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ABSTRACT

Heart failure is associated with considerable mor-
bidity and mortality, resulting in high healthcare ex-
penditure worldwide. The last decade has witnessed
several significant developments and advances in the
management of heart failure. To ensure rapid access
to a concise overview of existing evidence for clinical
decision-making regarding heart failure management,
this study aimed to review scientific publications
on emerging treatment approaches for heart failure,
particularly in the last 10 years. Scientific databas-
es, including PubMed, Scopus, Web of Science, and
Cochrane Library, were explored for research articles
on the advances in the management of heart failure
and its comorbidities. A narrative review approach
was employed in this report. Heart failure has multi-
ple etiologies; hence, a critical aspect of its manage-
ment involves the identification and treatment of the
cause, which may include structural defects in the
heart or pathologies from other parts of the body. No-
table criteria for the classification of heart failure or for
risk stratification are classification with the degree of
ejection fraction and the New York Heart Association
classification of heart failure. Challenges of traditional
treatment strategies comprised lack of precision, treat-
ment failure, adverse treatment outcomes, and short
survival. In recent years, new drugs have been tested
and approved for heart failure management, and some
of them are included in the treatment guidelines for
heart failure. Furthermore, precision medicine through
genome editing and artificial intelligence-based inno-
vations have revolutionized the management of health-
care. However, there are emerging concerns regarding
the affordability and accessibility of the new treatment
strategies.

Keywords: Heart failure management, Precision medi-
cine, Genome editing, Artificial intelligence, Regenera-
tive therapy

Highlights

e Challenges of traditional treatment strategies in-
cluded lack of precision, treatment failure, adverse
treatment outcomes, and short survival.

e In recent years, multiple pharmacological agents
have been added to the pool of drugs for heart fail-
ure management.

e Other advances in heart failure management are
novel medical devices, genome editing, regenera-
tive therapy, and precision medicine.

Introduction

With an aggregate of about 17.9 million global mor-
tality rates yearly, cardiovascular diseases—ischemic
heart disease, myocardial infarction, stroke, and heart
failure—are ranked one of the leading causes of death
worldwide." Like other cardiovascular diseases, heart

failure is associated with high mortality and morbidity
rates, among other impacts on individual and popu-
lation health outcomes. The Global Burden of Disease
Study estimated the prevalence of heart failure to be at
least 64 million globally;” this translates to about 2%
of the general population in the United States, Canada,
and European countries.’ In terms of financial burden,
the direct healthcare cost due to the management of
heart failure is expected to increase to 69.8 billion USD
by 2030 in the United States alone.*

An upward trend has been associated with heart
failure prevalence mainly due to the aging population
and the development of novel management approach-
es, resulting in longer overall survival for patients with
the condition.” However, heart failure also severely
affects the younger population; Yang et al.® estimat-
ed that about 148 of 100,000 adolescents and young
adults suffered from heart failure globally in 2021.
These staggering statistics underscore the severe con-
sequences of heart failure on overall health outcomes
and the need for more effective management strategies
for the condition.

Previous studies have highlighted multiple develop-
ments in the management of heart failure, comprising
highly sensitive diagnostic approaches and treatment
strategies.”® These developments were designed to
address specific patient needs, and varying treatment
outcomes have been attributed to them. However, clin-
ical decision-making regarding the management of
life-threatening conditions such as heart failure often
requires access to prompt and concise overviews of
available evidence regarding multiple treatment ap-
proaches. Hence, this study aimed to review studies
on recent advancements in the management of heart
failure.

Heart Failure

Heart failure has multiple etiologies, and it causes dif-
ferent clinical symptoms based on the type of heart
failure; hence, many definitions exist for heart failure
based on different criteria. In a bid to develop a uni-
versal definition, the Heart Failure Society of America
(HFSA), the Heart Failure Association of the European
Society of Cardiology (ESC), the Japanese Heart Failure
Society, and the Writing Committee of the Universal
Definition of Heart Failure’ proposed the following
definition:

“heart failure is a clinical syndrome with symptoms
and/or signs caused by a structural and/or functional
cardiac abnormality and corroborated by elevated na-
triuretic peptide levels and/or objective evidence of pul-
monary or systemic congestion.”

This definition recognizes the fact that heart fail-
ure is not a singular clinical condition but a manifes-
tation of multiple symptoms. Common etiologies and
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objective assessment parameters are also incorporated
into this definition.

