should be
evident. In such instances, we should strive for complete revascularization. The
use of mechanical circulatory support in such cases is vital because it provides
hemodynamic stability throughout the complex procedure.
Case report: We present a case of a 53-year-old male heart transplant candidate
with type 1 diabetes mellitus, initially considered unsuitable for revascularization
and qualified for heart transplantation, transferred to our center due to acute
decompensated heart failure. At this time, the patient had temporary
contraindications for heart transplantation. As the patient was considered no-
option, we have decided to reassess the possibility of revascularization. The
heart team opted for a high-risk mechanically supported PCI with the aim of
complete revascularization. A complex multivessel PCI was performed with
optimal effect. The patient was weaned off dobutamine on the second day
post-PCI. Four months post-discharge, he remains stable, is in NYHA II class,
and has no chest pain. Control echocardiography showed improved ejection
fraction. The patient is not a heart transplant candidate anymore.
Conclusions: This case report shows that we must strive for revascularization in
select heart failure cases. The outcome of this patient suggests that heart
transplant candidates with potentially viable myocardium should be considered
for revascularization, especially as the shortage of donors persists. In the most
complex coronary anatomy and severe heart failure, mechanical support in the
procedure might be essential.

KEYWORDS

heart transplant, revascularisation, congestive heart failure, mechanical circulatory support,

outcomes, myocardial recovery

Introduction

Recently published studies suggest that percutaneous coronary intervention (PCI) has no

significant impact on outcomes in patients with heart failure (HF) and stable coronary artery

disease (CAD) (1, 2). In patients with severe CAD and HF, the use of percutaneous

mechanical circulatory support (MCS) is growing. However, its impact on outcomes is
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still uncertain, and, in many instances, the potential benefits are

diminished by complications (3–5).

Nonetheless, we believe that a significant population of

ischemic HF patients benefits from these interventions, especially

when revascularization is achieved in large areas of viable

myocardium. In such instances, we should strive for complete

revascularization, including interventions on chronically occluded

arteries (6, 7). MCS is vital because it provides hemodynamic

stability throughout the complex procedure.
Case report

We present a case of a 53-year-old male heart transplant

candidate with type 1 diabetes mellitus who was initially

hospitalized at the intensive care unit in our center in March

2022 due to acute decompensated heart failure (ADHF). He was

considered unsuitable for revascularization by the heart team, as

his severe left ventricular impairment with a left ventricular

ejection fraction (LVEF) of 15% and advanced multivessel

coronary artery disease were considered extremely high risk and

futile both for PCI and coronary artery bypass grafting. The

patient was qualified for heart transplantation (OHT) by the

heart transplant team. He was treated medically and discharged

in stable condition.

In May 2022, the patient was transferred to our cardiology

department due to a second ADHF episode, with severe

congestion, hypotension, pleural effusion, severe asymmetric

lower limb edema, and signs of infection. On admission, his echo

showed a LVEF of 18% and an end-diastolic left ventricle

dimension of 64 mm, with moderate mitral and tricuspid

insufficiencies and good right ventricular function. The patient

was stabilized with inotropes, intravenous diuretics, and

pleurocentesis. As Doppler ultrasound and CT-angio confirmed

lower limb deep vein thrombosis (DVT) with an infected

ulceration, the patient was temporarily taken off the OHT list.

Subsequently, after initial stabilization on oral medical treatment,

he was transferred back to the referring cardiology department

for further observation and rehabilitation. He was readmitted

after 25 days in deteriorated clinical condition, on dobutamine

support, hypotensive, in NYHA III/IV class. At this time, an

urgent heart transplant was considered the only option.

Therefore, he underwent right heart catheterization (cardiac

output 3.55 L/min; cardiac index 1.92 L/min/m2; pulmonary

vascular resistance 2.25 Wood units). Nonetheless, after the heart

transplant team reassessment, he was still deemed unsuitable for

OHT (due to persistent significant DVT and unclear infectious

status with significantly elevated inflammation markers despite

treatment).

At this time, we have decided to reassess the possibility of

revascularization, as the patient was considered no-option,

dobutamine-dependent, unsuitable for urgent OHT. In our

healthcare system, only OHT-qualified patients are potential

candidates for long-term mechanical circulatory support;

therefore, such treatment was not available. The patient’s

coronary angiography before initial OHT qualification revealed a
Frontiers in Cardiovascular Medicine 02117
critical, calcified proximal left anterior descending artery (LAD)

lesion, a chronic total occlusion (CTO) of the circumflex artery

(LCx), a significant left main stenosis, and diffuse disease of the

right coronary artery (RCA) with a critical lesion at the crux

cordis. The heart team opted for a high-risk MCS PCI with the

aim of complete revascularization. As revascularization was

considered the last viable treatment option, myocardial viability

or ischemia testing was not performed.

At the beginning of the procedure, two Abbott Perclose

ProGlide devices were inserted after an ultrasound-guided

femoral puncture. The Abiomed Impella CP catheter was

inserted into the left ventricle. With the single access technique

(puncture of the Impella hemostatic sheath), we were able to

engage the left coronary artery with an EBU 3.5 catheter and

perform a control angiography, which revealed similar coronary

artery status to that before OHT qualification. A Pilot 50

guidewire easily crossed the LAD lesion; however, we were

unable to introduce the HD IVUS Acist Kodama catheter. After

meticulous 2.5-mm × 20-mm NC balloon predilatation, two

sirolimus-eluting stents were implanted up to the ostium of the

LAD (Ultimaster Tansei 2.5 mm × 28 mm and 3.0 mm × 38 mm).

As IVUS at this point revealed stent underexpansion and further

postdilatation provided insufficient results, 70 impulses of

intravascular lithotripsy (Shockwave 3.5 mm × 15 mm) were

performed to very good effect.

Subsequently, the circumflex artery was recanalized using a

microcatheter-supported Pilot 150 guidewire and followed by the

implantation of three everolimus-eluting stents (Xience Pro

2.25 mm × 23 mm, 2.5 mm × 23 mm, 2.5 mm × 18 mm). TIMI 3

flow was restored with optimal angiographic and IVUS

results. Finally, the left main PCI was performed using a

provisional technique with implantation of a 4.0-mm × 12-mm

sirolimus-eluting Ultimaster Tansei stent, postdilated with a 4.5-

mm × 6-mm NC balloon. Optimal angiographic and IVUS results

were achieved. The patient remained hemodynamically stable

through the procedure. The Impella CP was removed in the

cathlab, and the Proglide presuture device provided hemostasis.

After 6 days, the patient was taken back to the cathlab.

Coronary angiography showed optimal results of the previous

procedure. After predilatation, a PCI of the right coronary artery

with the use of three sirolimus-eluting stents was performed

(Ultimaster Tansei 3.5 × 38, 2.75 × 24, 2.5 × 33).

Initial and follow-up echocardiography is presented in

Supplementary Video 1. The angiographic images of the

procedures are presented in Supplementary Video 2. The IVUS

images are presented in Supplementary Video 3. The summary

of initial and final angiography and echocardiography is

presented in Figure 1.

The patient was weaned off dobutamine on the second day

post-PCI. The in-hospital stay was complicated by pneumonia,

which was subsequently treated in the referring cardiology

department. Four months post-discharge, he was controlled at

the outpatient clinic. The patient remains stable, is in NYHA II

class, and has no chest pain. Control echocardiography showed

an LVEF of 37% and a mild mitral insufficiency. The patient is

currently not an OHT candidate. Persistent DVT, despite
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FIGURE 1

Patient summary: (A) initial left coronary artery anatomy with visible Impella support, (B) initial right coronary artery anatomy, (C) initial echocardiography
with an LVEF of 18%, (D) final PCI effect of the left coronary artery, (E) final PCI effect of the right coronary artery, and (F) echocardiography on follow-up
with an LVEF of 37%–38%. LVEF, left ventricular ejection fraction.
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antithrombotic treatment, remains the most important clinical

problem at the time of follow-up.
Discussion

In general, it is the policy at our center to utilize all of the

available treatment methods for severe HF patient before OHT

qualification. This includes almost routine revascularization. In

these patients, long-term results are generally satisfactory,

especially when complete revascularization is possible (6). There

are, however, select cases when the patient is not revascularized.

