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Editorial on the Research Topic

Methods and applications in integrative physiology

Physiology is the science of function in living organisms that serves as the foundation

of knowledge for clinical and experimental medicine. Physiology is an emerging property

of tissues and organs. This definition gives us a direct feeling of its complexity and of the

multifaceted approaches to investigating it.

Integrative physiology is concerned with the larger elements of physiology that entail the

integration of processes and regulatory functions at all biological levels, from the molecular,

cellular, tissue, and organ levels to clinical research. Integrative physiology utilizes knowledge

frommultidisciplinary research that blends life sciences andmathematical sciences. Therefore,

its methodology—as in the procedures or strategies used to find, select, process, and evaluate

evidence addressing a specific question—is often multi- and cross-disciplinary. Since

knowledge in integrative physiology, clinical and experimental medicine is constantly

expanding, so too are the methodologies and strategies to approach its questions. New or

adapted technologies are the key to enable and expand these needed advancements.

This ResearchTopic is part of theMethods andApplications in Physiology series. This series

showcases the recent advances in experimental techniques andmethods used to understand the

most fundamental questions in physiological research, ranging frommolecular to organ function

in living organisms. This Research Topic focuses on cutting-edge emerging technologies and

techniques for new sensors, data gathering, processing, analysis, and modeling for various

academic, clinical, and healthcare applications ranging from bench to bedside.

We, as Guest Editors, are pleased to present 13 papers and are grateful for the

74 contributions from 46 institutions in 11 countries. This Research Topic of articles

includes the use of new methodologies for evaluating physiological (Hillman et al.; Liu
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et al., 2022; Luck et al.; Švecová et al.) and pathological (Lu et al.;

Odehnalová et al.) processes, how computational approaches can

provide new insights into how molecular events leading to

physiological behavior and guide the future wet bench research

(Gerach et al.; Gionti et al.; Gurel et al.; Yoneda et al.), the benefits

and disadvantages of methods in integrative physiological research

(Horváth et al.; Stracina et al.) and the species difference in

autonomic regulation (Bazmi and Escobar). We would like to

introduce, for interested readers, the synopsis of each accepted

contribution:

Cardiac imaging

Gross pathology examination is the gold standard for

morphological evaluation of focal myocardial disease. The

9.4 T magnetic resonance imaging (MRI) is a new approach

for visualizing myocardial pathology. Using an experimental

radiofrequency (RF) ablation lesion in swine heart tissue,

Odehnalová et al. demonstrated that lesions can be measured

on high-resolution MRI images with the same accuracy as on

pathological sections and compared these two methods for the

evaluation of experimental radiofrequency (RF) ablation lesion

in swine heart tissue.

Laser doppler flowmetry

Laser Doppler flowmetry (LDF) probes, which provide

continuous, non-invasive assessment of skin blood flow, are

routinely used to quantify cutaneous microcirculatory perfusion.

When an LDF probe is removed and replaced, as is the case during

pre- and post-intervention or between-day assessments,

inhomogeneities in the skin’s microvasculature density contribute

to a deterioration in reproducibility. Luck et al. demonstrated that

increasing the number of individual LDF probes in a custom-made

holder improves LDF measurement reproducibility during test

retests. These findings imply that cutaneous vascular conductance

(CVC) measurements acquired with numerous laser Doppler

probes (number ≥4) have a sufficiently high degree of

repeatability after the probes are replaced within the same

individual. As a result, we propose that the results from

numerous laser Doppler probes in a holder be used in the

intraindividual analysis for investigations in which the LDF

probes must be removed and replaced in the same participants.

New method to estimate both the
surface and t-tubular capacitance/
area in cardiomyocytes

Švecová et al. have devised a newmethod for determining the

fraction of t-tubular membrane by perfusing the tested cell with

an isotonic solution with low conductivity. It can repeat

measurements on the same cardiomyocyte, allowing for paired

statistical testing, which is an advantage over previous

approaches. The procedure is straightforward and noninvasive

for the measured cell, and it can be applied to investigate short-

term alterations in the t-tubular system.

A simulation model for investigating
stretch activation in heart pumping

Yoneda et al. created a Monte Carlo (MC) cross-bridge

model with a trapping mechanism to shed light on the role of

stretch activation in heart pumping. In this Monte Carlo cross-

bridge model, they included a mechanism for trapping the

myosin molecule in its post-power stroke state. Yoneda et al.

calculated the rate constants of transitions for trapping and

escape in a thermodynamically consistent manner. They

derive the following findings about the stretch activation

process based on our numerical analysis: Because the

population of trapped myosin molecules and their average

force increase after stretching, the delayed force becomes

larger than the original isometric force; ii) the delayed force

has a duration of more than a few seconds due to a relatively

small rate constant of escape from the trapped state.

Goldfish autonomic nervous system
experimental model

Bazmi and Escobar examined ventricular action potentials,

electrocardiograms, and Ca2+ transients from perfused Goldfish

intact hearts with either a sympathetic or parasympathetic

agonist to determine how stimulation of either autonomic

nervous system branch impacted cardiac contractility and

excitability. Their findings show that stimulating the Goldfish

autonomic nervous system with these regularly used agonists

resulted in a commensurate alteration in heart dromotropism,

chronotropism, inotropism, and lusitropism, like what has been

reported in humans. Although the Goldfish heart only has two

chambers, the authors conclude that its similar electrical and

autonomic features make it a valuable model for studying larger

mammalian pathophysiology.

In-silico model for left ventricular
dyssynchrony and impaired torsion

Gerach et al. investigated the specific hypothesis that

dyssynchrony alone affects the kinetics of the left ventricle in

patients with heart failure with reduced ejection fraction (HFrEF)

and left bundle branch block (LBBB) in such a way that rotational

behavior is qualitatively altered. If this was the case, they would
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have been able to replicate the mechanical behavior found in the

NOGA XP cardiac mapping system in vivo. The fact that this

theory was falsified indicates that it is not the electromechanical

activation sequence alone that controls rotational behavior,

implying that other mechanisms are involved. The

implications include that more research is needed to fully

understand the drivers of rotating behavior and that these

additional (and now unknown) mechanisms are likely equally

crucial to address therapeutically.

Calcium transient high-throughput
assay for the detection of acute
cardiac hazard in early drug discovery

Lu et al. developed an acute cardiac hazard score system

applied to the Ca2+ transient assay using different human-

induced pluripotent stem cell-derived cardiomyocytes (hiPSC-

CM) cell lines to easily identify the concentration-dependent

level of cardiac risk by concentration for new chemical entities

based on Ca2+ transient measurement in hiPSC-CMs using

multiple functional parameters including beat rate, calcium

transient duration at 90% of repolarization (CTD90), and

amplitude. The human-induced pluripotent stem cell-derived

cardiomyocytes assay system’s calcium transient high-

throughput assay is simple to use and inexpensive.

Using the action potential clamp
technique to investigate cardiac ion
channel coordination

Horváth et al. traced the evolution of the voltage clamp

technique from its traditional application of the rectangular

command to the onion-peeling method. These new methods

expand the possibilities for investigating the function of

individual ion channels as well as the coordination of

membrane currents during AP. The onion-peeling technique

is particularly well suited for studying the interaction of currents

and thus has a distinct potential in integrative physiology. It was

designed for cardiac myocytes but can be applied to skeletal and

smooth muscle cells, neurons, and any excitable cell type where

ionic currents and AP control cell function.

New parameters for stratifying
arrhythmic risk

Gionti et al. used numerical simulations based on left

ventricular models derived from post-myocardial infarction

patients to identify some features of proarrhythmic geometric

configurations of scars and border zones. A geometric pattern of

scar and border zones, characterized by thin subendo- and

subepicardial border zones and transmural border zone

isthmuses, was identified at cardiac magnetic resonance as a

major risk for sustained ventricular tachycardia inducibility at

electrophysiology study. This data is simple to apply in daily life

and could be combined with known non-invasive risk factors to

identify patients with ischemic cardiomyopathy and moderate

systolic dysfunction who should undergo an electrophysiology

study.

A review and future outlook on ECG
applications in clinical and
experimental settings

Stracina et al. reviewed progress and presented perspectives

on ECG recording and analysis. Through a multidisciplinary

approach, the authors summarize the potential of advanced data

analysis. Special emphasis is placed on innovative deep-learning

techniques that have been intensively expanded in a wide range

of clinical applications and offer promising prospects in

experimental branches.

Cardiac neural network
dynamics—opportunities and
challenges

The fundamental investigations into the cardiac neural

control hierarchy were reviewed by Gurel et al. They discuss

the use of computational methods to investigate how information

is processed while closed-loop control is in operation and to

guide better experimental design. The large cardio-neural

datasets produced by these experimental designs necessitate

sophisticated signal processing and time series analysis

techniques, as well as the usual large-scale computational

challenges related to data sharing and reproducibility. These

difficulties offer excellent chances for developing and

approving cutting-edge methods to improve the

understanding of the mechanisms underlying cardiac

pathologies needed for clinical application.

An open-source hypoxia/hyperoxia
exposure chamber

Hillman et al. created a simple hypoxia chamber using off-

the-shelf components and controlled by open-source software to

collect continuous data on oxygen levels and other

environmental factors (temperature, humidity, pressure, light,

sound, etc.). They created a low-cost and customizable system

using FLOS (Free-Libre and Open-Source) software and

hardware that can be used for a variety of experimental

protocols. This hypoxia/hyperoxia exposure chamber enables
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reproducible and transparent data acquisition as well as

increased consistency with a high degree of customization for

each experimenter’s needs.

Human hypertension blood flow
model

Bahloul et al. proposed a fractional model with high flexibility

for characterizing the arterial complex tree network. Through a

series of validations on human hypertensive patients, the results

demonstrate the validity of the new model and the physiological

interpretability of the fractional differentiation order.

Furthermore, the findings show that the fractional-order

modeling approach has a high potential for improving

understanding of the structural and functional changes in the

large and small arteries caused by hypertension disease.

