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Abstract: Catecholamines play a pivotal role in regulating both cardiac physiology and pathology,
orchestrating the “Fight-or-flight” response through the activation of sympathetic nervous system (SNS)
activation and subsequent stimulation of adrenergic receptor. However, chronic stress and various cardiac
diseases can disrupt catecholamine balance, contributing to cardiac dysfunction. The synthesis, release,
reuptake, and degradation of catecholamines intricately regulate their concentration. Notably, catecholamine
dynamics is markedly altered in heart diseases, including heart failure, myocardial infarction, and
arrhythmias. While B-adrenergic receptor blockers, which block catecholamines from binding to the
adrenergic receptors, are widely used in clinical settings, the potential implication of directly manipulating
catecholamine homeostasis for the treatment of cardiac diseases have not been extensively explored. This
review provides an overview of catecholaminergic systems, and discusses their intricate synthesis, release,
uptake, and metabolism within the heart. Additionally, the review highlights mechanisms underlying cardiac
effects of catecholamine dysregulation, including contractile dysfunction, electrical remodeling, and cardiac
remodeling. Moreover, the review emphasizes the importance of considering spatiotemporal and sexual
heterogeneity in catecholamine dynamics for cardiac precision medicine. In terms of future perspectives, we
believe that harnessing genetically encoded fluorescent biosensors to map the heterogenous for real-time
imaging of catecholamine dynamics and conducting gender-specific dissection of catecholamine dynamics
have significant potential to advance personalized management of cardiac diseases management.
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1. Introduction

Catecholamine dynamics play pivotal roles in both cardiac health and disease, constituting a paramount
aspect of sympathetic regulation of the heart. Activation of adrenergic receptors (ARs) by catecholamines
(norepinephrine, NE; epinephrine, EPI; and dopamine, DOPA) represents the primary mechanism for
enhance cardiac performance in physiological conditions, whereas the sustained catecholamines stimulation
is known as cardiotoxic [1-3]. These physiological and pathological effects of catecholamines are mediated
by o and  adrenergic receptors (ARs), with the BARs are thought to be the dominant myocytes ARs [4].
Therapeutics targeting to prevent the binding of endogenous catecholamines to BAR, known as B-blockers,
have been widely used in the management of cardiac diseases, such as heart failure. Paradoxically, complicity
of catecholamine dynamics and its implication in cardiac (patho-)physiology remain less understood, which
hinders the development of pharmaceutical interventions directly targeting the modulation of catecholamine
homeostasis. Notably, recent research advances indicate the significant heterogeneity of catecholamines
dynamics underlying its fine-tuning of cardiac function in healthy and diseased conditions. Here, we will
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review the current knowledge and potential therapeutic implications of catecholamine dynamics, including its
spatiotemporal and sexual heterogeneity, in the progression and management of cardiac diseases.

2. Catecholamine Dynamics: A Molecular Genetic Brief Overview of Catecholaminergic Systems

Catecholamine levels are balanced through precise regulation encompassing synthesis, release, uptake,
and degradation [5]. This delicate equilibrium exerts a critical regulatory influence on both cardiac
physiology and pathophysiology. Perturbations within the catecholamine pathway serve as a hallmark of
distinct disease conditions, often involving specific molecular targets. The exploration of molecular
mechanisms underlying catecholamine abnormalities holds significant promise for addressing cardiac
diseases.

The biosynthesis of catecholamines commences with the conversion of the amino acid L-tyrosine into 3,
4-dihydroxyphenylalanine (L-DOPA) through the action of tyrosine hydroxylase (TH) (Figure 1).
Subsequently, aromatic L-amino acid decarboxylase converts L-DOPA to dopamine, stored within vesicles by
the vesicular monoamine transporter [6]. The presence of dopamine [ -hydroxylase (DPH) within storage
vesicles leads to the conversion of dopamine to NE, preserving the appropriate noradrenergic phenotype of
sympathetic nerves and CNS noradrenergic neurons. Norepinephrine N-methyltransferase (PNMT) catalyzes
the N-methylation of NE to epinephrine (EPI) [7]. Upon release from nerve terminals, extracellular
catecholamines undergo rapid clearance, primarily through uptake at these terminals. A small fraction (~5%)
of catecholamines, including NE, can enter postsynaptic cells, such as cardiomyocytes, predominantly
facilitated by corticosterone-sensitive OCT3 (organic cation transporter 3), also known as extraneuronal
transporter monoamine transporter (EMT) [8,9]. OCT3 is necessary for translocating the catecholamines into
cardiomyocytes and facilitate cardiac contractility. The majority of NE is cleared by neuronal uptakel carrier
protein, removing over 90% of NE from the cardiac synaptic cleft, which is facilitated by norepinephrine
transporter (NET). A minor portion of NE is eliminated through extraneuronal carriers, uptake and circulatory
dissipation [10]. NET, also known as the solute carriers 6 (SLC6) recycles catecholamines from synaptic
spaces into presynaptic neurons while OCT3 is responsible for the peripheral elimination of
catecholamines [11].