This concerns mostly patients with extremely complicated

coronary anatomy and the most severe left ventricular

impairment, especially when the benefit of revascularization is

doubtful. In such cases, myocardial viability testing may be

useful in the decision-making process. However, severe dilatation

of the left ventricle and thinning of the myocardium may be

considered surrogates for lack of viability. Moreover, in

hemodynamically unstable patients, inotrope-dependent, when

OHT is considered urgent (in-hospital), revascularization is

rarely performed to avoid potential complications or the need for

a dual (or triple) antithrombotic regimen. If the heart team

decides to perform PCI in OHT candidates, especially in
Frontiers in Cardiovascular Medicine 03118
complex coronary anatomy (unprotected left main lesion,

multivessel disease, last patent vessel), a periprocedural

hemodynamic compromise might be expected. In such cases,

MCS should be considered to provide patient stability

throughout the procedure.

This case report presents the treatment and outcomes of a

patient in whom, at an early stage of treatment, there was a

decision to treat CAD conservatively. Such a decision, a

premature one in our opinion, complicated the patient’s further

clinical course. Performing complete revascularization produced

left ventricular improvement exceeding expectations, even with

no initial proof of myocardial viability. MCS support enabled the

operators to perform the procedure safely and optimally. In such

complex HF cases, the ever-changing clinical scenario might

compel the physicians to challenge initial treatment decisions in

the best interest of the patient.
Conclusions

We have presented a case of a dramatic clinical and LVEF

improvement in an OHT candidate with temporary

contraindications after complete revascularization. High-risk PCI

was the only viable option and provided results exceeding our
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expectations. This case report shows that in select HF cases, we

must strive for revascularization, despite recent trial results. The

question remains whether revascularization during initial OHT

qualification could have prevented the ADHF episodes. The

patient should have never entered the OHT waiting list,

especially with the significant comorbidities. The outcome of this

patient suggests that OHT candidates with potentially viable

myocardium should be considered for revascularization,

especially as shortage of donors persists. In the most complex

coronary anatomy and severe LVEF impairment, MCS might be

essential.
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Background: This study aimed to determine the fit of two small-sized (pediatric
and infant) continuous-flow total artificial heart pumps (CFTAHs) in congenital
heart surgery patients.
Methods: This study was approved by Cleveland Clinic Institutional Review Board.
Pediatric cardiac surgery patients (n= 40) were evaluated for anatomical and
virtual device fitting (3D-printed models of pediatric [P-CFTAH] and infant [I-
CFTAH] models). The virtual sub-study consisted of analysis of preoperative
thoracic radiographs and computed tomography (n= 3; 4.2, 5.3, and 10.2 kg)
imaging data.
Results: P-CFTAH pump fit in 21 out of 40 patients (fit group, 52.5%) but did not fit in
19 patients (non-fit group, 47.5%). I-CFTAH pump fit all of the 33 patients evaluated.
There were critical differences due to dimensional variation (p < 0.0001) for the
P-CFTAH, such as body weight (BW), height (Ht), and body surface area (BSA). The
cutoff values were: BW: 5.71 kg, Ht: 59.0 cm, BSA: 0.31 m2. These cutoff values
were additionally confirmed to be optimal by CT imaging.
Conclusions: This study demonstrated the range of proper fit for the P-CFTAH and
I-CFTAH in congenital heart disease patients. These data suggest the feasibility of
both devices for fit in the small-patient population.

KEYWORDS

pediatric heart failure, congenital heart disease, mechanical circulatory support, pediatric

total artificial heart, infant total artificial heart

1. Introduction

In the pediatric heart failure (HF) population, the need for long-term support therapies

such as the use of mechanical circulatory support (MCS) devices has become more prevalent

in the last decade. The ventricular assist device (VAD), a representative MCS device, has

yielded better outcomes recently (1–4) and it is reported that nearly one-third of pediatric

patients receiving heart transplantation surgery are on VAD support (5). However, the

donor hearts available for these children remain scarcer than those for adults; waitlist of

infant mortality remains high (17%–30%) (6) compared to adults (7%) (7).

As for the recipient characteristics of the pediatric population undergoing heart

transplantation, dilated cardiomyopathy (DCM) is the most common diagnosis globally;

in North America, however, DCM and congenital heart disease (CHD) were equally
01 frontiersin.org120
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prevalent as the diagnosis for heart transplantation recipients (both

about 40%) (8). For this CHD population, both two-year survival

post-device implantation and post-transplantation following VAD

support are significantly worse compared with the DCM

population (5). A probable explanation is the presence of

anatomical and physiological challenges such as shunt-dependent

circulations and/or single ventricle circulations, causing technical

issues with a pump design that focuses only on biventricular

circulation patients. Therefore, advanced-stage pediatric HF

patients, especially CHD patients, might have benefited from

replacement therapy, such as the total artificial heart (TAH) (9–12).

In particular, due to the specific developmental, anatomical, and

morphological representations in the pediatric population (i.e.,

bilateral HF with single ventricular patients), the applications of

currently available VADs are limited. In addition, due to the small

size of the chest cavity, the applications and considerations are also

limited to select patients. Therefore, more durable solutions are

critical to address this clinical burden. Moreover, these patients

need longer-term options even after the heart transplant, since the

risk of chronic rejection or infection after a transplant is much higher.

Among viable clinical alternatives currently available, the only

option as a pediatric TAH is the SynCardia 50 cc (SynCardia,

Tucson, AZ). Although some space in the thoracic can be made

after ventricular resection, the recommended patient size for this

pump requires a body surface area (BSA) of 1.2–1.7 m2 (9, 10,

13), leaving a large number of pediatric patients ineligible due to

their body size.

The pediatric continuous-flowTAH (P-CFTAH) is a pediatric-size

TAH that is being developed by scaling down the adult CFTAH. Using

the same algorithm as the adult CFTAH, the P-CFTAH produces

self-balancing left and right circulations without electronic

intervention, and is currently at the in vivo experimental stage of

development (14). We also have conceptualized an even smaller

pump designated as the infant CFTAH (I-CFTAH). Here we report

the results of our initial fitting study of the P-CFTAH and I-CFTAH

that were designed to confirm the feasibility of anatomical

implantation, and to explore the appropriate range of patient sizes

that would permit the use of replacement MCS devices.
FIGURE 1
2. Materials and methods

2.1. Study design

This study was approved by the Cleveland Clinic’s Institutional

Review Board (#17-1706). A written consent for participation

was obtained prior to the surgeries. Mean body weight (BW),

height (Ht), and BSA were 8.2 ± 6.2 kg, 68.7 ± 22.8 cm, and

0.39 ± 0.21 m2, respectively. The patients’ diagnosis data are

summarized in Supplementary Table S1.
Size reference of three pumps (Adult CFTAH, P-CFTAH, and I-CFTAH).
Top line: working pump prototypes of the adult CFTAH and P-CFTAH.
Second line: 3D-printed models of the P-CFTAH and I-CFTAH used in
intraoperative fitting studies. Third line: schematic illustrations of front
view used for virtual fitting studies. Fourth line: schematic illustrations
of top view used for virtual fitting studies. OC, outflow cannula; IC,
inflow cannula.
2.2. Study inclusion criteria