Based on its pathophysiology, heart failure is con-
sidered a sequela of ventricular dysfunction. The left
ventricle pumps oxygenated blood from the lungs to
the body, while the right ventricle sends deoxygenat-
ed blood from the body to the lungs. Heart health is
reflected in its ability to pump blood. Therefore, the
2022 American College of Cardiology (ACC)/Ameri-
can Heart Association (AHA)/HFSA Guideline for the
Management of Heart Failure utilized the measure of
blood pumped by the heart per beat, known as the
ejection fraction, particularly that of the left ventricle,
to classify heart failure: (1) heart failure with reduced
ejection fraction (HFrEF; <40% ejection fraction), (2)
heart failure with preserved ejection fraction (HFpEF;
>50%), and (3) heart failure with mildly reduced ejec-
tion fraction (41-49%).'° This classification is critical
to the treatment planning for heart failure.

Etiologies and Clinical Manifestation

Heart failure is characterized by multiple etiologies
that are broadly categorized as cardiac and noncar-
diac causes."" Cardiac causes are those structural ab-
normalities originating from the heart itself, including
ischemic heart disease (also known as coronary artery
disease), valvular disorders, congenital heart defects,
genetic heart disorders, and myocarditis.'” Additional-
ly, cardiac causes may also arise from drugs (including
chemotherapeutic drugs) and toxin ingestion. Con-
trastingly, noncardiac causes are etiologies that arise
from other parts of the body but ultimately increase
cardiac workload, leading to a progressive decline in
heart functions.”” Commonly, these include chronic
metabolic disorders such as hypertension, diabetes
mellitus, thyroid diseases, and anemia. Furthermore,
respiratory diseases and renal insufficiency may also
be categorized as noncardiac causes of heart failure.'*
Similar to cardiac causes, noncardiac causes may also
be precipitated by drugs and toxins."
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Reduction in ejection fraction, as observed in heart
failure, causes fluid accumulation in the lungs, liver,
and other parts of the body. This fluid build-up or con-
gestion, which causes various symptoms, including
dyspnea, edema, palpitations, ascites, fatigue, and
limitations in physical activities, informed the naming
of the condition as “congestive heart failure.”*?

The classification of heart failure based on the sever-
ity of symptoms, as delineated by the New York Heart
Association,''® provides a concise overview of the
clinical manifestation of the condition (Figure 1).

Depending on the stage of the disease, heart failure
increases the risk of stroke, arrhythmias, chronic kid-
ney disease, pulmonary edema, chronic obstructive
pulmonary disorder, and cardiomegaly.'' Patients with
heart failure often suffer poor prognoses except when
the disease’s etiology is reversible.

Conventional Management Approaches

Clinical Diagnosis

Effective management of heart failure relies on ear-
ly detection. Moreover, given that previous adverse
cardiovascular events are major risk factors for heart
failure, a patient’s medical history plays a key role in
diagnosis. A patient showing any of the symptoms ex-
plained in Figure 1 and with a medical history of ad-
verse cardiovascular events and/or other risk factors
of heart failure should be referred for a comprehensive
assessment. Diagnosis of heart failure typically in-
volves physical examination to determine if the patient
is showing any symptoms of poor perfusion (cyanosis),
hypotension, confusion, or edema, among others.”
This may then be followed by chest X-ray, electrocar-
diography, echocardiography, imaging tests (including
magnetic resonance imaging and computed tomogra-
phy), and blood tests."”

Serum B-type natriuretic peptide (BNP) is an im-
portant biomarker for heart failure because its level
increases in the body in response to increased cardiac
workload." Hence, this assessment may be important
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Fig 1 | New York heart association classification of heart failure
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for differential diagnosis in patients with dyspnea,
a condition that could be caused by other conditions
aside from heart failure. Other blood tests that may be
required include complete blood count and kidney, liv-
er, and thyroid function tests."’

Diagnosis-Related Challenges

Notably, the symptoms of heart failure are not always
noticeable, and some are detected after considerable
disease progression. Hence, it is essential that patients
with previous adverse cardiac events and those at high
risk of heart failure are monitored to ensure early de-
tection. Additionally, symptoms exhibited by patients
are not always specific to heart failure, thereby neces-
sitating comprehensive differential diagnosis.

Given the need for swift clinical interventions, par-
ticularly in acute heart failure, any delay in the afore-
mentioned tests can greatly impact patients’ treatment
outcomes and mortality risk."” Similarly, given that
treatment plans are designed based on the stage of
heart failure and risk stratification, the availability of
multiple classification criteria and management guide-
lines could cause confusion and inconsistencies in the
therapeutic approach. This may lead to disease pro-
gression and rehospitalizations. Furthermore, public
health challenges such as long waiting times, limited
access to specialized healthcare, and out-of-pocket
payment for health services may affect the promptness
and accuracy of diagnosis.”