Intracellularly, catecholamines undergo metabolism mediated by enzymes such as monoamine oxidase
(MAO) and catechol-O-methyltransferase (COMT). Two distinct MAO isoenzymes, MAOA and MAOB,
metabolize NE and EPI into deaminated glycol metabolites, 3, 4-dihydroxyphenylglycol (DHPG), and
dopamine into 3,4-dihydroxyphenylacetic acid (DOPAC). COMT contributes by catalyzing O-methylation,
converting NE to normetanephrine, EPI to metanephrine, and dopamine to 3-methoxytyramine (3-MT) [10].
This intricate catecholamine pathway is pivotal for maintaining physiological equilibrium and proper
neurotransmitter function.

3. Catecholamines Dynamics Alteration in Heart Diseases

Catecholamine transmission undergoes significant alterations in various heart diseases, such as heart
failure (HF), myocardial infraction (MI) and different forms of arrhythmias. These cardiac diseases are
characterized by elevated plasma and interstitial catecholamines, with distinct mechanisms contributing to the
dysregulation of catecholamines in each pathological condition.

3.1. Heart Failure

In congestive heart failure, the spillover of catecholamine into the plasma is notably amplified,
exhibiting an eight-fold increase. Despite the elevated circulating catecholamine levels, the myocardial NE
content is reduced in failing heart (Figure 1). This surge in circulating catecholamines can be primarily
attributed to heightened sympathetic nerve activity and the resultant release of NE, coupled with
compromised NE reuptake and uptake While the depletion of cardiac NE content arises from impaired
catecholamine biosynthesis, uptake but elevated catabolism. Increased tyrosine hydroxylase (TH), the rate-
limiting enzyme of catecholamine biosynthesis, is observed in HF. Similarly, in a HF rat model, reduction of
NET binding sites impairs NE uptake and contributes to the reduced myocardial NE content [12].
Additionally, decreased NET densities and activities occur both in HF patients and animal models [13].
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Overexpression of NET remarkably improve the structure and function of failing heart [14]. Elevated
catecholamines metabolism is evident in both human and mouse failing hearts, with increased expression of
cardiac MAOA and COMT established as key factors in the development of heart failure [15].
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Figure 1. Catecholamine dynamics in the healthy and diseased heart. Production of catecholamine (norepinephrine,
epinephrine, and dopamine) is initiated by tyrosine hydroxylase. Intracellular Calcium promotes the release of
catecholamine from nerves into the synaptic cleft. Extracellular catecholamines bind to cardiac adrenergic receptors
and triggers the downstream adrenergic signaling. Most of the extracellular catecholamines are quickly removed by the
neurotransmitter transporter (NET)-mediated uptakel and small portion of catecholamines enters the cardiomyocytes
via extracellular monoamine transporter, including OCT3. Intracellular catecholamines are subjected to degradation by
monoamine-oxidase A (MAO-A) and catechol-O-methyltransferase (COMT). These catecholamine processes are
markedly changed in pathological conditions, including heart failure, myocardial infarction, and arrhythmias. The
green arrow indicates the downregulation or upregulation of individual molecules in diseased conditions.
Norepinephrine, NE; epinephrine, EPI; and dopamine, DOPA; 3,4-dihydroxyphenylalanine (L-DOPA).