We gratefully acknowledge the work of the 74 authors of the

Frontiers Research Topic (RT) entitled Methods and Applications

in Integrative Physiology, and eagerly anticipate future discoveries,

research, and developments in integrative physiology.
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Autonomic Regulation of the 
Goldfish Intact Heart
Maedeh Bazmi 1 and Ariel L. Escobar 2*

1 Quantitative Systems Biology Program, School of Natural Sciences, University of California, Merced, Merced, CA, United States, 
2 Department of Bioengineering, School of Engineering, University of California, Merced, Merced, CA, United States

Autonomic regulation plays a central role in cardiac contractility and excitability in numerous 
vertebrate species. However, the role of autonomic regulation is less understood in fish 
physiology. Here, we used Goldfish as a model to explore the role of autonomic regulation. 
A transmural electrocardiogram recording showed perfusion of the Goldfish heart with 
isoproterenol increased the spontaneous heart rate, while perfusion with carbamylcholine 
decreased the spontaneous heart rate. Cardiac action potentials obtained via sharp 
microelectrodes exhibited the same modifications of the spontaneous heart rate in 
response to isoproterenol and carbamylcholine. Interestingly, the duration of the cardiac 
action potentials lengthened in the presence of both isoproterenol and carbamylcholine. 
To evaluate cardiac contractility, the Goldfish heart was perfused with the Ca2+ indicator 
Rhod-2 and ventricular epicardial Ca2+ transients were measured using Pulsed Local Field 
Fluorescence Microscopy. Following isoproterenol perfusion, the amplitude of the Ca2+ 
transient significantly increased, the half duration of the Ca2+ transient shortened, and 
there was an observable increase in the velocity of the rise time and fall time of the Ca2+ 
transient, all of which are compatible with the shortening of the action potential induced 
by isoproterenol perfusion. On the other hand, carbamylcholine perfusion significantly 
reduced the amplitude of the Ca2+ transient and increased the half duration of the Ca2+ 
transient. These results are interesting because the effect of carbamylcholine is opposite 
to what happens in classically used models, such as mouse hearts, and the autonomic 
regulation of the Goldfish heart is strikingly similar to what has been observed in larger 
mammalian models resembling humans.

Keywords: electrocardiogram, local field fluorescence microscopy, intracellular microelectrodes, sympathetic 
regulation, parasympathetic regulation

INTRODUCTION

In nearly all vertebrate species, direct input from the autonomic nervous system tightly controls 
cardiac contractility and excitability (Lee and Shideman, 1959; Katz, 1967; Lindemann and 
Watanabe, 1985; Cohn, 1989; Henning, 1992). Although there is an abundant amount of research 
on the autonomic control of cardiac contractility and excitability in numerous mammalian species, 
the characterization of pathophysiological mechanisms is still difficult to obtain for humans 
specifically. This is in part due to humans having strikingly dissimilar action potential (AP) 
characteristics and electrocardiographic morphology in comparison with commonly used animal 
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models such as mice, rats, and rabbits (Nakamura et  al., 2002; 
Tsai et  al., 2011; Bazmi and Escobar, 2020). Fish, on the other 
hand, are the largest and most diverse group of vertebrates, 
and as such, their autonomic nervous system regulation can 
often deviate from the classical vertebrate models used to study 
autonomic control of cardiac contractility and excitability. The 
most drastic difference in autonomic system regulation can 
be observed when comparing the hagfish, which have no known 
autonomic nervous system control, to the teleost, which exhibit 
fully functional autonomic regulation in cardiac function 
(Sandblom and Axelsson, 2011). Nevertheless, if a fish species 
does exhibit autonomic regulation, it is likely to be  similar to 
what has been established for many mammalian species.

In vertebrate species exhibiting full autonomic control, the 
autonomic nervous system functions through two closely intertwined 
antagonistic branches: the sympathetic branch and the 
parasympathetic branch. The sympathetic branch of the nervous 
system, referred to as the sympathetic nervous system, modulates 
cardiac function through the release of transmitters referred to 
as catecholamines (Lee and Shideman, 1959; Evans, 1986; Marks, 
2013). These catecholamines bind to and stimulate 𝛽-adrenergic 
receptors, which in turn, increase the speed of conduction through 
the atrioventricular node (positive dromotropic effect), increase 
heart rate (positive chronotropic effect), increase contractility 
(positive inotropic effect), and increase the velocity of myocardial 
relaxation during diastole (positive lusitropic effect). Locally released 
catecholamines, such as norepinephrine (NE), stimulate the 
𝛽-adrenergic receptors by activating adenylyl cyclase (AC; 
Hildebrandt et  al., 1983; Brum et  al., 1984) and increasing cyclic 
adenosine monophosphate (cAMP) levels (Osterrieder et al., 1982). 
Increased cAMP levels activate protein kinase A (PKA; Krebs, 
1972; Hayes and Mayer, 1981) and induce the dissociation of the 
catalytic subunit. Levels of cAMP and thus PKA are finely regulated 
by cyclic nucleotide phosphodiesterases (PDEs) which degrade 
cAMP into 5′-AMP. Nevertheless, the catalytic subunit of PKA 
phosphorylates several key Ca2+ handling proteins such as the 
L-type Ca2+ Channel (LTCC; Collins et al., 1981; Osterrieder et al., 
1982), the ryanodine receptor 2 (Suko et  al., 1993; Valdivia et  al., 
1995), and phospholamban (PLN; Weilenmann et al., 1987). These 
modifications not only alter the electrical activity of the myocardium, 
which have positive dromotropic and chronotropic effects, but 
also Ca2+ handling dynamics in the myocardium which lead to 
positive inotropic and lusitropic effects (Aguilar-Sanchez et al., 2019).

The sympathetic branch of the nervous system is highly 
antagonized by the parasympathetic branch. Referred to as the 
parasympathetic nervous system, this branch modulates cardiac 
contractility and excitability through the local release of the 
transmitter acetylcholine (ACh) from postganglionic cholinergic 
intracardiac neurons. The ACh subsequently binds to and 
stimulates muscarinic (M2) receptors. Activation of M2 receptors 
stimulates a Gi protein, which inhibits AC (Krebs, 1972). This 
inhibition leads to significantly lower levels of cAMP, a reduced 
fraction of activated PKA, and a decreased degree of 
phosphorylation in the key Ca2+ handling proteins. These 
modifications result in negative inotropic, chronotropic, 
dromotropic, and lusitropic effects, all of which are crucial in 
countering the sympathetic nervous system and maintaining 

homeostasis in the vertebrate central nervous system (Watanabe 
and Lindemann, 1984; Aguilar-Sanchez et  al., 2019).

Although fish hearts contain a single atrium and ventricle 
and present a fundamentally different cardiovascular system 
when compared to other mammalian models, there are many 
developmental, structural, and functional commonalities between 
the two vertebrate species (Sandblom and Axelsson, 2011; 
Mersereau et  al., 2015; Xing et  al., 2017; Bazmi and Escobar, 
2020). The Goldfish specifically, has remarkably similar electrical 
properties to humans. For example, the heart rate, AP 
morphology, and Ca2+ transient kinetics and dynamics of adult 
Goldfish closely parallel those of humans, even more so than 
mice and Zebrafish models (Bazmi and Escobar, 2020).

Previous literature suggests few fish models exhibit autonomic 
control in a similar manner to larger mammals; however, it is 
not clear how autonomically driven AP kinetics impact cardiac 
contractility in the fish intact heart specifically. To explore how 
stimulation of either autonomic nervous system branch would 
alter cardiac contractility and excitability, we performed experiments 
in which we  perfused the Goldfish intact heart with either a 
sympathetic or parasympathetic agonist. Ventricular APs, 
electrocardiograms, and Ca2+ transients recorded from the Goldfish 
intact heart showed perfusion with either 100 nm isoproterenol 
(sympathetic agonist) or 5 μm carbamylcholine (parasympathetic 
agonist), was enough to stimulate the sympathetic branch or 
parasympathetic branch, respectively. Interestingly, our results 
indicate stimulation of the Goldfish autonomic nervous system 
by these commonly used agonists resulted in a corresponding 
change in cardiac dromotropism, chronotropism, inotropism, and 
lusitropism in a similar manner observed in humans.

MATERIALS AND METHODS

Ethical Approval
Our animal facilities are Association for Assessment and 
Accreditation of Laboratory Animal Care accredited and Office 
of Laboratory Animal Welfare certified and fully comply with 
all regulations, policies, and standards that protect animal welfare. 
Animal use in our studies were in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publication No. 85–23, Revised 1996) and the 
Institutional Animal Care and Use Committee guidelines of the 
University of California Merced (Protocol # 2008–201). The 
animals were bought from Toledo Goldfish, United States.

Adult Goldfish were anesthetized by immersion in ice-cold 
water containing 0.16 mg ml–1 tricaine methanesulfonate for 
2–5 min. To assure the Goldfish were completely anesthetized 
prior to decapitation, the tail was held with a small, curved 
tweezer, and gently moved. Once the Goldfish were completely 
anesthetized, they were decapitated, and the intact heart was 
removed from the chest cavity.

Heart Cannulation and Perfusion
Goldfish hearts were dissected, and the bulbous arteriosus was 
cannulated onto a gauge 27 needle and perfused in a Langendorff 
system at a rate of 60 μl/min driven by gravity. Multiple solutions 
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were perfused through the bulbus arteriosus with the aid of 
a self-designed μ-manifold. Goldfish hearts were perfused with 
a fish ringer solution containing: NaCl 137 mm, KCl 5.4 mm, 
CaCl2 1.8 mm, MgCl2 0.5 mm, HEPES 10 mm, and glucose 
5.5 mm. The Ca2+ dye Rhod-2 AM  was perfused into the heart 
with a Harvard pump for 30–45 min. The temperature of the 
bath containing the heart was set to 28°C. The temperature 
was controlled with the aid of a Peltier unit positioned at the 
bottom of the recording chamber and measured with a linearized 
semiconductor temperature sensor.

Pharmacological Agents
The Goldfish heart was perfused with fish ringer solution 
containing 4 mm blebbistatin, prior to obtaining any 
electrophysiological recordings to suppress cardiac motion. In 
order to elicit a sympathetic response, the Goldfish heart was 
perfused with fish ringer solution containing 100 nm isoproterenol 
for 10 min before the start of any AP and Ca2+ transient 
recordings. To determine if the sympathetic response to 
isoproterenol could be reversed, the Goldfish heart was perfused 
with fish ringer solution for a prolonged amount of time. 
Indeed, the effects of isoproterenol could be completely reversed 
if the Goldfish heart were continuously perfused with fish 
ringer solution for 20 min. In contrast, to elicit a parasympathetic 
response the Goldfish heart was perfused with fish ringer 
solution containing 5 μm carbamylcholine for 10 min prior to 
the start of any AP and Ca2+ transient recording. The effects 
of carbamylcholine could be  completely reversed after 
continuously perfusing the heart with fish ringer solution for 
60 min. Recordings obtained prior to perfusion with isoproterenol 
or carbamylcholine were considered as control, and recordings 
obtained following isoproterenol or carbamylcholine perfusion 
were considered as experimental.