Conventional Treatment Strategies

The management of heart failure comprises lifestyle
modification, identification and control of the root
cause, pharmacological interventions, and surgical
interventions."” To reduce fluid accumulation in the
body, a classic symptom of heart failure, dietary lim-
itation of sodium intake and electrolyte replacement
therapy may be undertaken. Additionally, conditions
such as obesity, diabetes, anemia, hypertension,

Diuretics: Furosemide,
spironolactone,
hydrochlorothiazide etc.

Beta-blockers: Metoprolol,
atenolol, bisoprolol,
carvedilol, etc.
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atherosclerosis, and myocardial infarction should be
addressed."

Traditionally, classes of drugs used in the manage-
ment of heart failure include diuretics, beta-blockers,
vasodilators, angiotensin-converting enzyme inhib-
itors, angiotensin receptor blockers, angiotensin re-
ceptor-neprilysin inhibitors, vasopressors, inotropic
drugs, and opioids."" Specific drugs in each class are
indicated in Figure 2.

Evidence supporting the use of some of these drugs
is limited, while some are only used in special cases
because of the risk of adverse effects. For instance, in a
meta-analysis conducted by Gao et al.,”" opioids were
found to be associated with increased mortality in pa-
tients with acute heart failure. This is corroborated by
the midazolam versus morphine in acute cardiogenic
pulmonary edema (MIMO) trial, which compared the
safety and efficacy of morphine with those of midaz-
olam in patients with atrial fibrillation; evidence from
the study suggests that morphine has a higher risk of
adverse events.”” Furthermore, Sethi et al.”? reported
that while digoxin showed better efficacy compared to
placebo, its effect was inferior to that of beta-blockers.
The study also stressed the fact that limited evidence
exists regarding the long-term effects of digoxin. These
findings underscore the need for novel pharmacologi-
cal agents with improved efficacy and tolerable safety
profiles.

A notable complication of heart failure occurs
when the cardiac dysfunction has progressed to the
extent that the heart pumping function is insufficient
to meet the body’s requirements, resulting in periph-
eral hypoperfusion and organ damage; this is known
as cardiogenic shock, and it is associated with poor
survival outcomes.”* Acute management of this condi-
tion involves the use of inotropes and vasopressors. To
improve cardiovascular functions, inotropes, such as
dobutamine, milrinone, and levosimendan, increase
the contractility of the heart, while vasopressors, such

Vasodilators: Isosorbide
dinitrate, hydralazine,
nitroglycerin, etc

Mineralocorticoid receptor
antagonists: Eplerenone,
spironolactone, etc

Angiotensin-converting
enzyme inhibitors:
Lisinopril, enalapril,
captopril

Angiotensin receptor
blockers: Losartan,
telmisartan, irbesatan etc

Angiotensin receptor-
neprilysin inhibitors:
Sacubitril

Inotropic: drugs Digoxin

Opioids: Morphine Others: Ivabradine

Fig 2 | Classes of drugs used for heart failure
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as norepinephrine, epinephrine, and phenylephrine,
induce vasoconstriction and increase peripheral resis-
tance.”” An international multidisciplinary panel of ex-
perts recommended norepinephrine and dobutamine
as first-line vasopressor and inotrope, respectively.’®

Valvular repair or replacement is a common example
of a surgical approach in the traditional management
of heart failure. This is important in patients whose
etiology is valvular disorder. Similarly, coronary artery
bypass grafting may be performed in patients with
heart failure secondary to coronary artery disease. The
procedure bypasses the narrowed or obstructed artery
in a bid to promote revascularization of the heart. Ul-
timately, in extreme cases, particularly in young, oth-
erwise healthy patients, a total heart transplant may
be required.

Treatment-Related Challenges

Studies have highlighted multiple challenges in conven-
tional management strategies for heart failure. Butler
et al.” highlighted the need for tailoring the therapeutic
approach to individual patients’ characteristics rather
than the characteristics of a class or stage of heart fail-
ure. The authors also noted that the available manage-
ment approach tends to focus solely on the inpatient
management of heart failure. Heart failure is a chronic
condition requiring continuous management; hence,
after discharge of patients from the hospital, the treat-
ment plan should delineate approaches to ensure that
patients continue lifestyle modifications and use pre-
scribed medications as recommended.?® Furthermore,
continuous monitoring and follow-up of patients are
essential to treatment outcomes.

Impaired cognition, a common clinical manifes-
tation of heart failure, has also been highlighted as a
potential barrier to effective treatment.® Heart failure
management often requires titration of drugs based
on patient response, and patients receive counseling
regarding this to improve their self-care capacity. How-
ever, a patient with cognitive impairment may find this
difficult. This emphasizes the critical role of caregivers
and support systems.® Harmonization of diagnostic
criteria and treatment guidelines is also essential to
reduce confusion and promote consistency.