The patients listed for surgery at the Cleveland Clinic Department

of Thoracic and Cardiovascular Surgery from July 2019 to June 2021,
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with a confirmed CHD and a need for corrective surgery via a median

sternotomy with pericardiotomy, were enrolled and included in this

study after consent was obtained (n = 40, average age: 18.0 months,

ranging from 5 days to 4 years). Both bi-ventricular and single-

ventricular cases, in addition to palliative surgeries, were included in

this study.
2.3. Study exclusion criteria

Patients over >30 kg, preterm infants, and those who were

already on cardiopulmonary bypass support at the time of the

fitting were excluded.
2.4. 3D-printed models of the P-CFTAH and
I-CFTAH pumps

The P-CFTAH pump was derived from the adult CFTAH by

downsizing with a scale factor of 0.70, or approximately 1/3 of the

total adult volume (Figure 1). The 3D-printed prototypes of the P-

CFTAH (Supplementary Figures S1A–S1C) and I-CFTAH

(Supplementary Figures S1D–1F) were developed for the

intraoperative fittings. The 3D-printed model of the P-CFTAH

follows the exact dimensions of the working prototype and has

adjustable inlet and outlet conduits; as a result, the angulation and

length can be adjusted to each patients’ anatomies per case. The
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size of outlet conduit is not true to size, but they are attached to the

pump for length and angle evaluation. Dimensions of the 3D-printed

model of the I-CFTAH were downsized with a scale factor of 0.65 of

the P-CFTAH; therefore, the inlet and outlet conduits are not

adjustable and are used for size evaluation only. An actual working

prototype of the I-CFTAH is presently under development.
2.5. Intraoperative fitting

The 3D-printed models were sterilized through ethylene oxide

gas sterilization. The sterilized models were used with a sterile

plastic cover (iVAS Transducer Cover, CIVCO Medical Solutions,

Kalona, IA), and the fitting procedure was performed from the

first operator’s position (patient right side). The size of the

systemic ventricle was visually compared to the 3D-printed

model, and the necessity of geometric adjustment to the inlet/

outlet features of the P-CFTAH was also evaluated. If the model

seemed to be of adequate size and implantable in the patient’s

thoracic cavity, the patient was assigned to the fit group

(Figure 2A). If the ventricle seemed to be too small and not

implantable for the pump, the patient was assigned to the non-fit

group (Figure 2B). Since the concept of I-CFTAH was new, the

first 7 cases were evaluated only for the P-CFTAH and in the

remaining 33 studies, both P- and I-CFTAH were evaluated for fit.
2.6. Preoperative x-ray evaluation

For all patients enrolled in the fitting study (n = 40), their

preoperative x-rays were evaluated besides the intraoperative
FIGURE 2

Intraoperative fittings for the P-CFTAH. (A) the patient categorized to the fit gr
the pump; blue arrow: size of the heart.
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fitting. From the front view (Supplementary Figure S2A): the

thoracic width from left to right (A); the total heart size (B); the

distance between the middle of vertebrae to apex (C); and the

distance between the carina to apex (D) were measured. From

the side view (Supplementary Figure S2B): the distance between

sternum and middle of the vertebrae (E) was measured.

Although a side view of x-rays is not always taken for all

patients, those of 15 patients were available. All measurements

were completed and recorded by one researcher, and the cardio-

thoracic ratio (CTR) was also calculated as B/A.
2.7. Preoperative 3D-computed
tomography image evaluation

Among the 40 patients, three had a contrast-enhanced

computed tomography (CT) study performed prior to their

intraoperative fitting study, which included a range of scans wide

enough to evaluate the pump fitting. The CT datasets in the

Digital Imaging and Communications in Medicine format were

downloaded onto a computer workstation, and 3D on-screen

models of the great vessels, rib cage, and heart without both

ventricles were generated using Mimics Medical 22.0 software

(Materialise, Leuven, Belgium) and exported in stereolithographic

(STL) file format.

The anatomic models in STL format were then opened in the

SOLIDWORKS application (Dassault Systèmes SOLIDWORKS

Corporation, Waltham, MA), and the pump STL files, which

were used to make the 3D-printed prototypes and were displayed

with the anatomical models. The pump position was adjusted to

determine an optimal pump fitting site (dependent on the
oup, (B) the pump categorized to the non-fit group. Yellow arrow: size of
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patient’s anatomy), and device interference with the surrounding

tissues and chest walls was assessed from all directions. For all

three anatomical models from the different size patients’ CT

data, both P-CFTAH and I-CFTAH pump data were applied and

evaluated, respectively.
2.8. Statistical analysis

Data are presented as mean values with standard deviation

(mean ± SD). Differences among quantitative parameters between

the fitting and non-fitting groups were assessed using the

Mann-Whitney U test (U). To investigate the cutoff value of each

parameter, receiver operating characteristic (ROC) curves were

constructed, and area under curve (AUC) for each ROC curve was

evaluated. In all analyses, a value of p < 0.05 was considered

statistically significant. Statistical analysis was performed using

JMP Pro 14.2.0 software (SAS Institute Inc., Cary, NC).
3. Results

The P-CFTAH pump model fit 21 patients (n = 21; 52.5%), with

the remaining patients (n = 19; 47.5%) classified to the non-fit group.

By using the flexible conduit in mating length and alignment to the

vessels, for all patients in the fit group, there was no need to adjust

any angles of the inlet/outlet features of the pump. The mean

age and BW of the fit group were 32.9 ± 32.3 months and

12.0 ± 6.4 kg, and those of the non-fit group were 1.47 ± 1.14

months and 3.94 ± 0.97 kg, respectively. Each group had significant

differences for the BW (p < 0.0001), Ht (p < 0.0001), BSA

(p < 0.0001), and thoracic and heart sizes (A–D: p < 0.0001, E:

p < 0.05) (Table 1). There were no differences in the CTR. The

fitting in the rest of the patients was not deemed feasible (n = 19)

without expanding the space for physical device fit.

The cutoff values of each parameter obtained from the ROC

curves are shown in Supplementary Table S2. Those of BW, Ht,

and BSA were calculated as 5.7 kg, 59 cm, and 0.31 m2, with high

AUCs of >0.95. These values are all relatively equivalent to the
TABLE 1 Mean values of 40 patients for each parameter measured.

Total
(n = 40)

Fit group
(n = 21)

Non-fit group
(n = 19)

Age (month) 18.0 ± 28.2 32.9 ± 32.3 1.5 ± 1.1 p < 0.0001

BW (kg) 8.2 ± 6.2 12.0 ± 6.4 3.9 ± 1.0 p < 0.0001

Ht (cm) 68.7 ± 22.8 83.8 ± 21.8 52.1 ± 6.0 p < 0.0001

BSA (m2) 0.39 ± 0.21 0.52 ± 0.21 0.23 ± 0.04 p < 0.0001

A (mm) 139.2 ± 30.8 160.6 ± 27.0 115.6 ± 11.4 p < 0.0001

B (mm) 81.8 ± 18.6 94.7 ± 16.2 67.5 ± 7.3 p < 0.0001

C (mm) 53.9 ± 15.2 62.3 ± 13.5 43.7 ± 10.3 p < 0.0001

D (mm) 75.8 ± 19.5 87.8 ± 18.0 61.2 ± 9.1 p < 0.0001

E (mm) 79.0 ± 14.6 82.1 ± 15.5 69.6 ± 4.7 p < 0.05

CTR (B/A) 0.59 ± 0.07 0.59 ± 0.07 0.59 ± 0.07 p = 0.89

BW, body weight; Ht, height; BSA, body surface area; CTR, cardio-thoracic ratio; A,

the thoracic width from left to right; B, the total heart size; C, the distance between

the middle of vertebrae to apex; D, the distance from the carina to the apex; E, the

distance between the sternum and middle of the vertebrae in side view.
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average size of 3–4 month-old children, and the BSA is much

smaller than the minimum size reported by the SynCardia 50 cc

case (0.9–1.1 m2) (9). One of the ROC curves (BSA) is shown in

Supplementary Figure S3. As for the parameters obtained from

the x-rays, A, B, and D also had clear cut-off values, with a high

of AUC > 0.95. The distance between the sternum and middle of

the vertebrae (E, n = 15) had a relatively low AUC (0.820)

compared with other values, but was still high enough to make

the cut-off line useful.

With regards to the I-CFTAH model, 33 out of 40 patients

(range: 3.0–17.2 kg, mean: 7.10 ± 4.45 kg) underwent the

intraoperative fitting evaluation following that of P-CFTAH. All

showed an optimal anatomical fitting in the size of the chest and

angles of the great vessels.