Experimental Setup
Optical Measurements
Ca2+ transients were recorded (N = 8 hearts) using Pulsed 
Local Field Fluorescence Microscopy (PLFFM; Mejía-Alvarez 
et  al., 2003; Escobar et  al., 2004, 2006; Valverde et  al., 2006, 
2010; Kornyeyev et  al., 2010; Mattiazzi et  al., 2015; Aguilar-
Sanchez et  al., 2017). The PLFFM technique assessed 
physiological parameters by exciting exogenous probes present 
in the tissue and detecting the light emitted by these 
fluorescent indicators. The excitation (532 nm Yag laser) and 
emitted light propagated through a multimode fiber optic 
(200 mm diameter, 0.67 NA) placed on the surface of the 
intact heart. The emitted light then traveled back through 
the multimode fiber, dichroic mirrors, and filters (610 nm) 
and was focused on an avalanche photodiode (Perkin Elmer, 
United  States) with the aid of a microscope objective. The 
signal was digitized by an A/D converter (NI, United States) 
and acquired by a PC. The fluorescent indicator utilized 
to obtain Ca2+ transients in this study was Rhod-2 AM. 
Often referred to as a “Ca2+ indicator dye,” Rhod-2 AM (50 μg) 
was prepared with 20 μl of 20% pluronic in 1 ml fish 
ringer solution.

Electrophysiological Measurements
Epicardial electrical recordings of the APs (N = 4 hearts) were 
obtained using sharp glass microelectrodes filled with 3 M KCl 
connected to a high input impedance differential amplifier 
(WPI, United  States). Glass microelectrodes were fabricated 
with a micropipette puller (Sutter Instrument Co., United States) 
and had a resistance of 10–20 MΩ (Ferreiro et  al., 2012; López 
Alarcón et  al., 2019). Data were recorded with an acquisition 
system from National Instruments in conjunction with additional 
software built in our lab. All fluorescence and membrane 
potential recordings were obtained from the Goldfish ventricular 
epicardium. Goldfish hearts were continuously paced at 1 Hz 
with the aid of two acupuncture needles placed in the apex 
of the ventricle in the presence and absence of the 
pharmacological agents. However, the hearts were not paced 
in experiments assessing changes in the spontaneous heart rate.

Whole Heart Electrocardiographic Measurements
Transmural electrocardiographic recordings (N = 6 hearts) were 
performed by placing one Ag–AgCl micropellet inside the left 
ventricle and a second pellet outside the left ventricle (Kornyeyev 
et al., 2010; López Alarcón et al., 2019). Signals were amplified 
by a custom-made DC-coupled instrumentation amplifier and 
were digitally sampled identically to the AP recordings.

Statistical Analysis
In whole heart experiments, there are two main causes of 
variance. First, no two animals have entirely identical hearts, 
regardless of the species. Second, although we  are measuring 
Ca2+ transients and APs in the same region (the mid-region 
of the left ventricle) of the heart, it is impossible to perform 
the recordings in the same precise location between different 
hearts. Thus, the data are presented as the measured times 
with their standard error (SEM). To assess electrical changes, 
AP traces were first normalized then evaluated at their respective 
repolarization times. Specifically, the time it takes for the AP 
to reach 30, 50%, or 90% repolarization, referred to here as 
APD30, APD50, or APD90, respectively.

Each wave of the electrocardiogram (QRS complex, T wave, 
and J wave) was measured using its corresponding half duration. 
The recorded Ca2+ transients were normalized between zero 
(minimum fluorescence) and one (maximum fluorescence) in 
order to evaluate the kinetics of the recorded Ca2+ transients. 
The kinetic parameters of the Ca2+ transients evaluated were 
the rise time (time for the Ca2+ transient to rise from, 10 to 
90% of its maximum amplitude), half duration (duration of 
the Ca2+ transient at 50% of the maximum amplitude), and 
fall time (time for the Ca2+ transient to fall from 90 to 10% 
of the maximum amplitude). The AP parameters and Ca2+ 
transient kinetics obtained for the control and the experimental 
groups were evaluated and normalized to their respective control 
values for each heart used. After this normalization, data were 
compiled, and statistical analysis was performed.

The data are presented as multiple measurements (n; dot 
cloud) recorded for different measurements (n) on different 
hearts (N) with the mean ± SEM (solid lines). To determine 
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if the agonists produced a significant effect, the distribution 
of the data before and after administration was compared using 
a two-sample Kolmogorov–Smirnov test (OriginPro, 2019). The 
difference was significant if the value of p < 0.01.

RESULTS

Sympathetic Regulation of Action 
Potentials and Heart Rate
In order to elicit a sympathetic response and assess the 
𝛽-adrenergic regulation of the Goldfish heart, we first perfused 
the heart with 100 nm isoproterenol. Goldfish ventricular 
chronotropic properties were examined via AP recordings and 
spontaneous heart rate recordings (Figure  1). Perfusion of the 
Goldfish intact heart with 100 nm isoproterenol altered the 
AP morphology (Figure  1A) and had a positive chronotropic 
effect, significantly increasing the heart rate by 46% 
(Figures 1B,C; from 0.87 ± 0.01 Hz to 1.27 ± 0.02 Hz). Interestingly, 
all kinetic parameters of the AP significantly changed following 
isoproterenol perfusion; APD30 increased from 228.10 ± 14.40 ms 
to 237.90 ± 11.80 ms (Figure  2A), APD50 decreased from 
353.90 ± 30.40 ms to 300.30 ± 20.00 ms (Figure 2B), and APD90 
increased from 455.40 ± 20.10 ms to 468.70 ± 27.00 ms 
(Figure  2C).

Sympathetic Prevalence in 
Electrocardiographic Signals
The effects of catecholamines on whole heart electrical 
activity were assessed through transmural electrocardiogram 
recordings (Figure 3). The 3 main components of the Goldfish 
electrocardiogram are presented in Figure  3A and consist 
of the QRS complex (ventricular depolarization), J wave 
(likely due to a voltage gradient due to the presence of a 
prominent AP notch in the epicardium but not the 
endocardium), ending with T wave (ventricular repolarization). 

Application of isoproterenol altered the morphology of the 
Goldfish electrocardiogram (Figure  3A) and increased the 
heart rate (Figures 3B,C; from 1.10 ± 0.40 Hz to 3.10 ± 0.70 Hz). 
Furthermore, application of isoproterenol also significantly 
altered the duration of the QRS wave, T wave, and J wave 
(Figure  4). The QRS complex significantly decreased from 
22.70 ± 1.30 ms to 17.30 ± 2.80 ms (Figure  4A), the T wave 
significantly increased from 164.70 ± 53.20 ms to 
292.10 ± 58.10 ms (Figure  4B), the J wave significantly 
increased from 126.10 ± 42.30 ms to 333.10 ± 105.30 ms 
(Figure  4C).

Sympathetic Regulation of Cardiac 
Contractility
In many vertebrate species, stimulation of either autonomic 
nervous system branch will not only alter cardiac excitability, 
but also cardiac contractility. In order to assess if eliciting 
a sympathetic response altered the inotropic and/or the 
lusitropic properties of the Goldfish ventricle, experiments 
were performed in which the amplitude and kinetics of the 
Ca2+ transient were examined in the presence and absence 
of 100 nm isoproterenol (Figure 5). Stimulation of 𝛽-adrenergic 
receptors altered the morphology of the Ca2+ transient 
(Figure  5A) and significantly increased the normalized 
amplitude of the Ca2+ transient (Figure  5B; from 1.00 ± 0.07 
to 1.10 ± 0.04). To detect if isoproterenol significantly altered 
the kinetics of the Ca2+ transient, the three following parameters 
of the Ca2+ transient were assessed (Figure 6): rise time (RT), 
fall time (FT), and half duration (HD). A significant change 
in any aforementioned kinetical parameter is a reflection of 
a significant corresponding change in myocardial Ca2+ handling 
dynamics. Perfusion of isoproterenol significantly increased 
the velocity of every Ca2+ transient kinetic parameter in the 
Goldfish heart (Figures  6A–C; RT: from 27.98 ± 4.60 ms to 
22.47 ± 3.50 ms, FT: from 150.08 ± 22.80 ms to 135.88 ± 20.30 ms, 
and HD: from 148.60 ± 8.10 ms to 134.87 ± 5.20 ms), implying 

A B C

FIGURE 1 | Goldfish ventricular action potential and spontaneous heart rate recordings before (black) and after perfusion with 100 nm isoproterenol (red). Perfusion 
of the Goldfish intact heart with 100 nm isoproterenol altered the action potential morphology (A) and had a positive chronotropic effect, significantly increasing the 
heart rate (B; from 0.87 ± 0.01 Hz to 1.27 ± 0.02 Hz, p < 0.01, n = 160 for the control, n = 263 for ISO, N = 4). The positive chronotropic effect following isoproterenol 
perfusion is also reflected in spontaneous AP recordings from the left ventricle (C). *Denotes a significant difference between the two distributions. The data are 
presented as multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).
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perfusion with isoproterenol increased the rate of relaxation 
of the Goldfish myocardium during diastole, resulting in a 
positive lusitropic effect (Figure  6B). The presence of a 
𝛽-adrenergic drive suggests the presence of a parasympathetic 
one, as they are the two antagonistic branches of the autonomic 
nervous system.

Parasympathetic Regulation of Action 
Potentials and Heart Rate
The parasympathetic nervous system, on the other hand, is 
thought to be  the dominant branch of the autonomic nervous 
system. To elicit a parasympathetic response and induce a 

cholinergic response, 5 μm carbamylcholine was administered 
to the Goldfish intact heart. As before, the chronotropic properties 
of the heart were assessed via AP and spontaneous heart rate 
recordings. Not surprisingly, the administration of carbamylcholine 
altered the AP morphology (Figure  7A) and had a negative 
chronotropic effect, reducing the heart rate by 92.2% 
(Figures  7B,C; from 0.98 ± 0.05 Hz to 0.13 ± 0.08 Hz). Not 
surprisingly, carbamylcholine administration significantly 
prolonged all three kinetic parameters of the AP (Figures 8A–C; 
APD30 increased from 235.90 ± 12.10 ms to 295.30 ± 11.50 ms, 
APD50 increased from 388.10 ± 23.90 ms to 651.40 ± 49.50 ms, 
and APD90 increased from 446.70 ± 14.60 ms to 833.60 ± 30.00 ms, 
respectively).

A B C

FIGURE 2 | Kinetic parameters of the Goldfish ventricular action potential before (black) and after (red) perfusion with 100 nm isoproterenol. Following isoproterenol 
perfusion, APD30s significantly increased from 228.10 ± 14.40 ms to 237.90 ± 11.80 ms (p < 0.01, n = 113 for the control, n = 113 for ISO, N = 4; A), APD50 decreased 
from 353.90 ± 30.40 ms to 300.30 ± 20.00 ms (p < 0.01, n = 143 for the control, n = 316 for ISO, N = 4; B), and APD90 significantly increased from 455.40 ± 20.10 ms 
to 468.70 ± 27.00 ms (p < 0.01, n = 95 for the control, n = 256 for ISO, N = 4; C). *Denotes a significant difference between the two distributions. The data are 
presented as multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).