Advancements in the Management of Heart Failure
Clinical Assessments

Biomarkers

Although serum BNP and N-terminal pro-BNP are used
conventionally for heart failure diagnosis, a high or
low level of serum BNP is not a definite indicator of
the presence or absence of heart failure, respectively.'®
Hence, various other potential biomarkers have been
investigated for this purpose.

Carbohydrate antigen 125 (CA 125), also known as
mucin 16, is a glycoprotein that is used in cancer di-
agnosis, especially ovarian cancer.” Recent evidence
has indicated an elevation of CA 125 serum levels in
congestion and inflammation in the body. In a clinical
trial, Nifiez et al.’® reported that high levels of CA 125
were directly correlated with symptoms of heart failure
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as well as clinical outcomes, including hospital read-
mission and death. This highlights the importance of
CA 125 in prognostication and risk stratification for
patients with heart failure.

Another investigated biomarker for heart failure is
soluble ST2 from the interleukin-1 receptor family.
It is an indicator of mechanical stress and fibrosis in
cardiomyocytes. Riccardi et al.’® highlighted that, un-
like serum BNP biomarkers, soluble ST2 shows lower
variations with age, sex, and some physiological pro-
cesses in the body, allowing for the establishment of
a constant threshold for diagnosis. In a randomized
controlled trial,”> patients with HFrEF after acute
decompensation were stratified into two groups to re-
ceive soluble ST2-guided therapy and standard thera-
py, respectively. After 6 months, compared to standard
therapy, soluble ST2-guided therapy improved left
ventricular ejection fraction (LVEF) and patients’ qual-
ity of life and reduced the incidence of poor clinical
outcomes.

Furthermore, Galectin-3 is a proven indicator of
fibrosis and anatomical remodeling. Galectin-3 has
been found to be reflective of the early stages of in-
flammatory processes in the body, and this could aid
the development of therapeutic agents at this stage of
pathogenesis.’> However, the expression of Galectin-3
is not specific to the heart; it has been found to be ele-
vated in other inflammatory diseases, including auto-
immune and neurodegenerative diseases.**

Other biomarkers that are being utilized/inves-
tigated for their potential roles in the pathogenesis
of heart failure include procalcitonin,® neutrophil
gelatinase-associated lipocalin,’® and mid-regional
pro-atrial natriuretic peptide.'®

Global Longitudinal Strain (GLS)

GLS, measured through echocardiography, tracks mus-
cle movement to assess the contractility of the heart in
the longitudinal direction during each cardiac cycle.”’
This is particularly important for the diagnosis of HF-
PEF. The Copenhagen City Heart Study, a longitudinal
study with an average follow-up period of 11 years,
found that low GLS was significantly associated with
the incidence of heart failure, among other cardiovas-
cular diseases. Findings from the study highlighted the
roles of GLS in the determination of long-term risk car-
diovascular diseases.”’

Artificial Intelligence (Al)-Based Diagnosis

Al has revolutionized various fields in health manage-
ment; Al-based advancements in medicine include
robot-assisted surgery, machine learning models for
disease prediction and treatment planning, as well
as Al-based drug discovery and development.’® An
example of these advancements in heart failure man-
agement is the Al-Clinical Decision Support System, a
machine learning innovation that assists physicians
in the diagnosis of heart failure.”® The system uses
patients’ information, such as physical evaluation re-
sults, echocardiographic findings, and findings from
other tests, to predict heart failure diagnosis and the
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associated ejection fraction. The system showed a 98%
concordance rate with heart failure specialists. Fur-
thermore, machine learning models have also been
developed for risk stratification’ and prediction of
treatment outcomes® in patients with heart failure.

Novel Treatment Strategies

Pharmacological Interventions

Pharmacological agents for the management of heart
failure have accumulated over the years. An example
of new drug classes used for heart failure management
is sodium-glucose cotransporter-2 (SGLT-2) inhibitors.
Although originally developed for the management of
type 2 diabetes, SGLT-2 inhibitors have been shown to
reduce the risk of death and hospitalization in patients
with heart failure regardless of the presence or absence
of comorhidity with diabetes.*' The Dapagliflozin and
Prevention of Adverse Outcomes in Heart Failure*! and
Empagliflozin in Heart Failure (EMPEROR)* trials are
notable for the assessment of the impacts of dapagli-
flozin and empagliflozin, respectively, on cardiovascu-
lar outcomes.