From the three preoperative 3D CT images, the combined views

of the thoracic and the pump were obtained; the front, bottom, and

left-side views are shown and compared in Figure 3. Patient #1

(10.2 kg, 16 months old) showed a proper fit for the P-CFTAH

pump. Since this patient underwent heart transplantation, we were

able to compare the pump prototype and the ventricles directly

after resection of the ventricles. The images of patient #2 (5.3 kg, 4

months old) demonstrate how both the P-CFTAH and I-CFTAH

pumps would be seen in the thoracic. According to the cutoff line

of the BW obtained by the intraoperative fittings, the size of 5.3 kg

is just below the line. Although the P-CFTAH in patient #2 looks

much tighter than that in patient #1, it is still considered to be

implantable with resection of the ventricles, and the intraoperative

evaluation had actually assigned patient #2 to the fit group.

Combined with the visual and virtual fitting, the cutoff line of

5.7 kg is considered to be probable and reasonable. Since the I-

CFTAH model also showed an adequate fit in patient #2, this size

patient (around 5.3–5.7 kg) could be a candidate for either pump.

The 3D CT images of patient #3 (4.2 kg, 2 month-old) lack detail

of the lowest part of the thoracic, including the diaphragm, but it

is readily apparent that the I-CFTAH fits properly in this patient’s

chest cavity because size of the I-CFTAH is smaller than this

patient’s ventricles (Figure 3, bottom row).
4. Discussion

Children under 18 years old on the wait list for heart

transplantation are known to experience some of the poorest

mortality rates when compared to all other solid organ recipients

in the United States (9, 15, 16). The outcomes of end-stage HF

in the pediatric population have significantly improved recently

due to the introduction of VADs (15, 17). When looking at their

survival by age, however, the outcomes of the youngest group

(age < 1year) have been the lowest. In the latest annual report of

the Pediatric Interagency Registry for Mechanical Circulatory

Support (Pedimacs), a strong appeal is made for better options

for this population (18). This is largely because implantable

continuous-flow VADs (IC-VADs), which have yielded superior

results when compared to pulsatile VADs, are currently not

available for infants and small children (19), and only 10% of

IC-VADs were implanted in children under 20 kg (18).
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As a result, the representative pulsatile VAD, the Berlin Heart

EXCOR pediatric VAD (Berlin Heart GmbH, Berlin, Germany),

tends to be used in younger, smaller patients with CHD. The

Berlin Heart extracorporeal configuration with large-bore silicone

cannulas, can carry blood across the abdominal wall and has less

risk of lacking space in thoracic. However, the cannulas are

prone to complications such as infection, cardiac tissue ischemia,

and wound-healing problems in comparison with the smaller

drivelines of implantable VADs. However, there are serious

challenges to supporting patients with CHD with EXCOR VADs

only, due to the complicated physiology, hemodynamics, and

previous surgical interventions of CHD patients, in addition to

the required hospital stay for the whole period while being

treated with this device (2).

To resolve this critical deficiency, TAHs are getting more attention,

since they enable biventricular support with a smaller size than VADs

regardless of single- or bi-ventricle circulations. Especially in patients

suffering from Fontan failure hemodynamics, VADs provide only

systemic support that sometimes fails to benefit patients; thus, TAHs

should be in consideration for improving hepatic congestion, renal

insufficiency, or protein-losing enteropathy (17). However, only one

TAH device, the SynCardia 50 cc, is currently approved by the Food

and Drug Administration for pediatric use and even this cannot be

considered for infants or small children with a BSA < 1.2 m2. It is an

urgent goal to develop a novel smaller TAH for this population. The

P-CFTAH was developed with this understanding, and the main

aim is to support children < 1 year old and, more specifically, patient

groups under 10 kg.
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The adult CFTAH is a double-ended centrifugal pump with

single rotor. The device is a valveless, continuous-flow pump,

capable of automatic self-regulation to balance the systemic and

pulmonary circulation passively, depending on the preload (left

and right atrial pressures) (20). To address the clinical needs of

smaller patients, the core device design transfer to a smaller-sized

blood pump has been proposed. All the critical CFTAH features,

including self-regulation, were incorporated into the P-CFTAH

design; therefore, this pediatric device is also fully capable of

balancing systemic and pulmonary flows. For patients with CHD,

one of the biggest advantages of this self-balancing concept is

that it can compensate for flow differences between left and right

circulations due to bronchial shunts, which are commonly seen

in CHD patients, and the shunt flow in patients requiring a TAH

is said to be up to one-third of the systemic output (21).

The P-CFTAH pump has undergone a series of acute in vivo

studies with lambs (∼30 kg), which confirmed that the prototype

design has met the proposed performance parameters, including

self-regulation and pulse modulation (14). The next step is to

determine the feasibility and fit of this downsized device through

intrathoracic human fitting studies, since the chest morphology and

size of quadrupedal animals can differ largely from those of humans.

A similar fitting process had been conducted for the adult

CFTAH, combining intraoperative and virtual fitting studies with

CT scans (22), but for pediatric CHD patients, the number of

available preoperative CT images with contrast was extremely

small compared to those of adults. For evaluation, we

accordingly attempted to use the x-ray images that are routinely
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taken preoperatively for most pediatric patients before any cardiac

procedures. Combined with the intraoperative evaluation, the

thoracic dimensions and cardiac sizes obtained from x-rays

showed clear cut-off values with a large AUC for the

differentiation between fit and non-fit; therefore, a preoperative

x-ray is useful for evaluating whether the P-CFTAH is implantable.

Data accuracy of these cut-off values were effectively confirmed,

even with a limited number of 3D-CT images. The technique of

creating and combining on-screen images through generating 3D-

reconstructions of complex anatomy and medical devices has been

widely applied in diagnosis, patient education, and operative

planning for complicated surgical approaches (23–25). Other TAH

development processes have utilized a similar method for

evaluation of fitting (26–28); so far, our lab has also had several

experiences of virtual fittings with other pumps, using the Mimic

software (29, 30). Size and anatomical fitting (i.e., distances and

angles to the great arteries and both atriums) can be evaluated

through 3D-CT fitting. Although the inlet/outlet angles of the P-

CFTAH prototype are adjustable, the default angles were confirmed

to be suitable for all fitting group patients and there was no need

to adjust them. Adjustable diameters, angles, and lengths of the

pump conduits at distal anastomosis sites will give much more

flexibility in mating alignment to various native vessels and atria.

There are several limitations in this study. The first is that the

visual intraoperative fitting could be subjective, and thus cannot be

totally free of bias. Also, in this study, we could not put the device

model into the chest directly due to Institutional Review Board

regulations that prevent any possible infections by the study. The

evaluation was done with eye measurements and by consensus,

and although the method of comparing the chest and the pump

was stylized as well as possible, there is still room for

improvement in order to be more objective.

The second limitation is that the number of patients around the

cut-off value of 5 kg was limited. More cases representing this BW are

required to establish a more closely defined cut-off value; in some

cases, a patient over the proposed cut-off line was placed in the

non-fit group, and a smaller patient under the cut-off line placed

in the fit group. Also, our previous study that compared the

vertebra-to-sternum distances (the same parameter as E in the

Supplemental Figure 2B) to BSA (31), showed that the P-CFTAH

could fit in patients with a BSA≥ 0.3 m2 (almost the same result as

the current study), and that the parameter E was a good indicator

for fitting. However, in this study, the AUC of parameter E was

much less than other parameters. This can be explained by the fact

that there are larger variations in the absolute values for vertebra-

to-sternum distances than the not-CHD pediatric population due

to the influence of previous surgeries for the CHD population.