A

B C

FIGURE 3 | Goldfish ventricular electrocardiogram recordings before (black) and after (red) perfusion with 100 nm isoproterenol. The three main components of the 
Goldfish electrocardiogram are presented: QRS complex, J wave, and T wave. Application of isoproterenol altered the morphology of the Goldfish electrocardiogram 
(A) and increased the spontaneous heart rate from 1.10 ± 0.40 Hz to 3.10 ± 0.70 Hz (p < 0.01, n = 180 for the control, n = 412 for ISO, N = 6; B). Electrocardiogram 
recordings before and after isoproterenol perfusion reflect an increased heart rate in response to isoproterenol (C). *Denotes a significant difference between the two 
distributions. The data are presented as multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM 
(solid lines).
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Parasympathetic Prevalence in 
Electrocardiographic Signals
To further assess how cholinergic stimulation altered whole 
heart electrical activity in the Goldfish model, transmural 
electrocardiograms were recorded in the presence and absence 
of 5 μm carbamylcholine (Figure  9). The morphology of the 
Goldfish electrocardiogram changed dramatically in response 
to cholinergic stimulation (Figure 9A) and significantly decreased 
the spontaneous heart rate (Figures  9B,C; from 1.00 ± 0.04 Hz 
to 0.15 ± 0.09 Hz).

Cholinergic stimulation significantly altered the duration of 
the QRS complex, the T wave, and the J wave (Figure  10). 
The QRS complex significantly decreased from: 33.20 ± 2.40 ms 
to 31.90 ± 1.80 ms (Figure 10A), the T wave significantly increased 
from 370.20 ± 3.70 ms to 379.70 ± 14.40 ms (Figure  10B), and 

the J wave significantly increased from 169.20 ± 30.20 ms to 
326.60 ± 23.30 ms (Figure  10C). The increased J wave duration 
is likely reflective of the decreased heart rate observed in 
Figures  7B, 9C.

Parasympathetic Regulation of Cardiac 
Contractility
In many vertebrate species, stimulation of either autonomic 
nervous system branch will not only alter cardiac excitability, 
but also cardiac contractility. To assess if stimulation of either 
autonomic nervous system branch altered the inotropic and/
or the lusitropic properties of the Goldfish ventricle, experiments 
were performed in which the amplitude and kinetics of the 
Ca2+ transient were examined in the presence and absence of 
a cholinergic agonist.

A B C

FIGURE 4 | Perfusion with 100 nm isoproterenol significantly altered the time course of all three components in the Goldfish electrocardiogram. The duration of the 
QRS complex significantly decreased from 22.70 ± 1.30 ms to 17.30 ± 2.80 ms (p < 0.01, n = 80 for the control, n = 121 for ISO, N = 6; A), T wave significantly 
increased from 164.70 ± 53.20 ms to 292.10 ± 58.10 ms (p < 0.01, n = 110 for the control, n = 120 for ISO, N = 6; B), and the J wave significantly increased from 
126.10 ± 42.30 ms to 333.10 ± 105.30 ms (p < 0.01, n = 74 for the control, n = 118 for ISO, N = 6; C). *Denotes a significant difference between the two distributions. 
The data are presented as multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).

A B

FIGURE 5 | Goldfish ventricular Ca2+ transient recording and normalized amplitude in the absence (black) and presence (red) of 100 nm isoproterenol. Stimulation 
of 𝛽-adrenergic receptors altered the morphology of the Ca2+ transient (A) and significantly increased the normalized amplitude of the Ca2+ transient from 1.00 ± 0.07 
to 1.10 ± 0.04 (p < 0.01, n = 65 for the control, n = 67 for ISO, N = 8; B). *Denotes a significant difference between the two distributions. The data are presented as 
multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).
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To assess cholinergic regulation of contractility specifically, 
Ca2+ transients were recorded from the epicardial wall of the 
Goldfish ventricle in the presence and absence of 5 μm 
carbamylcholine (Figure 11). Administration of carbamylcholine 
had a negative inotropic effect, as the amplitude of the Ca2+ 
transient (Figure  11A) decreased in the presence of 
carbamylcholine. This negative inotropic effect is also presented 
in Figure  11B, where the normalized amplitude of the Ca2+ 
transient significantly decreased from 1.00 ± 0.10 to 0.49 ± 0.03 
following cholinergic stimulation.

The three kinetical properties of the Ca2+ transient, including 
the rise time (RT), fall time (FT), and half duration (HD) 
were also evaluated to better understand how stimulation of 
the cholinergic pathway affected Ca2+ handling kinetics in the 
Goldfish myocardium (Figure  12). Although administration 
of 5 μm carbamylcholine did not significantly increase the rise 
time of the Ca2+ transient (Figure  12A; 30.20 ± 5.40 ms to 
31.20 ± 3.20 ms), it did significantly increase the half duration 
of the Ca2+ transient (Figure  12C; from 151.80 ± 2.30 ms to 

160.30 ± 4.00 ms). This effect can be  due to the longer APs 
induced via cholinergic stimulation. Interestingly we were unable 
to observe a significant difference in the relaxation time 
(Figure  12B; from 161.50 ± 15.10 ms to 150.70 ± 12.10 ms) of 
the Ca2+ transient. This suggests carbamylcholine application 
did not significantly modify the lusitropic property of the 
Goldfish myocardium in these experiments; however, a significant 
change in the half duration of the Ca2+ transient does indicate 
the presence of an intrinsic parasympathetic tone in the Goldfish 
isolated heart, capable of modifying Ca2+ transient kinetics.

DISCUSSION

In most vertebrate hearts, both excitability and contractility are 
tightly regulated by the autonomic nervous system. Though there 
is a significant amount of research regarding the sympathetic and 
parasympathetic regulation of many vertebrate species, there is 
little known about how autonomic regulation impacts the electrical 

A B C

FIGURE 6 | Kinetic parameters of the Goldfish ventricular Ca2+ transients before (black) and after (red) perfusion with 100 nm isoproterenol. Perfusion of the 
Goldfish heart with 100 nM isoproterenol significantly decreased the rise time (RT) of the Ca2+ transient from 27.98 ± 4.60 ms to 22.47 ± 3.50 ms (p < 0.01, n = 65 for 
the control, n = 96 for ISO, N = 8; A), decreased the fall time (FT) of the Ca2+ transient from 150.08 ± 22.80 ms to 135.88 ± 20.30 ms (p < 0.01, n = 76 for the control, 
n = 76 for ISO, N = 8; B), and significantly decreased the half duration (HD) of the Ca2+ transient from 148.60 ± 8.10 ms to 134.87 ± 5.20 ms (p < 0.01, n = 64 for the 
control, n = 72 for ISO, N = 8; C). *Denotes a significant difference between the two distributions. The data are presented as multiple measurements (n; dot cloud) 
recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).

A B C

FIGURE 7 | Goldfish ventricular action potential and spontaneous heart rate recordings before (black) and after perfusion with 5 μm carbamylcholine (green). 
Administration of carbamylcholine altered the AP morphology (A) and had a negative chronotropic effect, reducing the heart rate from 0.98 ± 0.05 Hz to 
0.13 ± 0.08 Hz (p < 0.01, n = 29 for the control, n = 16 for CCH, N = 4; B). The negative chronotropic effect following carbamylcholine perfusion is also reflected in 
spontaneous AP recordings from the left ventricle (C). *Denotes a significant difference between the two distributions. The data are presented as multiple 
measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).
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and mechanical function of fish hearts specifically. To our knowledge, 
it is not clear how autonomically driven AP kinetics impact 
contractility in the intact fish heart, which has become an increasingly 
popular model used to understand human cardiac physiology 
and pathophysiology. In this study, we investigated how stimulation 
of either autonomic branch regulated the time course of APs 
and electrocardiograms, and how these electrical changes correlated 
with changes in left ventricular Ca2+ transient measurements at 
the whole heart level. Our results indicate the presence of a fully 
developed dual control from both the adrenergic and cholinergic 
nerves in the Goldfish heart, highly resembling the pattern found 
in other vertebrate models.

𝛃-Adrenergic Stimulation Increased 
Cardiac Excitability and Contractility
It is well-established stimulation of 𝛽-adrenergic receptors 
will have a positive chronotropic, dromotropic, inotropic, 

and lusitropic effect in any vertebrate species exhibiting full 
autonomic regulation. In the fish model, the autonomous 
rhythm of the heart is determined by the pacemaker region 
located near the atrial chamber, identified over 100 years 
ago (Keith and Mackenzie, 1910). Pacemaker APs are 
categorized by a gradual and slow diastolic depolarization 
(Phase 4), toward the threshold voltage of the AP upstroke 
(Phase 0; Saito, 1973; Harper et  al., 1995; Haverinen and 
Vornanen, 2007; Tessadori et  al., 2012). There are three 
main mechanisms by which an organism can modulate its 
heart rate, all of which end with an altered slope of the 
diastolic depolarization during diastole. This slope, set by 
the sinoatrial node, can be  modified positively (by the 
sympathetic nervous system) or negatively (by the 
parasympathetic nervous system) by shifting the maximum 
diastolic potential, or decreasing the rate of depolarization, 
or (positively or negatively) shifting the membrane potential 
threshold; all of which could either increase or decrease 

A B C

FIGURE 8 | Kinetic parameters of the Goldfish ventricular action potential before (black) and after (green) perfusion with 5 μm carbamylcholine. APD30 significantly 
increased from 235.90 ± 12.10 ms to 295.30 ± 11.50 ms (p < 0.01, n = 80 for the control, n = 49 for CCH, N = 4; A), APD50 significantly increased from 
388.10 ± 23.90 ms to 651.40 ± 49.50 ms (p < 0.01, n = 379 for the control, n = 308 for CCH. N = 4; B), and APD90 significantly increased from 446.70 ± 14.60 ms to 
833.60 ± 30.00 ms (p < 0.01, n = 455 for the control, n = 201 for CCH, N = 4; C). *Denotes a significant difference between the two distributions. The data are 
presented as multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).