The favorable outcomes of the drugs, as reported in
these trials, prompted the inclusion of the drugs in the
list of drugs used for heart failure management. SGLT-
2 inhibitors, alongside three other traditional drug
classes—beta-blockers, angiotensin receptor block-
ers + angiotensin receptor-neprilysin inhibitors, and
mineralocorticoid receptor antagonists—are known as
the foundational drugs for heart failure. Recent inter-
national guidelines for heart failure management, in-
cluding the 2021 ESC guidelines for the diagnosis and
treatment of acute and chronic heart failure'” and the
2022 AHA/ACC/HFSA guideline for the management
of heart failure,'® recommend the use of these drugs.
Although previous treatment guidelines encouraged
stepwise inclusion and up-titration of doses of these
drugs based on the severity of heart failure, newer
guidelines now recommend starting all four founda-
tional drugs as soon as possible for patients.”’ The ra-
tionale for this is that the drug classes act by different
mechanisms, and together, they elicit an additive re-
sponse.** Notwithstanding, the peculiar characteristics
and tolerance of each patient must be considered when
introducing these drugs.*

Various other drugs have been evaluated for heart
failure management, including omecamtiv mecarbil,
which belongs to the cardiac myosin activators class
and acts directly on cardiac muscle to improve con-
tractility and systolic function.’® The Global Approach
to Lowering Adverse Cardiac Outcomes through Im-
proving Contractility in Heart Failure trial investigat-
ed omecamtiv mecarbil and reported a slightly lower
incidence of adverse events with omecamtiv mecarbil
compared to placebo.* While this is promising, further
research efforts are needed to substantiate this finding.

Another example of a novel drug for heart failure
management is vericiguat. Vericiguat is a soluble gua-
nylate cyclase stimulator that causes vasodilation and
improves blood flow."” The Vericiguat Global Study
in Subjects with Heart Failure with Reduced Ejection
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Fraction trial reported a modest reduction in the in-
cidence of death and hospitalization in patients with
heart failure who were administered vericiguat for
approximately 11 months compared to those who re-
ceived the placebo.”’

Heart rate is a proven prognostic factor of heart fail-
ure, and elevated resting heart rate is associated with
poor outcomes. Increased heart rate is a common find-
ing in patients with heart failure, as the reduced heart
function induces a compensatory mechanism that re-
sults in tachycardia.*® While beta-blockers are used to
manage increased heart rate, lack of selectivity causes
other unfavorable cardiovascular outcomes.*’ Ivabra-
dine is a selective inhibitor of I, current in the sinoatrial
node, slowing down the heart rate and reducing cardi-
ac workload. The SHIFT trial assessed treatment out-
comes associated with ivabradine in comparison with
placebo in patients with heart failure who had elevated
heart rates >70 beats per minute and LVEF <35%.°° Iv-
abradine resulted in an 18% reduction in the risk of
cardiovascular death or hospital admission for wors-
ening heart failure. Therefore, ivabradine is used clin-
ically in heart failure therapy that requires heart rate
reduction.

Given that obesity is a common risk factor for heart
failure, especially in patients with preserved ejection
fraction, novel weight-loss medications have been in-
vestigated for their roles in the management of HFpEF.
Glucagon-like peptide-1 agonists are a class of drugs
used in managing type 2 diabetes and weight manage-
ment, and medications from this drug class have been
evaluated for heart failure therapy.’' Notable examples
of these assessments are the STEP-HFpEF and SUMMIT
trials. The STEP-HFpEF trial focused on semaglutide;
in addition to causing higher reductions in body weight
compared to placebo (13.3% vs. 2.6%), semaglutide
increased the Kansas City Cardiomyopathy Question-
naire clinical summary scores (KCCQ-CSS) of patients
(16.6 vs. 8.7 points), indicating fewer symptoms of
heart failure and better quality of life.”* Likewise, the
SUMMIT trial demonstrated that tirzepatide use re-
sulted in a lower incidence of cardiovascular deaths or
worsened heart failure (9.9% vs. 15.3%) and increased
KCCQ-CSS (19.5 vs. 12.7 points).”® These findings em-
phasize the importance of semaglutide and tirzepatide
in the long-term management of HFpEF.