Recruitment of more CHD patients, ideally before VAD

implantation or transplantation, is necessary. Since taking a CT

scan with contrast before the surgery is not always a common

strategy for most of the CHD population, related to this second

limitation, we were only able to obtain three 3D-CT images from

among the 40 patients. For the remaining patients, most of the

imaging have been done by magnetic resonance imaging (MRI) if

needed, but MRI has limited quality in resolution for fitting

studies, and thus we decided not to use them.
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The third limitation is that not all CHD patients require TAH

implantation or transplantation, resulting in a discrepancy between

the characteristics of the patient collection in this study when

compared to the actual target population for the P-CFTAH/I-

CFTAH pump. Among the 40 patients, simple CHD cases such as

atrial septum defect patients are included, even though unlikely to

experience severe HF, and only two DCM patients were included.

However, these CHD patients’ data were still useful in

understanding the relationship between the actual heart size at

surgery and the size shown in x-ray/CT, and we succeeded in

confirming the reliability of x-ray measurements from them.

A final limitation is that this is merely a virtual or visual fitting.

Careful evaluation of fit is still required at an actual implant surgery

in the future. Also, even with careful preoperative evaluations, a

risk of non-fit cannot be zero, so having some back-up plans,

such as extracorporeal placement of a device would be necessary.

Furthermore, since even the P-CFTAH pump cannot be used in

patients smaller than 5 kg, the development of an actual working

I-CFTAH prototype is needed as quickly as possible. This study’s

aim is only for size comparison. We did not intend to evaluate

the sufficiency of cardiac output created by the pumps at this

moment, but upcoming study will reveal these in near future.
5. Conclusion

This study demonstrated that the range of optimal dimensions for

the P-CFTAH and I-CFTAH were feasible in pediatric CHD patients,

including those who were under 10 kg at the time of evaluation. These

results suggest the potential use of MCS devices is viable in small-

sized pediatric HF patients. As a preoperative evaluation for fit, the

BW, Ht BSA, and preoperative thoracic and cardiac dimensions

obtained from thoracic radiography images were important

parameters as a cutoff line for P-CFTAH and I-CFTAH implantation.
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Background: The purpose of this study was to investigate the prognostic
significance of serum albumin to creatinine ratio (ACR) in patients receiving
heart transplantation of end-stage heart failure.
Methods: From January 2015 to December 2020, a total of 460 patients who
underwent heart transplantation were included in this retrospective analysis.
According to the maximum Youden index, the optimal cut-off value was
identified. Kaplan-Meier methods were used to describe survival rates, and
multivariable analyses were conducted with Cox proportional hazard models.
Meanwhile, logistic regression analysis was applied to evaluate predictors for
postoperative complications. The accuracy of risk prediction was evaluated by
using the concordance index (C-index) and calibration plots.
Results: The optimal cut-off value was 37.54 for ACR. Univariable analysis
indicated that recipient age, IABP, RAAS, BB, Hb, urea nitrogen, D-dimer,
troponin, TG, and ACR were significant prognostic factors of overall survival
(OS). Multivariate analysis showed that preoperative ACR (HR: 0.504, 95% =
0.352–0.722, P < 0.001) was still an independent prognostic factor of OS. The
nomogram for predicting 1-year and 5-year OS in patients who underwent heart
transplantation without ACR (C-index = 0.631) and with ACR (C-index = 0.671).
Besides, preoperative ACR level was a significant independent predictor of
postoperative respiratory complications, renal complications, liver injury,
infection and in-hospital death. Moreover, the calibration plot showed good
consistency between the predictions by the nomogram for OS and the actual
outcomes.
Conclusion: Our research showed that ACR is a favorable prognostic indicator in
patients of heart transplantation.

KEYWORDS

heart failure, heart transplantation, albumin/creatinine ratio, prognosis, nomogram

1. Introduction

Heart failure is one of the most common cardiovascular manifestations (1). More than

26 million people worldwide are affected by heart failure (2). Heart transplantation (HTx) is

the most effective and reliable treatment for end-stage heart failure (3). Over the past

decades, the selection of HTx candidates and improvements in preoperative care have led
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FIGURE 1

Inclusion and exclusion criteria.
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to a steady improvement in outcomes after early HTx. Meanwhile,

studies have shown that preoperative specific risk factors can

predict survival after HTx, such as preoperative obesity, single-

ventricle congenital heart disease, history of multiple

thoracotomies, and renal replacement therapy (4–6). Therefore, it

is very meaningful to study predictors of adverse HTx outcomes,

as they may allow for closer monitoring and early intervention of

patients at risk.

Human serum albumin is a key plasma protein and has

important physiological functions such as immune regulation,

endothelial stability, antioxidant effects, and binding to a variety

of drugs, toxins, and other molecules (7). There is increasing

evidence that serum albumin levels are closely associated with

cardiovascular diseases, such as myocardial fibrosis, adverse

pulsing aortic hemodynamics, heart failure, and coronary heart

disease (8, 9). Furthermore, the serum albumin level before HTx

is a useful marker for estimating post-transplantation survival

(10). In addition, previous studies have pointed out that serum

creatinine levels can affect prognosis in cardiac surgery (11).

Importantly, glomerular filtration rate (GFR) is also often

measured by serum creatinine level and can affect the prognosis

of heart transplantation (9).

The definition of the ratio of serum albumin to creatinine

(ACR) was proposed by Liu H (12). Recent studies have pointed

out that it can be used to predict renal outcomes in diabetic

patients. Meanwhile, ACR is also used in predicting the outcome

of cardiovascular diseases, such as asymptomatic coronary artery

disease and acute myocardial infarction (12–14). Nevertheless, its

role in heart transplantation has not been investigated.

Therefore, in this retrospective study, we aimed to analyze the

association of preoperative ACR levels with complications and

overall survival (OS) after HTx.
2. Methods

2.1. Patients

Between 2015 and 2020, a total of 568 patients scheduled to

undergo heart transplantation at Wuhan Union Medical College

Hospital were included in this study. Age less than 18 years,

retransplants, and patients with missing data were excluded.

Ultimately 460 patients were recruited to the study and were

divided into two groups of ACR > 37.54 (n = 262), and ACR≤
37.54 (n = 198), according to the optimal cut-off value of ACR

(Figure 1). This retrospective study has been approved by the

Committee of Tongji Medical College. The use and collection of

patient data complied with the Declaration of Helsinki principles

in our study.
2.2. Follow-up

Information on all survivors was collected through visits and

telephone calls. OS was defined as the interval between surgery
Frontiers in Cardiovascular Medicine 02129
and death or last contact. The follow-up ended on December 31,

2020.
2.3. Demographic and clinical variables

Demographic variables of all patients included sex, age, blood

type, body mass index (BMI), and diagnosis. Additionally, the

recipients’ information also included the history of smoking,

diabetes mellitus, previous cardiac surgery, hypertension, left

ventricular ejection fraction (LVEF), and waiting time. The

preoperative therapy data included extracorporeal membrane

oxygenation (ECMO), implantable intra-aortic balloon pump

(IABP), renin-angiotensin-aldosterone system (RAAS) antagonist,

beta-blockers (BB), calcium channel blocker (CCB) and diuretics.