3.2. Myocardial Infarctions

MI is associated with multifaced alterations in catecholamines transmission. At the onset of a heart
attack, ischemia triggers an acute stress response, leading to an increase in sympathetic nervous system
activity. Consequently, there is an augmented release of catecholamines, particularly norepinephrine, from
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sympathetic nerve terminals in the heart. The ischemia injury also promotes sympathetic nerve remodeling in
the heart, with the newly sprouting sympathetic fibers at ischemic area exhibit low NE content. Besides,
inflammatory cytokines in MI heart aggravate the regional variation of myocardium NE levels by decreasing
TH expression and thus leading to a local depletion of TH and impaired catecholamine biosynthesis in
infarcted myocardium. Catecholamine metabolism is also altered in MI. Variation in the COMT gene have
been associated with the risk of acute coronary events. After MI, elevation of MAO-A and COMT both
indicates enhanced cytosolic catecholamine degradation [15,16].

3.3. Arrhythmias

Arrhythmogenesis involves both increased sympathetic drive and dysfunction within the heart [17—19].
Increased concentration of circulating catecholamine contributes to the lethal ventricular arrythmias and
subsequent sudden cardiac death. Rubart and Zipes found that the asynchronized heterogeneity of
norepinephrine release within the heart contributes to arrythmia generation [20]. In experimental model, local
application of NE induces premature ventricular complexes and ventricular tachycardia in intact hearts [21,22].
Defect or inhibition of the NET cause inadequate NE clearance and consequent excess sympathetic
activation, resulting in a tachycardiac phenotype in humans. Furthermore, NET-/- mice display excessive
tachycardia [23]. All the evidences indicate a critical NE disruption in arrhythmogenesis.

4. Mechanisms Underlying the Cardiovascular Effects of Catecholamines Dysregulation

Catecholamine dysregulation including the imbalance or abnormality in the catecholamine levels,
process, or signaling contributes to various cardiac dysfunction through several mechanisms. Recent studies
demonstrate that catecholamine-induced cardiotoxicity can be attributed to three major mechanisms:
contractile dysfunction, electrical remodeling, and cardiac remodeling.

4.1. Contractile Dysfunction

Acute sympathetic activation enhances myocyte contraction while chronic catecholamine stimulation
impairs contractility. It has been established that persistent catecholamine stimulation desensitizes the beta-
adrenergic signaling by promoting receptor internalization and degradation, as well as inhibiting Gas
expression, thus disrupting myocyte contractility [24]. Interestingly, a recent study suggests myocyte
cytosolic catecholamine (for instance NE) levels, which are tightly controlled by NE transport and
degradation, are essential for cardiac contractile function [9]. A pool of intracellular B adrenergic receptors,
newly identified located at the sarcoplasmic reticulum is activated by cytosolic rather than extracellular
catecholamines. Disturbing catecholamine transport by inhibiting or deleting OCT3 dampens cardiac
contractile response. Furthermore, elevated MAO-A reduces intracellular adrenergic receptor activation and
impairs contractility. Inhibition or knockout of MAO-A enhances cardiac function [25]. The subcellular
distribution of catecholamines and how it contributes to contractile dysfunction induced by sympathetic
overactivation are interesting questions to be further investigated.

4.2. Electrical Remodeling

Electrical remodeling constitutes a pivotal mechanism through which catecholamines promote various
arrhythmias, such as atrial fibrillation and ventricular arrhythmia. The electrical remodeling driven by
catecholamines consists of arrhythmogenic calcium overload, ion channel irregulation and the disruption of
synchronization. The excessive activation of adrenergic receptor-coupled G-proteins, along with downstream
cAMP-PKA signaling, fosters an increased influx of calcium into the calcium channel and triggers calcium
release from RyR receptors. This, in turn, leads to a state of calcium overload, facilitating the emergence of
arrhythmogenic calcium waves and cascading sparks [26]. Furthermore, excessive catecholamines disrupts
channel expression and suppresses the repolarizing potassium (K") current and alters myocyte action potential
[18,27]. The disruption of local sympathetic transmission within the heart also contributes to the development
of arrhythmias [28]. Clinically, the deficiency of the NET in the context of MI has been linked to severe
ventricular arrhythmias [29,30]. Moreover, an elevated sensitivity to NE and increased dispersion of
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repolarization, driven by sympathetic denervation in proximity to the scar tissue, play a significant role in
arrhythmogenesis. Electrical remodeling of myocytes, influenced by inappropriate heterogeneity in NE
release, culminates in cardiac electric instability and significantly contributes to the occurrence of
arrhythmias.