Valvular Repair

Heart failure due to valvular disease has also received
considerable research attention in recent years. The
MITRA-FR and the COAPT are important trials that
assessed the impact of the catheter-based device (Mi-
traClip) procedure on the management of mitral valve
regurgitation in patients with reduced left ventricular
ejection.”**> The patients included in the study were
those who remained symptomatic after the maximum
doses of pharmacological treatments. The procedure,
also known as the mitral transcatheter edge-to-edge re-
pair, used the MitraClip to repair the mitral valve. The
MITRA-FR trial, which included patients with severe
mitral regurgitation, reported no significant difference
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in the incidence of death and hospitalization between
patients who underwent the procedure + standard
treatment and those who received only standard treat-
ment.>* However, the COAPT trial, which included pa-
tients with moderate-to-severe mitral regurgitation,
reported a lower incidence of hospitalization and mor-
tality in the experimental group.>’

Implantable Medical Devices

Despite the progress made in the pharmacological
treatment of heart failure in recent years, considerable
limitations still exist, including lack of drug specificity,
patient nonadherence to medication regimen, and the
need for continuous modulation of pathophysiological
pathways. The use of medical devices aims to address
some of these limitations.

Given the need for continuous monitoring of pa-
tient’s physiological parameters, the CHAMPION trial
investigated the use of a remote pulmonary artery pres-
sure monitoring device (CardioMEMS) in the manage-
ment of patients with heart failure. The control group
received standard care alone.?® In addition to improv-
ing symptoms, CardioMEMS reduced the rate of hospi-
talization in the group whose care was managed based
on pulmonary artery pressure measurements from the
device. The device is a wireless implantable hemody-
namic monitoring system that uses radiofrequency
signals to transmit measurements to healthcare pro-
viders. This device is FDA-approved and is included in
the 2022 AHA/ACC/HFSA Guideline for the Manage-
ment of Heart Failure.'

The implantable cardioverter defibrillator (ICD) is
used in patients who are prone to life-threatening ar-
rhythmias, and it delivers shock to the heart (like a
conventional defibrillator) to reset heart rhythm. ICD
reduces the risk of sudden cardiac death and all-cause
mortality in patients with heart failure.”® Similar to
this, the Baroreflex Activation Therapy for Heart Fail-
ure trial reported that the inhibition of the sympathetic
nervous system and activation of the parasympathetic
nervous system caused by the implantable Barostim
NEO system improved symptoms of heart failure.”” The
authors indicated that the system improved the exer-
cise capacity and patients’ quality of life. Subsequent-
ly, the device was approved in 2019 by the FDA for
patients who continued to exhibit symptoms despite
pharmacological treatments.

Similar to the use of ICDs, cardiac resynchronization
therapy (CRT) involves the implantation of a biven-
tricular pacemaker, which delivers electrical signals
to the two ventricles to synchronize their contractions
and improve cardiac function.’® This is a long-term
management approach for heart failure, and evidence
supporting its use is available in the literature. Moss
et al.”’ compared the efficacy of CRT+ICD against ICD
alone in patients with cardiomyopathy and an ejection
fraction of <30%, reporting that CRT+ICD reduced the
incidence of all-cause mortality or heart failure events
(17.2% vs. 25.3%). An alternative to this approach is
bundle branch pacing, which targets the part of the
heart responsible for propagating electrical signals
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from atrioventricular nodes to the ventricles. Hence,
in patients with ventricular dysfunction due to the left
bundle branch block, the left bundle branch may be
targeted to synchronize ventricular contraction and
improve cardiac function. This is known as left bundle
branch pacing, and it is associated with better electri-
cal resynchronization in this patient group.®

In severe heart failure or cardiogenic shock, me-
chanical circulatory support devices are critical to
sustain cardiac and respiratory functions and ensure
continuous organ perfusion. Venoarterial extracor-
poreal membrane oxygenation (VA-ECMO) device is a
common example of such devices and is used in the
acute management of cardiogenic shock.®* Cannulas
from the device are introduced into the patient’s body
through a major vein and artery. Subsequently, the
machine provides oxygenation to the blood and re-
moves carbon dioxide. The EURO SHOCK trial, while
challenged by the COVID-19 pandemic, reported that
VA-ECMO reduced all-cause mortality in patients who
received the procedure (43.8% vs. 61.1%) compared
to those who received standard treatment.®> However,
the study also reported increased bleeding complica-
tions in those who received VA-ECMO. Similarly, the
DanGer Shock trial assessed the use of a percutaneous
microaxial flow pump, another acute mechanical cir-
culatory support device that provides left ventricular
support but relies on optimal functioning of the right
side of the heart.*’ This device also reduced all-cause
mortality but was associated with increased adverse
events. Overall, these devices provide life-preserving
outcomes, but treatment plans must encompass the
prevention of adverse events.