Preoperative blood biochemical indexes included hemoglobin

(Hb), white blood cell count (WBC), blood platelet (PLT),

albumin, creatinine (Cr), bilirubin, glutamic oxaloacetic

transaminase (AST), alanine aminotransferase (ALT), low-density

lipoprotein (LDL), troponin and triglyceride (TG). Preoperative

hematological and biochemical indicators are the first results of

the first admission of a heart transplant patient.
2.4. Postoperative clinical events

We compared several postoperative clinical events between the

high and low ACR groups, including postoperative ICU stay time,

total postoperative hospital stay time, the use of postoperative

CRRT, IABP, and ECMO, respiratory complications, neurological

complications, hematological complications, hyperglycemia,

hypertension, infection, renal injury, liver injury, septic shock,

secondary thoracotomy, and death in hospital.
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2.5. Definition

As previously reported in the literature, ACR was calculated

from the ratio of serum albumin (mg/dl) to creatinine (mg/dl)

(15). Postoperative infection is defined as an infection of soft

tissues and organs after surgery and arises when the balance

between host defense mechanisms and bacterial load or virulence

is disrupted (16, 17).
2.6. Statistical analysis

In this study, continuous variables are expressed as mean ±

standard deviation or median [interquartile range] according to

their normality, whereas categorical variables are expressed as

percentages. Different ACR groups were compared at baseline

concerning participants’ characteristics and outcome measures

using Mann–Whitney U tests for continuous variables, which

were tested to be non-normal distributions, and χ2 tests for

categorical variables. The Cox proportional hazards regression
FIGURE 2

Histogram plot of ACR. ACR, serum albumin to creatinine ratio.
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model was used to determine independent predictors of

mortality after heart transplantation. Besides, univariate and

multivariable logistic regression was employed to identify

predictors of postoperative clinical events. Survival analysis was

performed using the Kaplan-Meier method, and significance was

assessed by the log-rank test. Two-tailed P values < 0.05 were

considered significant. The statistical analysis was performed with

SPSS 23.0 and R-software v.4.2.1.
3. Results

3.1. Population characteristics

According to the inclusion and exclusion criteria, a total of

460 patients were included in the study. The median age was

50.00 years (38.00–57.00) and 359 (78%) of the patients

were male. The median ACR of the samples was 39.32 (31.96–

47.95). The histogram curve of ACR distribution is shown in

Figure 2.
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FIGURE 3

Receiver operating characteristic curves for pretreatment ACR.
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3.2. The optimal cut-off values for
estimating prognosis

The association between ACR and survival is shown in the

ROC curve (Figure 3). During the process, the area under the

curve (AUC) for survival was 0.584 (P = 0.006). According to the

maximum Youden index, it revealed that 37.54 was an optimal

cut-off value of the ACR index for predicting the survival rate.

By the optimal cut-off value of ACR, the patients were divided

into two groups (high, ≥37.54, and low, <37.54).
3.3. Characteristics of patients

Table 1 showed baseline patients’ characteristics based on

ACR. Patients with higher ACR levels tended to have a less

proportion of males (P < 0.001) and chronic kidney disease (P <

0.001), younger age (P < 0.001), less hypertension (P = 0.017),

more use of spironolactone (P = 0.002) and thiazides (P = 0.010),

higher preoperative level of blood platelet (P = 0.033) and

albumin (P < 0.001), lower preoperative levels of white blood cells

(P = 0.001), creatinine (P < 0.001) and AST (P = 0.025), and a

different proportions of Donor/recipient sex (P = 0.001).
3.4. Univariate and multivariate analyses
of Os

At the end of follow-up, 121 (26.3%) patients had died and 339

(73.7%) patients were alive. The Kaplan-Meier curve (Figure 4)

shows the association between OS and ACR for all patients.
Frontiers in Cardiovascular Medicine 04131
Patients with high ACR levels had better survival than those with

low ACR levels (P < 0.001). To identify the risk factors affecting

postoperative OS, the Cox proportional hazard model was

applied to the analysis. Univariable analysis indicated that

recipient age (P < 0.001), the preoperative use of IABP (P =

0.004), RAAS (P = 0.001), and BB (P = 0.016), preoperative level

of Hb (P < 0.001), BUN (P = 0.004), D-dimer (P = 0.018),

Troponin (P = 0.014), TG (P = 0.043) and ACR (P < 0.001) were

significant prognostic factors of OS (Table 2). Nextly, significant

prognostic factors identified by univariate analysis were entered

into the multivariate Cox proportional hazards model. The

results showed that recipient age (P = 0.005), the use of IABP

(P = 0.008) and RAAS (P = 0.014), preoperative level of D-dimer

(P = 0.041) and ACR (P = 0.019) were significant independent

predictors of OS (Table 2).
3.5. Univariate and multivariate analysis of
postoperative clinical events

A total of 17 surgery-related adverse clinical events occurred

during the in-hospital posttransplant period, listed in Table 3.

The result showed that lower levels of ACR tended to lead to

more use of postoperative CRRT (P < 0.001) and IABP (P =

0.001), more respiratory complications (P = 0.001), liver injury

(P = 0.005), kidney injury (P = 0.001), postoperative infection

(P = 0.001), septic shock (P = 0.012), and in-hospital death (P =

0.001). We next performed univariate logistic regression analysis

for these adverse clinical events (Supplementary Schedules S1–

S8), and then the factors with P < 0.05 in univariate analysis were

applied to multivariate logistic regression analysis. The results

showed that lower preoperative ACR level was a significantly

independent predictor of respiratory complications (P = 0.043),

renal complications (P = 0.007), liver injury (P = 0.019),

postoperative infection (P= 0.003) and in-hospital death (P =

0.028) (Table 4). What’s more, higher age, less preoperative

RAAS use and lower TG were independent risk factors of

respiratory complication. Women and less RAAS use were

independent risk factors of kidney injury. And less preoperative

RAAS use was also associated with postoperative liver injury.

Longer waiting time, diabetes mellitus and preoperative IABP

were independently associated with in-hospital death. Moveover,

smoking was an independent risk factor postoperative infection.
3.6. Prognostic nomogram for OS

A nomogram (Figure 5) integrating was constructed based on

five prognostic variables (age, IABP, RAAS, D-dimer, and ACR)

from the univariate and multivariate Cox regression results.

A Nomogram with ACR had a concordance index (C-index) of

0.671 compared with 0.631 without ACR. The calibration plot

(Figure 6) showed good consistency between the nomogram

predictions and actual observations of survival at 1- or 5- years.
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TABLE 1 Baseline patient characteristics based on ACR.

Recipient Low (<37.54) High (>37.54) P
Male, % 173 (87.4) 186 (71.0) <0.001

Age, years 50.50 [39.25, 57.00] 46.00 [34.00, 53.00] <0.001

BMI, Kg/m2 23.39 [20.50, 25.51] 22.73 [19.63, 25.39] 0.079

History of smoking, % 87 (43.9) 105 (40.1) 0.405

Diagnosis, % 0.091

Non-Ischemic cardiomyopathy 134 (67.7) 156 (59.5)

Ischemic cardiomyopathy 38 (19.2) 48 (18.3)

Congenital 5 (2.5) 14 (5.3)

Others 21 (10.6) 44 (16.8)

Diabetes mellitus, % 27 (18.2) 39 (18.6) 0.937

Previous cardiac surgery, % 53 (26.8) 76 (29.0) 0.596

Hypertension, % 39 (21.8) 30 (12.9) 0.017

chronic kidney disease, % 25 (12.7) 3 (1.2) <0.001

interventricular septum, cm 0.90 [0.80, 1.00] 0.90 [0.80, 1.00] 0.568

LVEF, % 16.10 [12.00, 26.90] 16.25 [12.00, 22.38] 0.412

Waiting time, days 26.00 [19.00, 37.00] 27.00 [19.00, 35.00] 0.700

Recipient blood-type, % 0.621

A 62 (31.3) 94 (35.9)

B 56 (28.3) 73 (27.9)

O 69 (34.8) 78 (29.8)

AB 11 (5.6) 17 (6.5)