4.3. Cardiac Remodeling

Excessive catecholamine signaling is widely recognized as a driver of cardiac remodeling, involving
mechanisms such as increased oxygen demand, heightened inflammation, fibrosis, and the generation of
reactive oxygen species (ROS). An overactive sympathetic drive triggers the release of catecholamines,
intensifying the cardiac workload by elevating heart rate and contractility [3]. Consequently, this disruption in
the delicate balance between oxygen supply and demand within the myocardium culminates in cardiac
hypertrophy and dilation [31-33]. These pathological alterations significantly contribute to the progression of
HF and hypertensive heart diseases. Experimental administration of high doses of NE induces cardiac
remodeling, effectively mirroring the effects of chronic catecholamine stimulation in humans. Intravenous
infusion of NE to rodents induces hypertrophy in rats and is associated with elevated levels of
proinflammatory cytokines and fibrosis [34,35]. In rat hearts subjected to NE infusion, there is an observable
elevation in interleukin-1f, interleukin-6 mRNA, as well as fibrotic collagens and natriuretic peptide [35,36].
Interestingly, this induced fibrosis is specific to the left ventricle and not observed in the right ventricle.
While it is established that excessive catecholamine signaling promotes cardiac remodeling, the complete
mechanistic underpinning remains to be fully elucidated. Among the most extensively studied mechanisms of
catecholamine-dependent cardiomyopathy is the generation of ROS [19,37,38]. The oxidation of catecholamines
at the mitochondria by MAO gives rise to ROS [39,40]. In instances of MI and failing hearts, MAO-A is
considered a major source of cardiac oxidative stress and undergoes notable upregulation [25]. The reduction
of ROS through MAOA inhibition or the use of vitamin C demonstrates protective effects against stress-
induced heart damage [41]. Elevated catecholamine oxidation and degradation result in the excessive
production of oxidative stress. Both calcium overload and ROS have the potential to instigate cardiomyocyte
death through mitochondrial dysfunction. Intriguingly, research advances suggest that, the nuclear adrenergic
signaling promotes hypertrophic transcriptional factor activity including ERK and SMAD, demonstrating that
catecholamine stimulation promote cardiac hypertrophy through a local adrenergic signaling microdomain
[42,43]. How the enzymes for catecholamine synthesis, release, uptake and metabolism could affect this
subcellular microdomain remain to be elucidated.

5. Precision Medicine Targeting Catecholamines Dynamics

The heterogeneity of catecholamines dynamics exists in various aspects, including spatial, temporal, and
gender-related variations. Analyzing and understanding this heterogeneity is crucial for achieving precise
regulation of catecholamine dynamics, and it has been largely overlooked for a long time in previous cardiac
studies. Recent findings have unraveled novel roles and molecular mechanisms governing the regulation of
catecholamines regulation within the heart. Catecholamine processing is a dynamic with spatiotemporal
specificity within the heart. At the tissue level, regional concentrations, release patterns, catecholamine
receptors and signaling regulation across the heart are not uniform. For instance, both the catecholamines
concentrations and distribution of catecholamine receptors are uneven in the heart. aARs are heterogeneously
distributed within the heart, with mRNA transcription level of aAR displays the following regional rank
order: left ventricle > left atrium > apex > right atria [44]. Pathological conditions, such as heart failure, can
alter the spatial distribution of adrenergic receptors in human hearts [45]. Within a single cell, catecholamine
biogenesis, release, metabolism, and uptake occur at specialized subcellular compartment. As a result, there is
a gradient of catecholamines levels across different compartments (plasma membrane, cytoplasm,
mitochondrial outer membrane, etc.). Local catecholamines exert diverse physiological and pathological
effects by activating subcellular-localized catecholamine receptors, which are emerging as a new area for
future investigation of catecholamine systems. However, these regional differences are often not taken into
account in numerous studies of catecholamine-induced cardiac contraction or cardiac injury, spanning from
the organ level (the heart) down to the subcellular level.
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Cardiac disease often exhibits sex-specific patterns, yet sexual heterogeneity has been inadequately
explored in previous cardiac studies. Notably, females and males can experience differences of catecholamine
concentrations, gene transcription and the effects of catecholamines on cardiac contraction and heart rhythm.
Understanding how catecholamines impacts cardiac function differently in men and women is required for
developing personalized and effective therapeutic interventions [46,47].