Furthermore, in heart failure caused by left ventri-
cle failure, also known as left-sided heart failure, a
left ventricle assist device (LVAD) may be required. A
series of LVAD devices have been researched, notable
of which is the HeartMate series: HeartMate I (push-
er-plate pump), HeartMate II (axial-flow pump), and
HeartMate 3 (centrifugal-flow pump).®* Each new
HeartMate was designed to correct the limitations of
the previous ones and provide improved outcomes.
HeartMate 3 is the latest in the series, and it is a ful-
ly magnetically levitated centrifugal-flow LVAD. In
the final report of the MOMENTUM 3 trial published
in 2019, HeartMate 3 was reported to be superior to
HeartMate II in terms of reduced frequency of pump
replacement, reduced reoperation rates, and lower in-
cidence of stroke or bleeding.®

Other medical device-based heart failure thera-
pies include the use of pacemakers, cardiac contrac-
tility modulation, and the use of intra-aortic balloon
pumps.®® While these may be considered classical
treatment approaches, many of them have received
evidence-based improvements over the last decade.

Cardiac Transplantation

Heart transplantation is a curative treatment for end-
stage heart failure, and it improves the functional
status of patients and their quality of life. This ap-
proach commenced many decades ago, but it has
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seen improvement in recent years. Challenges of car-
diac transplantation included a limited pool of donors,
graft rejection, and short survival rates.”” To address
this, studies have evaluated novel drugs to suppress
the sensitization of recipients to the newly transplant-
ed organs. Consequently, novel targeted monoclonal
antibody drugs, including tocilizumab, clazakizumab,
eculizumab, and daratumumab, have been researched
to provide pharmacological desensitization, prevent
organ rejection, and enhance survival.®®

Previously, individuals with viral infections such as
hepatitis C, human immunodeficiency virus, and the
severe acute respiratory syndrome coronavirus 2 were
ineligible to be organ donors. There were concerns
about transmission of the infection to the recipients as
well as the rapid proliferation of the virus due to the
immunosuppressive state after organ transplantation.
However, given advances in the management of these
conditions and promising reports of curative thera-
pies, various organ transplant societies are starting
to accept the transplantation of organs from infected
individuals.* In such cases, the non-infected recipient
received prophylaxis treatment perioperatively to re-
duce the risk of transmission and the development of
infection.®

Moreover, research efforts are underway on the
transplantation of organs from animals to humans—
xenotransplantation. Previous efforts in this regard
led to an antigenic response in humans; however,
the advances in the field of gene editing have made it
possible to delete genes that could cause an antigenic
response from the animal. Griffith et al.”® reported the
transplantation of a heart from a genetically modified
pig. The patient survived for 2 months. However, on
post-mortem clinical assessments, the observed chang-
es were not consistent with typical rejection reactions;
research is ongoing to determine the cause of structur-
al abnormalities found in the organ. Notwithstanding,
findings from studies such as this can serve as refer-
ence points for future research in xenotransplantation.

Regenerative Medicine

Structural remodeling and formation of scar tissues
are critical pathological manifestations in heart fail-
ure; hence, research efforts are underway on the use
of regenerative cells to repair damaged cardiac tissue
and improve symptoms. The CCTRN CONCERT-HF tri-
al combined bone marrow mesenchymal stromal cells
and c-kit positive cardiac cells as a regenerative treat-
ment for heart failure secondary to ischemic heart dis-
ease.”' The participants underwent transendocardial
injection of the regenerative cells and were monitored
for up to 1 year. Findings from the study demonstrated
improved clinical outcomes and reduced incidence of
adverse events with the regenerative treatment. How-
ever, no observable changes were found in the struc-
ture or function of the left ventricle; hence, the authors
concluded that the observed outcomes could be due to
systemic or paracrine cellular mechanisms rather than
direct repair in the cardiomyocytes.
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Other regenerative cells are being investigated for
heart failure management, and promising outcomes
have been reported.”””® The ultimate goal of the re-
search efforts in this area is to enhance regenerative
ability in the heart tissues, thereby promoting cellular
repair and resolution of symptoms of heart failure.

Genome Editing

Gene therapies, including the Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR)-based ap-
proaches, offer promising potential in the management
of heart disease by targeting disease-specific mutations
that are associated with cardiomyopathy.”* Genome ed-
iting mechanisms have been used to prepare genetic
models of heart disease to enable the identification of
genetic defects. Furthermore, the identified mutations
have aided the development of CRISPR/Cas 9 genetic
material, which can be introduced into the heart to ex-
cise mutations and promote gene correction.”

Yin et al.” recently developed echogenic liposomes
for the delivery of CRISPR/Cas9 complexes into rat
heart models; this study recorded successful gene ed-
iting, holding promise for application in humans. Zinc
finger nucleases and transcription activator-like effec-
tor nucleases, among others, are other genome editing
approaches that have been investigated.”