A B C

FIGURE 9 | Transmural ventricular electrocardiogram recordings in the absence (black) and presence (green) of 5 μm carbamylcholine. The three main components 
of the Goldfish electrocardiogram are presented: QRS complex, J wave, and T wave (A). Carbamylcholine administration significantly altered the kinetic parameters 
of all the electrocardiographic signals. Administration of carbamylcholine significantly decreased heart rate from 1.00 ± 0.04 Hz to 0.15 ± 0.09 Hz (p < 0.01, n = 29 for 
the control, n = 16 for CCH, N = 6; B). Electrocardiogram recordings before and after carbamylcholine perfusion reflect a decreased heart rate in response to 
carbamylcholine (C). *Denotes a significant difference between the two distributions. The data are presented as multiple measurements (n; dot cloud) recorded for 
different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).
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the time required for the membrane potential to reach the 
threshold and fire an AP. In the Goldfish model, administration 
of isoproterenol altered ventricular AP morphology and had 
a positive chronotropic effect (Figures  1A–C). Remarkably, 
previous studies have observed isoproterenol to induce 
strikingly similar AP morphological changes in canine 
endocardial myocytes and guinea pig cardiomyocytes  
(O’Hara and Rudy, 2012; Szentandrássy et  al., 2012;  
Sala et  al., 2018).

The changes in the AP morphology can be  better observed 
in Figure  2, where the kinetics of the ventricular AP are 
presented following adrenergic stimulation with isoproterenol. 
Perfusion with isoproterenol lead to a significant increase in 
APD30 and APD90 (Figures 2A,C, respectively) and a significant 
decrease in APD50 (Figure 2B). Interestingly, canine endocardial 
myocytes treated with isoproterenol exhibit lengthening of 

APD90 (Szentandrássy et  al., 2012; Sala et  al., 2018), similar 
to what we  observed for the Goldfish. Unlike mammals, many 
fish species lack the slow component of the delay rectifier 
current (IKs), the main current system mediating repolarization 
effects of adrenergic stimulation on cardiac AP duration 
(Vornanen, 2017). The absence of this repolarizing current 
could explain the counterintuitive prolongation of APD30 and 
APD90  in the presence of an adrenergic stimulus. However, 
the role of IKs in response to adrenergic stimulation is not 
yet elucidated in the Goldfish heart, and further studies are 
necessary to corroborate this hypothesis.

Transmural electrocardiograms were recorded in the presence 
and absence of isoproterenol (Figure  3) to examine its effect 
on whole heart electrical activity. Indeed, isoproterenol perfusion 
not only altered the morphology of the electrocardiogram 
(Figure 3A) but also reaffirmed the positive chronotropic effect 

A B C

FIGURE 10 | Perfusion with 5 μm carbamylcholine significantly altered the time course of all three components in the Goldfish electrocardiogram. The duration of 
the QRS significantly decreased from 33.20 ± 2.40 ms to 31.90 ± 1.80 ms (p < 0.01, n = 15 for the control, n = 59 for CCH, N = 6; A), the T wave increased from 
370.20 ± 3.70 ms to 379.70 ± 14.40 ms (p < 0.01, n = 31 for the control, n = 36 for CCH. N = 6; B), and the J wave show a significant increase from 169.20 ± 30.20 ms 
to 326.60 ± 23.30 ms (p < 0.01, n = 32 for the control, n = 31 for CCH. N = 6; C). *Denotes a significant difference between the two distributions. The data are 
presented as multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).

A B

FIGURE 11 | Goldfish ventricular Ca2+ transient recording and normalized amplitude in the absence (black) and presence (green) of 5 μm carbamylcholine. 
Perfusion with carbamylcholine altered the morphology of the Ca2+ transient (A) and significantly decreased the normalized amplitude of the Ca2+ from 1.00 ± 0.10 to 
0.49 ± 0.03 (p < 0.01, n = 108 for the control, n = 143 for CCH, N = 8; B). *Denotes a significant difference between the two distributions. The data are presented as 
multiple measurements (n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).

17

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bazmi and Escobar Sympathetic and Parasympathetic Regulation of Goldfish Heart

Frontiers in Physiology | www.frontiersin.org 10 February 2022 | Volume 13 | Article 793305

(Figures  3B,C) of isoproterenol presented in Figure  1. The 
positive chronotropic effect could be due to an increased slope 
of diastolic depolarization, as many other mammals exhibit 
the same pattern in response to adrenergic stimulation (Randall 
et  al., 2020).

Isoproterenol’s significant effect on whole heart excitability 
(Figure  4) not only reaffirms the presence of a positive 
chronotropic effect, but also suggests the instigation of a positive 
dromotropic effect. Because the QRS complex represents 
ventricular depolarization, its duration indirectly measures 
intraventricular impulse conduction. Thus, the positive 
dromotropic effect induced by isoproterenol can best be observed 
in Figure  4A, where administration of the catecholamine 
significantly reduced the duration of the QRS complex and 
increased the rate of intraventricular impulse conduction. 
Furthermore, isoproterenol significantly increased the duration 
of the T wave, and significantly prolonged the duration of the 
J wave (Figures 4B,C). An increased J wave duration is consistent 
with the prolongation of the APD30  in the presence of 100 nm 
of isoproterenol (Figure  2A). These modifications observed in 
the electrocardiogram further solidify the hypothesis that Goldfish 
exhibit sympathetic regulation, as perfusion with a catecholamine 
significantly modified cardiac excitability. The cardiac AP alters 
the mechanical function of vertebrate hearts by increasing 
intracellular free Ca2+ concentration, ultimately inducing cardiac 
contractions (Coraboeuf, 1978; Randall et  al., 2020). In the 
Goldfish heart, Ca2+ influx through the LTCCs is the most 
likely trigger of Ca2+ release from the sarcoplasmic reticulum 
(Bazmi and Escobar, 2020), which ultimately augments cardiac 
contractile properties. Therefore, modifications in Ca2+ handling 
dynamics are essential for understanding how cardiac excitability 
alters cardiac contractility.

Epicardial Ca2+transient recordings from the Goldfish 
ventricle show administration of isoproterenol altered the 
morphology of the Ca2+ transient and significantly increased 

the normalized amplitude of the Ca2+ transient (Figures 5A,B), 
a trend also observed in guinea pigs (Katra et  al., 2004). 
The positive chronotropic effect (Figures 1C, 3C) in response 
to adrenergic stimulation could be explained by the alterations 
present in the Ca2+ transient dynamics followed by 
isoproterenol perfusion. A significant increase in the Ca2+ 
transient amplitude following adrenergic stimulation 
(Figure 5B) suggests isoproterenol increased the Ca2+ current, 
likely through the LTCC (Bazmi and Escobar, 2020). As 
previously discussed, adrenergic stimulation activates a cascade 
of events that phosphorylate numerous Ca2+ handling proteins, 
including PLN on serine 16 and threonine 17. Phosphorylation 
of PLN removes its inhibitory effect on the cardiac 
sarcoplasmic endoplasmic reticulum ATPase, thus increasing 
Ca2+ load into the sarcoplasmic reticulum. An increased 
Ca2+ transient amplitude increases the influx of positive 
charges into the myocardium and reduces the AP threshold; 
both of which increase the conduction velocity of the AP, 
resulting in a positive dromotropic effect. Furthermore, an 
increased Ca2+ current will increase the amount of Ca2+ in 
the sarcoplasmic reticulum and ultimately increase Ca2+ 
induced Ca2+ release. This would then increase the strength 
of contraction, resulting in the positive inotropic effect 
observed in Figure 5. To our knowledge, a positive inotropic 
effect in response to adrenergic stimulation has yet to 
be  observed in the ventricle of any other fish species 
(Vornanen and Tuomennoro, 1999; Molina et  al., 2007; 
Vornanen et  al., 2010; Abramochkin and Vornanen, 2017). 
However, it is likely previous studies did not observe positive 
dromotropic effects considering many of them performed 
similar experiments on isolated cardiomyocytes and not at 
the intact heart level. Looking at changes in the kinetic 
properties of the Goldfish heart, it is likely isoproterenol 
also had a positive lusitropic effect. Although all three 
kinetical parameters of the Goldfish Ca2+ transient decreased 

A B C

FIGURE 12 | The three kinetical properties of the Ca2+ transient, including the rise time (RT), fall time (FT), and half duration (HD) before (black) and after (green) 
perfusion with 5 μm carbamylcholine. Administration of 5 μm carbamylcholine did not significantly increase the rise time of the Ca2+ transient from 30.20 ± 5.40 ms to 
31.20 ± 3.20 ms (p > 0.01, n = 69 for the control, n = 85 for CCH, N = 8; A) or decrease the fall time (FT) from 161.50 ± 15.10 ms to 150.70 ± 12.10 ms (p > 0.01, n = 59 
for the control, n = 27 for CCH, N = 8; B). However, the half duration of the Ca2+ transient significantly increased from 151.80 ± 2.30 ms to 160.30 ± 4.00 ms (p < 0.01, 
n = 29 for the control, n = 31 for CCH, N = 8; C). *Denotes a significant difference between the two distributions. The data are presented as multiple measurements 
(n; dot cloud) recorded for different measurements (n) on different hearts (N) with the mean ± SEM (solid lines).
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following isoproterenol perfusion (Figures  6A–C), the 
lusitropic effect can be  best observed in Figure  6B, as the 
fall time of the Ca2+ transient significantly decreased, 
suggesting isoproterenol increased the rate of myocardial 
relaxation during diastole.

Muscarinic Stimulation Decreased Cardiac 
Excitability and Contractility
As previously mentioned, an organism with an adrenergic 
drive could potentially also have a cholinergic drive, as 
they are the two antagonistic branches of the autonomic 
nervous system. Cholinergic control, however, is stronger 
than adrenergic control and has a negative chronotropic, 
dromotropic, inotropic, and lusitropic effect (Randall et  al., 
1968; Urbá-Holmgren et  al., 1977; Laurent et  al., 1983; 
Farrell, 1984; Axelsson et  al., 1987). In the Goldfish model, 
perfusing the heart with 5 μm carbamylcholine prolonged 
the AP (Figure  7A) and had a negative chronotropic effect 
(Figures  7B,C). The strong negative chronotropic effect 
induced by cholinergic stimulation could be  mediated by 
an ACh activated potassium current (IKAch); a major current 
found in fish atrial myocytes responsible for the repolarization 
of the membrane potential (Molina et  al., 2007; Vornanen 
et al., 2010; Abramochkin and Vornanen, 2017). Furthermore, 
the activation of a muscarinic receptor will produce inhibition 
of the adenylyl cyclase reducing the levels of cAMP, preventing 
PKA-mediated phosphorylation. It is important to note, 
however, the levels of cAMP are finely regulated by PDEs, 
which contribute to the lowered cAMP concentrations. 
Nevertheless, lowered PKA levels result in a reduction in 
key phosphorylation sites, which ultimately decrease the 
slope of the diastolic depolarization and decrease heart rate. 
Furthermore, administration of carbamylcholine significantly 
prolonged all three kinetical parameters of the AP duration 
(Figures  8A–C). Considering previous research has shown 
the presence of Ca2+ dependent inactivation of the LTCC 
in Goldfish ventricular myocytes (Bazmi and Escobar, 2020), 
it is likely a decreased sarcolemmal Ca2+ influx mediated 
by carbamylcholine (Figure  11B) decelerated inactivation 
and prolonged the duration of the action potential.