Preoperative Therapy

ECMO, % 4 (2.0) 2 (0.8) 0.410

IABP, % 4 (2.0) 4 (1.5) 0.730

RAAS antagonist, % 84 (42.4) 102 (38.9) 0.450

BB, % 135 (68.2) 179 (68.3) 0.975

CCB, % 17 (15.7) 16 (10.9) 0.254

Loop diuretics, % 188 (96.9) 247 (96.1) 0.650

Spironolactone, % 142 (74.0) 216 (85.7) 0.002

Thiazides, % 4 (2.2) 19 (8.0) 0.010

Preoperative Blood Index

Hb, g/L 132.50 [120.25, 150.50] 140.00 [129.00, 148.00] 0.115

WBC, G/L 6.70 [5.03, 8.76] 5.89 [4.56, 7.52] 0.001

PLT, G/L 163.00 [129.75, 212.50] 178.50 [139.00, 222.25] 0.033

Albumin, mg/dl 37.90 [35.83, 40.58] 40.70 [37.73, 42.90] <0.001

Creatinine, mg/dl 110.40 [97.80, 129.20] 76.45 [67.93, 85.98] <0.001

Bilirubin, mg/dl 21.50 [14.75, 33.15] 21.15 [13.83, 33.88] 0.267

AST, IU/L 29.50 [21.00, 43.50] 28.00 [20.00, 35.50] 0.025

ALT, IU/L 30.50 [17.00, 57.00] 25.00 [16.25, 42.00] 0.065

LDL, mmol/L 2.19 [1.71, 2.85] 2.26 [1.72, 2.81] 0.982

Troponin, ng/L 29.20 [0.01, 101.90] 16.00 [0.00, 95.23] 0.310

TG, mmol/L 0.99 [0.73, 1.24] 1.09 [0.82, 1.49] 0.362

Donor Age, years 38.00 [26.00, 45.00] 36.00 [24.00, 45.50] 0.599

Male, % 175 (88.4) 225 (85.9) 0.429

Ischemia time, min 358.00 [297.75, 396.25] 345.00 [290.50, 392.50] 0.257

Donor/recipient Blood-type same, % 125 (63.1) 163 (62.2) 0.840

Donor/recipient BMI 0.97 [0.86, 1.12] 1.00 [0.88, 1.17] 0.135

Donor/recipient age 0.74 [0.53, 0.89] 0.77 [0.55, 1.00] 0.125

Donor/recipient sex, % 0.001

Male/male 157 (79.3) 169 (65.0)

Male/female 18 (9.1) 54 (20.8)

Female/male 16 (8.1) 16 (6.2)

Female/female 7 (3.5) 21 (8.1)

Continuous variables are presented as median and interquartile range. Categorical variables are presented as number and percentage. P values are 2-sided, with P < 0.05

considered statistically significant.

BMI, body mass index; LVEF, left ventricular ejection fraction; ECMO, extracorporeal membrane oxygenation; IABP, implantable intra-aortic balloon pump; RAAS, renin-

angiotensin-aldosterone system; BB, beta-blockers; CCB, calcium channel blocker; Hb, hemoglobin; WBC, white blood cell count; PLT, blood platelet; Cr, creatinine; AST,

glutamic oxaloacetic transaminase; ALT, alanine aminotransferase; LDL, low-density lipoprotein; TG, triglyceride.

Shen et al. 10.3389/fcvm.2023.1210278

Frontiers in Cardiovascular Medicine 05 frontiersin.org132

https://doi.org/10.3389/fcvm.2023.1210278
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 4

Kaplan–Meier survival curves for OS according to ACR. The low-ACR value group. Exhibited worse OS than high-ACR value group (P < 0.001).
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4. Discussion

Heart failure is a common disease and the best treatment for

patients with end-stage heart failure is HTx (1, 3). Meanwhile,

many factors can predict the outcomes of HTx. For example,

recent studies have pointed out that ACR as a preoperative

indicator can predict the prognosis of cardiovascular disease

(12–14). In this retrospective study, we evaluated the effect of

ACR on the prognosis of HTx and found that high levels of

ACR were a protective factor after HTx. Meanwhile, five possible

prognostic factors (age, the use of IABP, RAAS, D-dimer, and

ACR) were identified according to multivariable Cox regression

analysis. Furthermore, multivariate logistic regression analysis

showed that low levels of ACR are associated with several post-

transplant complications, including respiratory complications,

renal complications, liver injury, and in-hospital death. In

addition, a visual nomogram was created in light of clinical

variables and ACR, which helped to improve individual

prognosis prediction accuracy.

Albumin is an important serum protein and has a wide range

of physiological functions, such as immune regulation, endothelial

stabilization, antioxidant effects, and binding to a variety of drugs,

toxins, and other molecules (7). Albumin can also be used as a
Frontiers in Cardiovascular Medicine 06133
biomarker for many diseases, such as cancer, ischemia, obesity,

severe acute graft-vs.-host disease, and diseases requiring

monitoring of glycemic control (18). Specifically, numerous

studies have demonstrated a strong association between serum

albumin levels and the prognosis of cardiovascular diseases, such

as atherosclerosis, myocardial infarction, and heart failure (19,

20). Moreover, Tomoko et al. proposed the effect of pre-

transplant albumin levels on 1-year survival after heart

transplantation in a retrospective study (21).

Creatinine was used as an index of renal function, which

reflects not only renal excretion but also creatinine production

(22, 23). In most genome-wide association studies, creatinine-

based assessment of renal function (eGFR crea) has been used to

define renal disease (24). Since the link between chronic kidney

disease and cardiovascular disease was first described, numerous

research suggested that chronic kidney disease greatly increases

the risk of cardiovascular disease. This is partly because

abnormal renal function leads to abnormal blood pressure, lipids,

inflammatory responses, and increased activity of the renin-

angiotensin system (25). Apart from preoperative renal disease,

acute kidney injury is often a common complication after heart

transplantation (26). It is associated with increased short- and

long-term morbidity and mortality (27). Therefore, an important
frontiersin.org
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TABLE 2 Univariate and multivariate Cox proportional hazards regression models for overall survival in patients with heart transplantation.

Variables Univariate analysis Multivariate analysis

HR (95%CI) P value HR (95%CI) P value
Sex 1.458 (0.981–2.168) 0.062

Age, years 1.030 (1.014–1.047) <0.001 1.023 (1.006–1.040) 0.005

Recipient BMI, Kg/m2 1.017 (0.989–1.046) 0.228

History of smoking 0.778 (0.537–1.128) 0.185

History of heavy drinking 0.740 (0.475–1.152) 0.182

Waiting time, days 0.993 (0.980–1.005) 0.258

Diagnosis 0.458

Non-Ischemic cardiomyopathy Reference

Ischemic cardiomyopathy 0.755 (0.447–1.273) 0.291

Congenital 0.558 (0.176–1.768) 0.321

others 1.143 (0.700–1.865) 0.594

Recipient blood-type 0.061

A Reference

B 1.293 (0.804–2.080) 0.290

O 1.680 (1.085–2.602) 0.020

AB 0.664 (0.236–1.872) 0.439

Donor/recipient BMI 1.528 (0.779–2.997) 0.218

Donor/recipient age 0.684 (0.418–1.121) 0.132

Donor/recipient sex 0.149

Male/male Reference

Male/female 1.621 (1.031–2.548) 0.036

Female/male 1.481 (0.765–2.865) 0.244

Female/female 1.385 (0.694–2.765) 0.356

Donor/recipient blood-type same 0.844 (0.581–1.227) 0.374

Diabetes mellitus 1.366 (0.814–2.292) 0.237

Previous cardiac surgery 1.314 (0.899–1.919) 0.158

hypertension 0.981 (0.584–1.647) 0.942

Ischemia time, min 1.000 (0.999–1.002) 0.590

Preoperative Therapy
ECMO 1.283 (0.178–9.227) 0.805

IABP 4.333 (1.586–11.839) 0.004 4.086 (1.440–11.600) 0.008

ICD 1.182 (0.551–2.536) 0.668

CRTD 0.856 (0.272–2.696) 0.791

RAAS 0.527 (0.357–0.780) 0.001 0.593 (0.391–0.899) 0.014

BB 0.641 (0.446–0.922) 0.016 0.837 (0.568–1.234) 0.370

CCB 1.174 (0.581–2.374) 0.655

Loop diuretics 0.725 (0.296–1.778) 0.483

Spironolactone 0.826 (0.526–1.298) 0.407

Thiazides 1.482 (0.687–3.201) 0.316

Preoperative Blood Index
Hb, g/L 0.989 (0.982–0.995) <0.001 0.993 (0.985–1.000) 0.064

WBC, G/L 1.012 (0.988–1.037) 0.323

Bilirubin, mg/dl 1.005 (0.997–1.013) 0.203

BUN, mmol/L 1.054 (1.017–1.091) 0.004 1.004 (0.958–1.053) 0.856

AST, IU/L 1.000 (1.000–1.001) 0.216

ALT, IU/L 1.000 (1.000–1.001) 0.903

LDL, mmol/L 1.158 (0.958–1.399) 0.130

D-dimer, mg/L 1.028 (1.005–1.052) 0.018 1.025 (1.001–1.049) 0.041

Troponin, ng/ml 1.000 (1.000–1.000) 0.014 1.000 (1.000–1.000) 0.094

TG, mmol/L 0.737 (0.549–0.991) 0.043 0.825 (0.606–1.122) 0.220

ACR level 0.504 (0.352–0.722) <0.001 0.617 (0.412–0.923) 0.019

95%CI, 95% confidence interval; HR, hazard ratio.