However, various challenges have been highlighted,
including delivery and targeting systems, immune re-
sponse, and off-target effects. Additionally, ethical con-
cerns exist regarding the use of gene editing in humans
due to limited information on the possible adverse ef-
fects.”

Precision Medicine

Similar to the diagnosis of heart failure, management
strategies for heart failure have also benefited from the
advent of Al-based innovations. Through a retrospec-
tive analysis, Ayers et al.”” designed a machine learning
model to predict 1-year survival after heart transplan-
tation in adult patients. The study reported improved
performance in a machine learning model that com-
bined deep neural networks, logistic regression, Ada-
Boost, and random forest algorithms compared to the
performance of the individual algorithms. The models
used preoperative parameters, making them potential-
ly important in designing eligibility criteria for patients
undergoing transplants and predicting which patients
are more likely to have better outcomes.

Likewise, Kianmehr et al.”® utilized a machine learn-
ing model to evaluate the impact and interactive effect
of multiple therapies for different comorbidities—
hypertension and type 2 diabetes—on the risk of heart
failure. The author reported that baseline diastolic
blood pressure impacted glycemic control: a high risk
of heart failure was observed in patients undergoing in-
tensive hypoglycemic treatment who had low baseline
diastolic pressure (45-69 mmHg) compared to those
who had moderate or high baseline diastolic pressure.

Theutilization of Alin heart failure management aims
to ensure that management approaches are tailored
to patient needs and that treatment efforts result in
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Fig 3 | New treatment strategies for heart failure

maximal efficacy with minimal adverse effects.”” How-
ever, the importance of physician-supervised health
management cannot be overemphasized; hence, it is
essential that Al systems are designed to support cli-
nicians in clinical decision-making rather than replace
them. The novel treatment strategies are summarized
in Figure 3.

Future Directions
Despite the impressive developments in different ar-
eas of heart failure management, continued efforts are
needed to verify preliminary findings and develop new
management strategies. Notably, research processes
involved in the discovery of novel treatment strategies
are resource-intensive. Hence, after approval from rel-
evant regulatory authorities, the cost of such treatment
is usually intimidating.”® This limits the affordability of
the treatments and makes it hard for patients to access
them. A proposed solution for this is donations from
individual donors, charities, and not-for-profit organi-
zations.* Additionally, insurance companies are en-
couraged to expand the scope of their services so that
the need for out-of-pocket payments can be reduced.

Various ethical dilemmas are also involved in experi-
mental treatments. Given their novelty, limited scientific
evidence exists regarding their effects. Hence, undergo-
ing such treatments exposes patients to adverse effects
and complications.”® Moreovet, publication bias, which
favors the publication of positive results while the in-
herent risks are underreported, could also expose pa-
tients to health risks. Therefore, it is important that the
research process and experimental reports are transpar-
ent and that patients are sufficiently educated on treat-
ment risks before they are recruited for participation in
experimental treatments.”

Precision medicine is an emerging theme in medi-
cine, and relevant technological innovations should

be leveraged to ensure that treatment strategies are
tailored to specific patient characteristics. Innovations
such as genetic profiling enable the identification of
gene mutations responsible for various ailments, there-
by promoting the development of targeted clinical
interventions that ensure optimal health outcomes.”
Additionally, evidence of the potential roles of Al inno-
vations in clinical decision-making and treatment plan-
ning is extensive in the literature.’>*° These innovations
aid accurate disease diagnosis as well as promote the
design of personalized treatments. The process of drug
design and discovery also benefits from Al innovations
through spatial visualization of chemical structures and
swift screening of drug candidates.”®

Conclusions

Various developments and milestones have been re-
corded in the management of heart failure in the past
decade. This review provides a concise overview of the
classical management approach and novel treatment
strategies. Conventionally, heart failure is managed
by a mix of lifestyle modifications, sodium and water
restriction, control of primary disease, and treatment
of symptoms. This typically involves the use of drugs
and sometimes invasive clinical procedures. In recent
times, new biomarkers have been discovered to aid in
the early detection of disease and the monitoring of
disease progression. Additionally, the pool of drugs
used for the management of heart failure has increased
with the inclusion of drugs with better efficacy and
safety profiles. Consequently, treatment guidelines
have been modified.

To ensure good treatment outcomes with drugs,
guideline-directed medical therapy is encouraged.
Heart failure is a chronic condition, and patients of-
ten experience decompensation and poor health, even
with medications. Hence, various medical devices and
medical procedures have been developed to comple-
ment guideline-directed medical therapy and address
heart failure etiologies. Other innovations recorded in
the literature are regenerative medicine, genome edit-
ing, and precision medicine. This review also provides
recommendations on future directions in the manage-
ment of heart failure.
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