In order to determine how the stimulation of cholinergic 
response modulated whole heart electrical activity, 
electrocardiograms were recorded in the presence and absence 
of carbamylcholine (Figure 9). Perfusion with carbamylcholine 
altered electrocardiogram morphology (Figure  9A) and 
reaffirmed the negative chronotropic effect (Figures  9B,C) 
presented in Figure 7B. Modification of whole heart excitability 
in response to muscarinic stimulation is presented in 
Figure  10. Interestingly, the duration of the QRS complex 
decreased in response to carbamylcholine administration, 
suggesting a slight positive dromotropic response, something 
typically observed in tachycardia. Currently, little is known 
about the depolarizing ventricular currents in the Goldfish 
which could provide further insight as to why cholinergic 
stimulation would reduce the duration of the QRS complex. 
Carbamylcholine perfusion also significantly increased the 

T and J wave durations (Figures  10A–C); however, the 
increased J wave was expected as there was a corresponding 
increase in APD30 (Figure  8A).

The negative chronotropic effect induced by stimulation 
of the muscarinic receptors could also be  explained by 
modifications of the Ca2+ transient. Administration of 5 μM 
carbamylcholine modified Ca2+ transient morphology and 
significantly decreased the amplitude of the Ca2+ transient, 
suggesting stimulation of muscarinic receptors may have 
had a negative inotropic effect (Figures  11A,B). This is 
particularly interesting because previous studies conducted 
in isolated cardiac myocytes suggest muscarinic stimulation 
produced minor changes in cardiac chronotropic and inotropic 
properties in the fish heart (Laurent et  al., 1983; Fritsche 
and Nilsson, 1990; Steele et  al., 2009). This discrepancy, 
however, could be explained by the fact that other experiments 
were conducted in isolated myocytes, while our experiments 
were performed in the intact heart. As the heart is an 
electrically coupled organ, isolation of cardiac myocytes 
disrupts this electrical coupling, which may alter cardiac 
contractile properties.

A reduction in the Ca2+ current amplitude (Figure  11B) 
is likely to have reduced the slope of the diastolic depolarization 
and, as such, induced a negative chronotropic effect. As 
mentioned before, there are numerous mechanisms by which 
this slope may change. During cholinergic stimulation, PDEs 
and inhibition of adenylyl cyclase reduce cAMP levels which 
not only lower the activation of PKA, but also reduce 
stimulation of HCN channels. The current produced by these 
channels, If, typically increases the slope of the diastolic 
depolarization. However, in the presence of a cholinergic 
agonist, stimulation of If decreases, thus reducing the slope 
of the diastolic depolarization and ultimately reducing heart 
rate. Interestingly, HCN4 pacemaker channels have only been 
identified in the pacemaker region of the Goldfish and 
Zebrafish (Tessadori et al., 2012; Newton et al., 2014). Another 
possible mechanism by which muscarinic receptor stimulation 
induced a negative chronotropic response could be activation 
(IKAch), although the contribution of this current is still 
poorly elucidated in fish ventricular myocytes (Molina et  al., 
2007; Vornanen et  al., 2010; Abramochkin and Vornanen, 
2017). Activation of IKACh would induce hyperpolarization 
of the maximum diastolic potential, decreasing the heart 
rate. A decreased Ca2+ current and activation of IKACh also 
lead to a negative dromotropic effect as a decreased Ca2+ 
current will decrease the influx of positive charges, increase 
the threshold of the AP, and decrease the mean diastolic 
potential; all of which reduce AP conduction velocity and 
induce a negative dromotropic effect.

Modifications presented in the kinetic properties of the 
Goldfish heart following carbamylcholine perfusion (Figure 12) 
suggest stimulation of the muscarinic receptor induced a minor 
negative lusitropic effect. While the half duration of the Ca2+ 
transient significantly increased in response to carbamylcholine 
perfusion (Figure  12C), the rise time and fall time were not 
significantly altered (Figures 12A,B). These results are interesting 
because the effect of carbamylcholine is in the opposite direction 
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of what happens in mouse hearts and is very similar to larger 
mammals (Aguilar-Sanchez et  al., 2019).

CONCLUSION

We conclude that the Goldfish heart is a very interesting model 
to study autonomic regulation due to its similarities with larger 
mammals. Although the Goldfish heart only has two chambers, 
its strikingly similar electrophysiological and autonomic 
characteristics make it a suitable model to study larger mammalian  
pathophysiology.
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The patch clamp technique underwent continual advancement and developed
numerous variants in cardiac electrophysiology since its introduction in the late 1970s.
In the beginning, the capability of the technique was limited to recording one single
current from one cell stimulated with a rectangular command pulse. Since that time,
the technique has been extended to record multiple currents under various command
pulses including action potential. The current review summarizes the development of the
patch clamp technique in cardiac electrophysiology with special focus on the potential
applications in integrative physiology.

Keywords: cardiac electrophysiology, voltage clamp, action potential voltage clamp, ion current, pharmacology

INTRODUCTION

Cardiac action potential (AP) is shaped by numerous ionic currents flowing in and out of the cell
through the sarcolemma. The ultimate goal in cellular cardiac electrophysiology is to characterize
the dynamics of individual ionic currents and understand how the interplay of these currents
will draw the profile of the AP in different experimental conditions. There are two conceptually
different methods to determine the profile of a given ionic current during AP. To accomplish this
goal in the traditional way, we have to determine the magnitude of each discrete current from
moment to moment during the AP. This step is followed by the reconstruction of the AP from
the interplay of the individual actors. The traditional way employs rectangular command pulses
mapping the channel kinetic parameters and the voltage dependence of the parameters. Based
on this information, the profile of the current can be reconstructed during the AP with the help
of computer simulation. The other approach, termed the AP clamp method, uses prerecorded
AP command and measures the current profile directly during the AP in question. Current
experimental methods allow the researcher to record multiple currents under the same AP. The
goal of this article is to review the evolution of the voltage clamp method in a classical way
employing rectangular command pulse to the sequential the AP voltage clamp technique. We aimed
to compare the benefits and disadvantages of the methodical variations of these techniques with
special emphasis on the integrative approach.

Abbreviations: AP, action potential; ICa,L, L-type calcium current; IK1, inward rectifying potassium current; IKr, rapid
component of delayed rectifier potassium current; IKs, slow component of delayed rectifier potassium current; INa,L, late
sodium current.
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THE CONCEPTUAL DIFFERENCE
BETWEEN TRADITIONAL VOLTAGE
CLAMP AND ACTION POTENTIAL
VOLTAGE CLAMP

The voltage clamp technique was developed by Kenneth Cole and
George Marmont in 1947 to study giant axon electrophysiology
(Verkhratsky and Parpura, 2014). Silvio Weidmann combined
this method with the glass microelectrode and adapted it to
the cardiac myocyte (Kléber et al., 2006). Regardless of the size,
or the type of the cell being voltage-clamped, the concept of
this technique is simple. The glass microelectrode, filled with
an electrolyte, establishes an electric contact between the inner
space of the cell and the amplifier. The other pole of the
amplifier is connected to the extracellular reference electrode
immersed into the perfusion fluid. In this simple circuit, all
elements are connected in a chain (i.e., series circuit); hence, the
current measured with the amplifier will represent the current
flowing through a membrane (Figure 1). If the membrane
contains multiple ion channel types (i.e., sodium, potassium, and
chloride), the total membrane current is a composite current.
During a voltage clamp experiment, the amplifier maintains the
voltage pattern (e.g., rectangular, ramp, and sine) determined by
the command voltage and measures the current in the circuit that
is the membrane current.

TRADITIONAL VOLTAGE CLAMP
TECHNIQUE USING RECTANGULAR
COMMANDS

The primary research goal when using rectangular command
voltage is to characterize the behavior of ion channels and
understand how the changing membrane voltage modulates
their function. The function of ion channels is determined by
the conformation of the pore-forming protein. The transition
between functional states (i.e., short states) is governed by
membrane potential changes. Using a series of rectangular
command voltages (i.e., rapid voltage step followed by sustained
voltage levels) the kinetic properties (i.e., activation, inactivation,
and recovery) of a given channel can be mapped. Hypothetically,
having all the channel parameters determined, the magnitude
of the current can be predicted during any voltage change
with an appropriate mathematical model (Xu et al., 2002;
Bondarenko et al., 2004; Shannon et al., 2004; Romero et al.,
2011). There is only one serious technical difficulty to be handled
in these studies: dissecting the individual current from the total
membrane current. Since the cardiac cell membrane contains
numerous channels, before we can start recording the one
single current we are interested in, all other channels must be
“silenced.” Blocking all unwanted currents in cardiac cells is
a difficult task. To achieve this goal, experimenters often use
drugs or non-physiological conditions. The intracellular and
extracellular ion species and concentrations are usually different
from the physiological milieu during the traditional voltage
clamp experiment. Then, the reconstruction of the current in the

computer model is based on assumption that the channel behaves
similarly in a physiological environment.

ACTION POTENTIAL VOLTAGE
CLAMP—DIRECT MEASUREMENT OF
ION CURRENT DURING ACTION
POTENTIAL

The great quote “Measure what is measurable, and make
measurable what is not so” attributed sometimes to Galileo
Galilei, at other times to the French scholars Antoine-Augustin
Cournot and Thomas-Henri Martin, could be a first-rate motto
for this technique. This experimental method uses a “reverse
approach” in order to determine the current profile directly
during AP. To achieve this, a four-step protocol is employed.
First, an AP is recorded from the cell in physiological ionic
milieu under the current clamp mode. Second, the recorded
AP is fed back to the amplifier as command voltage in the
voltage clamp mode, and the compensation current is recorded.
Under these circumstances, the compensation current will be a
flat line with some minor artifacts before the upstroke caused
by the exogenous stimuli in the previous step. In an ideal
measurement, the compensation current will be zero because
the cell membrane does not require any exogenous current
from the amplifier to produce its own AP (Figure 2, green
trace). This flat compensation current is saved and used later
as reference current. In the third step, a selective ion channel
blocker is applied to turn off the current to be recorded. If the
compensation current is recorded following the full development
of the inhibition, the mirror image of the blocked current will be
seen. The current in interest is blocked, and the missing current
is supplied by the amplifier (Figure 2, blue trace). In the fourth
step, the second current trace is subtracted from the first. Since
the first compensation current is practically a flat line in the
optimal case, the subtraction results in flipping the second trace
(Figure 2, red trace). Now, the produced trace reveals the current
profile during the AP. Unlike in the first case, this trace is not a
reconstruction but a direct record of the current studied in the
physiological milieu.