A substantial number of drugs that influences catecholamine dynamics are currently employed in
clinical treatment of neuronal disorders and vascular dysfunction. In this context, we provide a brief summary
of various subgroup of drugs intervening catecholamine biosynthesizing, releasing, uptake, metabolism and
its binding to adrenergic receptors (Table 1) [25,48—54]. Given the spatiotemporal and sexual heterogeneity
observed in catecholamines dynamics, it is important to note that these drugs may also exhibit sex-specific or
subcellular-specific effects, necessitating further investigation in the future research.

Table 1. Drugs targeting catecholamine dynamics.

Classification Drug Target Clinical Use Reference
Catecholamine . Hypertension and malignant
biosynthesis inhibitors Alpha-Methyl-p-tyrosine TH phaeochromocytoma 48]
Catecholamine release Resernine Vesicular monoamine Mild to moderate [49]
inhibitors P transporter (VMAT) hypertension
. . . Depression, attension-
Catechi(;lsirlr)lilz)er;ptake Frarg)):&rils; Fll\l/llg)l)riztclir)e;an NE transporter (NET) deficit hyperactivity [50]
o ’ P disorder (ADHD)
Prazosin aAR Hypertension, ureteral
0AR blocker ) ) stones, benign prostatic [51]
Doxazosin, Tamsulosin o,AR hyperplasia
Propranolol, Metoprolol, Heart failure, arrhythmia
PAR blocker Carvedilol BARs and hypertension 23]
Clorgyline MAOA Depression [52]
MAO inhibitors Isocarboxazid MAOB Parkson’s [53]
5
Pargyline MAOB Parkson’s
COMT inhibitors Entacapone, Tolcapone COMT Parkson’s [54]

6. Future Directions
6.1. Spatiotemporal Dynamics of Catecholamines Illuminated by Genetically Encoded Fluorescent Biosensor

Within cells and tissues, it is important to note that catecholamines are not uniformly distributed and
undergo rapid processing and degrading. Spatiotemporal alteration of catecholamines is closely linked to a
range of diseases, including neuronal disorders and cardiac diseases. Nevertheless, the real-time monitoring
of the spatiotemporal dynamics catecholamines in subcellular resolution poses a significant challenge. This
challenge underscores the need for a comprehensive understanding of how catecholamine dynamics
influences both physiological and pathological processes and for the development of therapeutic interventions
aimed at manipulating catecholamines at subcellular level. Indeed, the dynamics of catecholamines in
neurons and brain have been unraveled with the development of catecholamine sensors [55]. In contrast, less
is known about the dynamics in cardiomyocytes and within the heart. In this section, we provide a
comprehensive synthesis of recent advancements and offer insights into prospects pertaining to utilizing
genetically encoded sensors to facilitate real-time imaging of catecholamine dynamics within the heart.

Over the past two decades, a diverse array of sensors has been devised to the capture rapid fluctuations
in catecholamine levels with exceptional spatial and temporal precision [56]. These biosensors are broadly
categorized into two main groups: those that directly detect catecholamine binding and those that monitor
downstream signaling pathways activated by catecholamines. One prominent approach employs fluorescent
resonance energy transfer (FRET) -based biosensors that discern catecholamines through the detection of
conformational alterations induced upon binding to G protein-coupled receptors (GPCRs) [57]. By
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incorporating a pair of FRET proteins into the intracellular loop and C-terminal domain of the 2-adrenergic
receptor, these biosensors facilitate millisecond-scale monitoring of NE concentration changes. Besides, a
novel genetically encoded GPCR-activation-based norepinephrine sensors (GRABNE) by converting the
conformation change between the fifth and sixth transmembrane domains in response to NE binding to
modulate fluorescence protein brightness. This new sensor (GRABNE) has enabled highly specific in vivo
measurement with high spatiotemporal resolution of NE dynamics in zebrafish and mice brain [58].