Continuous variables are presented as median and interquartile range. Categorical variables are presented as numbers and percentages. P values are 2-sided, with P < 0.05

considered statistically significant.

BMI, body mass index; ECMO, extracorporeal membrane oxygenation; IABP, implantable intra-aortic balloon pump; ICD, implantable cardioverter defibrillator; CRTD,

cardiac resynchronization therapy defibrillator; RAAS, renin-angiotensin-aldosterone system; BB, beta-blockers; CCB, calcium channel blocker; Hb, hemoglobin; WBC,

white blood cell count; PLT, blood platelet; Cr, creatinine; AST, glutamic oxaloacetic transaminase; ALT, Alanine aminotransferase; LDL, low-density lipoprotein; TG,

triglyceride; ACR, the ratio of serum albumin to creatinine.
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TABLE 3 Early postoperative events in the in-hospital post-transplant period by pretransplant ACR.

Variables All Low (<37.54) High (>37.54) P
Postoperative ICU stay, hours 216 [162,294] 223 [168, 331] 213 [159, 275] 0.326

Total postoperative stay, days 35 [26,49] 35 [27, 54] 35 [26, 47] 0.076

Postoperative CRRT (%) 67 (14.6) 43 (22.3) 24 (9.3) <0.001

Postoperative IABP (%) 191 (41.5) 99 (50.8) 92 (35.5) 0.001

Postoperative ECMO (%) 33 (7.2) 19 (9.9) 14 (5.4) 0.072

Respiratory complication (%) 278 (60.4) 137 (69.2) 141 (53.8) 0.001

Neurological complications (%) 33 (7.2) 17 (8.6) 16 (6.1) 0.308

Hematological complications (%) 19 (4.1) 11 (5.6) 8 (3.1) 0.182

Kidney injury (%) 73 (15.9) 44 (22.2) 29 (11.1) 0.001

Liver injury (%) 35 (7.6) 23 (11.6) 12 (4.6) 0.005

Infection (%) 234 (50.9) 116 (64.4) 118 (48.6) 0.001

Hyperglucosemia (%) 42 (9.1) 20 (10.1) 22 (8.4) 0.530

Hypertension (%) 25 (5.4) 11 (5.6) 14 (5.3) 0.921

Septic shock (%) 13 (2.8) 10 (5.1) 3 (1.1) 0.012

Secondary thoracotomy (%) 19 (4.1) 11 (5.7) 8 (3.1) 0.178

Acute rejection (%) 9 (2.0) 3 (1.5) 6 (2.3) 0.805

Death (%) 24 (5.2) 18 (9.1) 6 (2.3) 0.001

Continuous variables are presented as median and interquartile range. Categorical variables are presented as numbers and percentages. P values are 2-sided, with P < 0.05

considered statistically significant.

CRRT, continuous renal replacement therapy; IABP, implantable intra-aortic balloon pump; ECMO, extracorporeal membrane oxygenation; sACR, the ratio of serum

albumin to creatinine.

TABLE 4 Multivariable analysis for early postoperative events following
heart transplantation.

Early Postoperative Events ACR

OR (95%CI) P value
Prolonged Postoperative ICU Stay 0.835 (0.526–1.327) 0.446

Respiratory Complications 0.629 (0.402–0.985) 0.043

Kidney Complications 0.424 (0.227–0.790) 0.007

Infection 0.540 (0.358–0.816) 0.003

Liver Injury 0.394 (0.182–0.856) 0.019

Septic Shock 0.257 (0.059–1.117) 0.070

In-hospital death 0.250 (0.073–0.863) 0.028

ACR, the ratio of serum albumin to creatinine.

FIGURE 5

The nomogram for predicting 1-year and 5-year OS in patients who underwent
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next step will be to investigate preoperative factors affecting AKI

after heart transplantation.

The possibility of the correlation between ACR and the

prognosis of HTx might be as follows: Firstly, Low serum albumin

is often a marker of poor liver function (28). Likewise, in our

study, we found that the preoperative ACR level was closely related

to the occurrence of postoperative liver injury. In addition,

albumin can improve the prognosis of heart transplantation by

regulating systemic inflammatory response and immune response

(7). Physiological concentrations of albumin attenuate

inflammation by selectively inhibiting TNFα-induced upregulation

of VCAM-1 expression and monocyte adhesion (29). Moreover,
HTx without ACR [(A), C-index =0.631] and with ACR [(B), C-index=0.671].
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FIGURE 6

The calibration curves for predicting 1-year (A) and 5-year (B) OS of patients after HTx. Each point in the plot represents a group of patients, with the
nomogram predicted probability of survival shown on x-axis and actual survival proportion shown on y-axis.
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albumin inhibits histone-induced platelet aggregation and thrombus

formation by binding to histones (30). These help explain why a low

preoperative ACR level is associated with a higher incidence of septic

shock. Besides, it is well established that oxidative stress is a common

risk factor in various diseases, such as diabetes, inflammation, and

cardiovascular disease. Oxidative stress generated by excessive

reactive oxygen species (ROS) promotes cardiovascular disease

(31). For example, starting point of atherosclerosis is considered to

be oxidative stress, which facilitates key molecular events, such as

oxidative modification of lipoproteins and phospholipids,

endothelial cell activation, and macrophage infiltration/activation

(32). Importantly, albumin exerts its antioxidant function by

binding and neutralizing free metals such as copper and iron at its

N-terminal site and specifically regulates cellular glutathione levels

(7). Secondly, creatinine is a waste product of muscle metabolism

(33). Produced at a continuous rate by creatine metabolism and

excreted without tubular reabsorption, it is used as a marker of

GFR (34). It is well-known that the reduction of GFR is now a

recognized risk factor for cardiovascular disease (CVD) and

chronic kidney disease (35, 36). Similarly, our results showed that

low preoperative ACR levels are associated with a higher risk for

postoperative Kidney Complications and In-hospital death. Besides,

many studies have pointed out that chronic kidney disease often

leads to dyslipidemia and inflammation, which leads to the

hardening of the aorta and the reduction of coronary reserve (25,

37). Furthermore, kidney disease may cause remodeling of the

ventricle through hypertension, renal anemia, and vascular

stiffness, thus leading to hypertrophy of the left ventricle (25, 37).

These biological processes may help explain associations between

the level of ACR and the prognosis of HTx.

As far as we know, it is the first study to assess the role of ACR

in HTx outcomes. Our study confirmed that preoperative ACR was

a novel and promising indicator that independently predicts the

outcomes of HTx. This investigation gives us some clues about

preoperative interventions to reduce postoperative complications,

such as albumin supplements (38–40).
Frontiers in Cardiovascular Medicine 09136
However, there are some limitations of this study that should be

considered. Firstly, this is a retrospective and observational study,

which ignores the progression of the disease and has inherent

risks of information bias. Secondly, the sample size of this study

was small (n = 460) and the follow-up period was relatively short.

Thirdly, preoperative frailty may have effect on the study results.

Future studies about heart transplantation should consider this

issue. What’s more, null of the subjects in our study developed

early graft failure, so the evaluation of early graft failure could not

be performed. Lastly, we did not obtain cytokines, markers of

glucose metabolism, or serum inflammatory markers, all of which

may affect the prognosis of heart transplantation.
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