THE TECHNICAL EVOLUTION OF THE
CONCEPT

Action potential-shaped command voltages were already used
for various purposes before the concept of the AP clamp was
used for the current recording. Bastian and Nakajima employed
prerecorded APs to study the T-tubule function in the skeletal
muscle using the double sucrose gap method (Bastian and
Nakajima, 1974; Nakajima and Bastian, 1974). Starzak et al. used
the AP-shaped command pulse to test the effectiveness of the
space clamp in the squid axon (Starzak and Starzak, 1978; Starzak
and Needle, 1983). Although these authors made no attempt to
record specific ion currents in these experiments, the essential
elements of AP clamp technique can be identified. Remarkably,
Starzak et al. consistently used the term “action potential clamp”
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FIGURE 1 | Recording the membrane current with the single electrode (discontinuous) voltage clamp technique. Ch.A, Ch.B, . . . Ch.X indicate different channel types
in the membrane. The amplifier measures the total current passing through the membrane. If the membrane contains different channels, the current measured by the
amplifier will be the sum of the individual currents. If the goal is to determine the current generated by a single channel type, all other channels must be turned off.

FIGURE 2 | Self-action potential clamp recording of an ion current. The cell’s action potential (depicted in black) is used as command voltage. The reference current
(depicted in green) is recorded immediately after steady state was achieved. After the application of Chroma (Chromanol-293B), IKs was blocked, and the
compensation current (depicted in blue) was provided by the amplifier. The Chroma-sensitive current (depicted in red) was obtained by subtraction of the
compensation current from the reference current.

in their publications and defined an essential criterion for the
technique: “To produce the most accurate reproduction of this
AP, the voltage clamp currents must include no contributions due
to ineffective space clamp” (Starzak and Starzak, 1978).

Attempts to record ion currents directly during the AP can be
traced back to the early 1970s. Bezanilla et al. (1970) published
the first method in 1970 to record membrane conductance
during AP in the squid axon. The cell was stimulated by a brief
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current pulse, and then, the AP was allowed to develop in the
current clamp mode. At the required point, the amplifier was
switched to the voltage clamp mode in less than 10 µs and the
current-voltage relationship of the membrane was determined.
The instantaneous current-voltage relationship made it possible
to obtain a good estimate of the sodium and potassium
conductance at different points of the AP. The technique was
adapted and improved by several followers, and at present, it is
termed a discontinuous single-electrode voltage clamp (dSEVC)
(Brennecke and Lindemann, 1971, 1974; Wilson and Goldner,
1975; Merickel, 1980).

Another approach employed two recording electrodes but not
prerecorded AP (Jackson et al., 1982; Fischmeister et al., 1984;
Mazzanti and DeFelice, 1987). The first electrode penetrated the
membrane and accessed the interior of the cell; this electrode
recorded the membrane potential in the current clamp mode.
The other electrode was sealed to the membrane surface and
recorded the current passing through the membrane patch under
the tip in the voltage clamp mode. The high access resistance
prevented clamping the whole cell. The cell can be stimulated
via the voltage recording electrode, and the cell produces the
AP in the “free running mode.” The measured voltage served
as the input voltage value for the second electrode. The method
has two important limitations. First, the patch under the current
recording electrode has usually a few ion channels. Second, the
natural instability of the AP parameters increases the variability
of the recorded current.

A big breakthrough came in 1989 with two pioneering
publications from two independent teams. Doerr et al. used
digitized AP in spontaneously beating rabbit sinoatrial node cells
as command voltage and recorded the compensation current
(Doerr et al., 1989). Similar experiments were conducted by
de Haas and Vogel (1989) in single nerve fibers of Xenopus
laevis. Specific channel blockers and current subtraction were
used to dissect the current of interest during AP in both
works. These publications reported the first current profiles
obtained with direct recording during AP. The method gained
popularity in a short time and grew into a valuable tool for
mapping the ion currents that shape AP in various cells types
including the cardiac myocytes (Doerr et al., 1990; Bouchard
et al., 1995), neurons (Barra, 1996), and plant cells (Thiel, 2004).
The subtraction method is used with various command pulses
including rectangular steps or ramps especially to isolate small
currents (Wagner et al., 2006; Maltsev and Kyle, 2009; Ton et al.,
2021). Combined with fluorescent techniques, the AP clamp
method became a powerful tool for studying the Ca2+ dynamics
in cardiac myocytes (Arreola et al., 1991; Grantham and Cannell,
1996; Puglisi et al., 1999).

For a long time, the AP clamp was used to record only one
single current from one cell. In this respect, it did not differ from
the traditional voltage clamp method. Limitation resulted from
the fact that in AP clamp experiments, the stability of the AP is
judged by the flatness of the reference current after the seal is
established. If the compensation current is not a flat, horizontal
line, this is the indication that no steady state is reached, and
the cell is not stable. Deviation of the current from the zero
level to either positive or negative direction (“bumps” or “pits”)

results from changing the current magnitude during the AP.
For a long time, nobody attempted to apply a second or third
channel inhibitor upon the cell after the development of the
effect of the first drug. The first report using multiple channel
inhibitors in a sequential manner to record multiple currents in
the same cell was published in 2011. The new method, named as
“sequential dissection technique,” added only one innovative idea
to the regular AP clamp method: multiple channel inhibitors were
applied cumulatively, and the compensation current, recorded
after the development of the effect of a channel inhibitor, was used
as a reference current for the next compensation current (Banyasz
et al., 2011). Hypothetically, this new advancement allowed the
experimenter to determine all current during the AP, assuming
that each current has a specific inhibitor.

VARIANTS OF THE ACTION POTENTIAL
CLAMP TECHNIQUE

Several variations of the AP clamp technique are used in various
labs these days. These variants employ different modifications
in order to circumvent technical limitations or extend certain
capacities of the method. Discussing all possible modifications
within one single article would be an overambitious aim leading
to the loss of the focus of our article; therefore, we restricted
ourselves to outline the main variants only.

USING SELF-ACTION POTENTIAL,
CANONICAL ACTION POTENTIAL, OR
MODIFIED ACTION POTENTIAL AS
COMMAND

Individual cells display distinctive APs with some degree of cell-
to-cell variations. The selection of the AP influences the current
profiles obtained in the experiments. Using the cell’s own AP is
an obvious choice resulting in a decent, flat reference current
in the first phase of experiments. This method is referred to
as the self-AP clamp technique (SelfAP clamp) (Hegyi et al.,
2020). The essence of this technique is to maintain the cell’s
own steady-state AP by satisfying the following requirements.
First, the physiological ionic composition is used in both
internal and external solutions containing no exogenous calcium
buffer. Second, the cell is paced sufficiently long at a constant
rate to stabilize AP prior to the current recording. These
two conditions maintain the natural flow of ion currents and
calcium cycling. Therefore, the recorded currents reflect the
natural profile of the currents during the AP of the actual
cell patched. The leading disadvantage of the self-AP clamp
originates from the cell-to-cell variation. The AP parameters
(e.g., length and plateau height) show considerable cell-to-
cell variation that translates to increased variability of the
currents due to the high-voltage sensitivity of the activation
and inactivation of the ion channels. For instance, a few
millivolt elevation of the plateau height was reported to increase
potassium currents substantially in canine ventricular myocytes
(Horvath et al., 2006). Another disadvantage results from using
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pipette solution that mimics the physiological intracellular ionic
milieu. Traditionally, ethylene glycol-bis(β-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA) is added to the internal
solution to buffer calcium in voltage clamp experiments.
Buffering cytosolic calcium eliminates the contraction of the
cell, increasing the lifetime of the seal. Using “physiological”
internal solutions without calcium buffer leave the cell’s calcium
cycling intact, and the cell will develop regular contractions
during the experiment.

Using canonical (i.e., “typical,” “average,” and “standardized”)
AP can prevent the error introduced by the cell-to-cell fluctuation
and offers reduced variability for the recorded current (Hezso
et al., 2021; Horváth et al., 2021). An undesirable consequence
of using canonical AP is that the reference current is not a flat
line. Thus, it is challenging to judge the stability of the AP after
the seal is established. Rundown of currents or other types of
electric instabilities of the cell causes growing deflection or hump
on the reference current. These changes are easier to recognize
when the reference current is a straight line, like in the case of
the self-AP clamp.

Modified APs can be used for various reasons in AP clamp
experiments. One possible reason for using modified AP is to
circumvent technical difficulties, like possible conflict between
the resolution of the recording and voltage clamp fidelity. When
small currents (<1 nA), like IKs or IKr, are recorded in the cardiac
cells, it is practical to set the amplifier gain high in order to
increase the resolution and record fine details of the current
profile. Unfortunately, increasing the gain reduces the maximum
output current of the amplifier. Therefore, high gain increases
the chance to lose voltage control during the upstroke of the AP
where sodium current may exceed 100 nA. The consequences
are serious because the membrane voltage is uncertain until the
control is not regained. There are two equally poor options here.
If the amplifier gain is kept high, the resolution is maintained,
but the clamp would be lost at the beginning of the AP. If
the gain is set low, the voltage control is maintained, but the
resolution of the recorded current is poor. The solution could
make use of modified AP with a short, depolarizing voltage step
(10 ms, −30 mV) prior to the upstroke. This depolarizing step
can inactivate the voltage-activated sodium channels allowing the
amplifier to maintain voltage control during the whole AP (Varro
et al., 2000). Custom-tailored APs with modified length, plateau
height, or diastolic interval can also be used to study the dynamics
of ion currents that shape AP (Rocchetti et al., 2001).

DYNAMIC CLAMP

A unique variant of the AP clamp method is the dynamic clamp,
where the AP command for the voltage-clamped cell (Cell 1) is
obtained from a current clamped cell (Cell 2) or mathematical
model (Berecki et al., 2005; Meijer van Putten et al., 2015). Then,
the current recorded in Cell 1 is fed back to Cell 2 (or the
mathematical model), so it can modify the morphology of the
original AP. In this configuration, the two systems (cells) are in
dynamic connection and real-time coupling. The dynamic clamp
technique provides a powerful tool for studying the dynamic

interaction between a current and the AP. For example, Mahajan
et al. used the dynamic clamp method to investigate the Ca2+

modulation of ionic currents during AP in the cardiac myocyte
(Mahajan et al., 2008). First, they eliminated Ca2+ cycling by
depleting the sarcoplasmic reticulum, and the calcium transient
was supplied by a mathematical model. The data were fed into the
AP-clamped cell, and they recorded the L-type calcium current.
Using this technique, they could explore the interaction between
the calcium transient and L-type calcium current during AP. The
greatest advantage of the dynamic clamp method is that the AP
obtained from the current-clamped cell or mathematical model
can be manipulated, and the interaction between the currents
and the voltage profile can be studied. Furthermore, it can be
determined how different ion currents communicate via the
voltage during AP.