In contrast to the direct assessment of conformational shifts triggered by catecholamine-receptor
binding, an alternative approach involves engineered fluorescent reporters that gauge downstream signaling
molecules propagated by adrenergic receptors. Specifically, a suite of cell-based catecholamine
neurotransmitter fluorescent engineered receptors (CNiFERs) has been developed to monitor intracellular
calcium fluctuations following neurotransmitter interactions [59]. Moreover, a range of cAMP and PKA
biosensors have been strategically deployed to trace regional adrenergic receptor activation-transduced
cAMP-PKA signaling in response to catecholamine stimulation [2,60]. The use of subcellular-localized
biosensors has unveiled heterogeneous activation of adrenergic receptors by catecholamines such as NE and
EPI across distinct cellular compartments [8,9]. Additionally, the intriguing discovery that cytosolic
catecholamines transported by OCT3 activate intracellular receptors differently from conventional cell
surface receptors underscores the complexity of catecholamine effects within the heart [9]. Furthermore, to
convert catecholamine-induced receptor activation into a sustained intracellular signal, the TANGO assay has
been developed [61]. This innovative approach involves fusing the transcription factor, tetracycline-
controlled transactivator (TA), to the receptor's C-terminal, thereby initiating reporter gene expression. The
TANGO assay boasts single-cell resolution and demonstrates nanomolar sensitivity upon neurotransmitter-
induced activation (Figure 2).
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Figure 2. Biosensors for illuminating catecholamines signals. The design and working principle showing how distinct
sensor detect catecholamines or it-activated signaling pathway. A. GPCR FRET-based biosensors. B. GPCR activation-
based NE sensors C. FRET-based D. FRET-based PKA; E TANGO assay. Fluorescence resonance energy transfer:
FRET; Norepinephrine: NE; Protein kinase A: PKA; Transcriptional factor: TA.

To date, various pioneering research tools for monitoring the dynamics of catecholamines transmission
has been developed and applied to central neuron system in vivo [58] and in vitro. However, these tools have
less deployed to unravel the complexities of catecholamine dynamics within the heart at whole-heart level.
Further exploration of these techniques in cardiac contexts holds significant promise for expanding our
understanding of catecholamine dynamics and their impact in heart function.

6.2. Sex Differences

The prevalence, presentation and drug-responses of various cardiac diseases exists between males and
females. Understanding the mechanisms underlying these differences is essential for customized precision
treatment [62—64]. Interestingly, Sexual dimorphism in the distribution, function, and regulation of catecholamines
is a complex phenomenon that encompasses various aspects of neurotransmitter activity and metabolism [65—
67]. This interplay between sex and catecholamines has been elucidated through a range of studies, which
concerns distinct patterns of release, enzymatic activity, and receptor response between males and females.
Moreover, sex dimorphism in the function, regulation and distribution of catecholamines is a complex
phenomenon that encompasses various aspects of neurotransmitter activity and metabolism. The implications
of this sex dimorphism in the realm of cardiac diseases remain an area warranting further exploration.

The landscape of sex-related catecholamine dynamics is multifaceted, as evidenced by pronounced sex-
specific disparities in catecholamine release through exocytosis, revealed by single-vesicle electrochemistry
[65]. Notably, male rats have exhibited higher catecholamine release rates and an increased frequency of
exocytotic events. This phenomenon is paralleled in clinical observations, as male hypertensive patients
display augmented sympathetic nervous system (SNS) activity and elevated urine catecholamine levels,
comparing to their female counterparts. These revelations underline the necessity for tailoring hypertensive
treatment strategies to account for sex-dependent variations. As evidenced by the distinctive sympathetic
activation observed in women patients with and without HF [66]. Notably, coronary sinus plasma analysis has
demonstrated elevated NE concentrations in women, emphasizing cardiac-specific sympathetic engagement.
Furthermore, gender-dependent catecholamine metabolism emerges as an additional contributor to the
intricate tapestry of sex dimorphism within catecholamine systems. Enzymes responsible for catecholamine
metabolism exhibit conspicuous sexual dimorphism, a fact underscored by the sexual dimorphism of MAO-A
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and its X-chromosomal location [68]. This enzymatic variance extends to COMT, whose activity is attenuated
in women due to estrogen-mediated inhibition of COMT mRNA expression [69].

It is noteworthy that the role and potential therapeutic target concerning the sex-dependent
catecholamines transmission in cardiac diseases, including HF, MI and arrhythmias represent as a frontier
awaiting comprehensive investigation.

7. Conclusions

Catecholamine dynamics plays a crucial role in various physiological and pathological processes of the
heart. Investigating mechanisms and potential therapeutic avenues, including sex-specific considerations and
innovative biosensing techniques, holds promise for advancing cardiac precision medicine.
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