SEQUENTIAL DISSECTION ACTION
POTENTIAL CLAMP OR
“ONION-PEELING” TECHNIQUE

This further developed version of the self-AP technique allows
the recording of multiple ion currents from the same cell
(Banyasz et al., 2011, 2014; Horvath et al., 2013). Before
the current recordings, the cell’s AP is recorded under the
current clamp condition. This AP is used during the whole
experiment as the command voltage. Then, the reference current
is recorded, and the first channel blocker is applied. Following
the development of the drug effect, the compensation current
is recorded. In a regular self-AP clamp measurement, the
experiment is finished and the cell is discarded. Using the
onion-peeling technique, the experiment is continued with the
next channel blocker added upon the first blocker. After the
development of the effect, the compensation current is recorded
again. The cumulative application of the channel blockers can be
continued ad libitum. During the data processing, any current
can be determined by the subtraction of the compensation
current recorded under the effect of its blocker from the
previously recorded compensation current. Hypothetically (if
the viability of the cell is appropriate), it is possible to record
each current of the membrane during the AP. Figure 3 shows
four current traces recorded in a guinea pig cell during the AP
with this method. Conventionally, these currents are referred to
as drug-sensitive currents in the literature. Hence, the current
dissected out with E4031 is termed “E4031-sensitive current”
not IKr. The reason for this distinction is that the selectivity of
pharmacological inhibitors is sometimes debated. Table 1 lists
channel inhibitors known to have sufficiently high selectivity.

The quality requirements are exceptionally high to successfully
perform onion-peeling experiments. Robust cells with stable
membrane potential and AP are vital. Cell isolation is basically
the same as in other single cell methods, but the storage
media should mimic the physiological milieu. If any media
with non-physiological ionic composition are used during the
cell isolation, the exposition time should be minimized. The
pH and osmolarity of the solution must be tightly controlled,
and using membrane-permeable buffers is known to increase
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FIGURE 3 | Onion-peeling recording of multiple currents in the guinea pig ventricular myocyte. Representative current set.

the robustness of the cells. The pipette solution used in these
experiments should mimic the intracellular ionic milieu of the
cell. Pipette resistance and noise should be kept low. Since the
pipette solution contains no exogenous calcium buffer, each AP
evokes contraction of the cell; hence, the seal must be sufficiently
stable to survive hundreds of contractions during the experiment.
The instrumentation (i.e., A/D converter and stimulator) used in
these experiments are basically the same as for any voltage clamp
setup used for recording small (<1 nA) currents. A good external
square wave/pulse generator is very useful in these experiments.
Although most electrophysiology software offers the option of
stimulating the cell with a rectangular pulse in current-clamp
mode, adjustment of stimulation parameters is complicated. Old-
fashioned external square pulse generators usually have control
knobs that allow the experimenter to adjust any parameters
without interrupting the actual experimental protocol.

THE POTENTIAL OF ACTION POTENTIAL
CLAMP TECHNIQUE IN INTEGRATIVE
PHYSIOLOGY

Cardiac arrhythmias are the primary cause of death in the
developed world. Pathological conditions that serve as a
substrate for arrhythmias are consequences of complex changes
in ion channels/transporters and calcium handling molecule
function. The dysfunction of these systems leads to alteration
of one or more membrane currents causing abnormal AP
generation with resultant arrhythmias. To understand how
altered membrane currents with the deformed AP cause
pathological rhythm generation, one needs to understand the

interaction of the individual ion currents during the AP. The
traditional approach to achieve this goal was combining voltage
clamp experiments with mathematical modeling. Choosing this
method inherently assumes that it is possible to determine the
sufficient number of parameters with the required accuracy
with rectangular command voltages for each ion current to
successfully reconstruct the AP with computer model. Since
the parameters of the individual currents are obtained in
different experiments, post hoc adjustment/optimization is often
needed during the model construction. The AP clamp technique
determines the current profile directly during the AP without
later adjustment of the obtained data.

PHARMACOLOGICAL APPLICATION:
IDENTIFYING THE TARGET(S) OF
UNKNOWN DRUGS

Each ionic current has a characteristic profile/trajectory during
AP termed as fingerprint. The AP clamp technique is suitable for
economic screening of new drugs with unknown target(s). After
having all ion currents mapped, the suspected drug-sensitive
current can be identified in a single AP clamp experiment
(Szabo et al., 2008; Szentandrassy et al., 2011). Analyzing the
profile of the drug-sensitive current recorded with the AP clamp
can give a clue toward the identity of currents that might be
affected by the drug. Prescreening a drug with an unknown effect
prior to systematic pharmacological tests can save valuable time.
Effects of receptor agonists/antagonist or hormones can also be
readily screened with the AP clamp. Even in the case when
an agonist/antagonist affects only one population of receptors,
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TABLE 1 | Specific inhibitors for the major ionic currents in cardiac cells.

Ion Channel
and transporter

Inhibitor Effective
concentration

References

INa TTX 1–10 µM Yuill et al., 2000;
Chorvatova et al., 2004

INa−Late Ranolazine 10 µM Rajamani et al., 2009

INa−Late Eleclazine
(GS-6615)

10 µM Rajamani et al., 2016

INa−Late GS-967 1 µM Potet et al., 2020

ICa−L Nifedipine 1 µM Horiba et al., 2008

ICa−L Nisoldipine 0.1 µM Banyasz et al., 2003

ICa−T NNC 55-0396 Huang et al., 2004

ICa−T R(-)efodipine Tanaka et al., 2004

INCX SEA0400 3 µM Birinyi et al., 2005;
Ozdemir et al., 2008

Ito 4-aminopyridine 1 mM Patel and Campbell,
2005; Banyasz et al.,
2007

Ikr E4031 1 µM Varro et al., 2000;
Banyasz et al., 2007

Iks HMR-1556 30 nM Gögelein et al., 2000;
Thomas et al., 2003

Iks Chromanol-293B 1–10 µM Yamada et al., 2008

Ik1 BaCl2 50 µM Banyasz et al., 2007;
Banyasz et al., 2008

IK−Ca Apamin 100 pM, 1 nM Xu et al., 2003; Ozgen
et al., 2007

ICl−Ca Niflumic acid 50 µM Greenwood and
Leblanc, 2007; Saleh
et al., 2007

ICl−Ca N-(p-
amylcinnamoyl)
anthranilic acid

5 µM Gwanyanya et al., 2010

ICl−small Chlorotoxin Borg et al., 2007

ICl−vol Tamoxifen Borg et al., 2007

ICl,ligand Picrotoxin Etter et al., 1999

signal transduction pathways often couple to more than one
ionic current; the AP clamp is uniquely suited for studying the
drug concentration-dependent effects on multiple currents. As
example, the frequency-dependent effects of isoproterenol on
ICa,L, IKs, and ICl in guinea pig ventricular cells (Rocchetti et al.,
2006) and the effects of acetylcholine and adenosine on IK1 in
ferret cardiac myocytes (Dobrzynski et al., 2002) were clarified
using the AP clamp technique.

REGIONAL DIFFERENCES WITHIN THE
HEART/STUDY OF THE INDIVIDUAL
CELL ELECTROPHYSIOLOGY

Action potential morphology has long been known to have
characteristic regional differences within the heart. Apico-
basal and transmural differences in AP morphology were
demonstrated in several species (Banyasz et al., 2003;
Szentadrassy et al., 2005). This inhomogeneity results from
varying current densities in the different regions. When L-type

calcium currents ICa,L of epicardial and endocardial cells were
compared with the traditional (i.e., rectangular pulse) voltage
clamp technique, the voltage dependence, activation, and
inactivation kinetics of the currents were found not statistically
different. Interestingly, when the profile of ICa,L was determined
as nisoldipine-sensitive current with the AP clamp technique,
marked differences were observed between epicardial and
endocardial cells (Banyasz et al., 2003). ICa,L exhibited a sharp
spike followed by a rapid decay in both endocardial and
epicardial canine ventricular cells following the upstroke of the
AP. Following the spike, a hump developed on the ICa,L was
recorded in epicardial but not in endocardial cells. This hump,
or second peak, arose following the deepest point of the incisura
and reached its maximum during the crest of the dome. The
amplitude of the first peak was greater in endocardial than in
epicardial cells, and the amplitude of the second peak was smaller
than the first one. No sustained current was recorded during the
plateau in endocardial cells, in contrast to the slowly declining
but non-zero current flowing during the dome of epicardial
myocytes. There was a tight correlation between the parameters
of AP and ICa,L, indicating that the development of the AP dome
and the second ICa,L peak are coupled tightly. This suggests
that the second peak on ICa,L may provide the depolarizing
current responsible for the formation of the dome under
physiological and development of EADs under pathological
circumstances. The second activation of ICa,L is also clearly
demonstrated by the current-voltage relationship, obtained
under AP clamp conditions. Essentially, similar results were
obtained in ventricular myocytes dispersed from healthy human
hearts (Fulop et al., 2004). This double-peaked performance
of ICa,L in epicardial canine and human ventricular cells and
the relationship between the profile of AP and ICa,L can be
demonstrated exclusively under AP clamp conditions but not
with the traditional voltage clamp method. Furthermore, these
data established the first time direct connection between the
trajectory of a membrane current and the AP.

Regional differences are not the only electrophysiological
inhomogeneity within the myocardium. It has been widely
known that cell-to-cell variations exist within small regions of the
myocardium. Traditional voltage clamp studies investigate one
current from any one cell and different current from different
cell. Then, averaged data from multiple cells are used to construct
canonical AP models. Nonetheless, the averaged canonical AP
model may not reflect the behavior of all cells due to cell-to-
cell variability (Marder and Taylor, 2011; Pathmanathan et al.,
2019). It has been evident that discrepancies exist between
model simulations, and the AP clamp measured current and
model simulations still fail to reproduce some of the AP
dynamics including EAD, adaptation, and restitution (Faber et al.,
2007; Mahajan et al., 2008; Pasek et al., 2008; Decker et al.,
2009; Banyasz et al., 2011). It is the unique potential of the
onion-peeling technique that it can record the currents during
individual AP providing input data accurate and realistic models
allowing to study the interaction of currents in individual cells.

The onion-peeling technique allows to correlate AP
parameters with membrane currents. In an earlier study, our
team studied the membrane currents during the AP in guinea
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pig ventricular myocytes (Banyasz et al., 2011). Four currents,
namely, nisoldipine-sensitive current, Chromanol-293B-
sensitive current, E4031-sensitive current, and Ba2+-sensitive
current, were recorded. Cardinal parameters of the current traces
(i.e., peak amplitude, time to peak, and charge movement) were
analyzed and compared. Analysis results showed that some
cells had large current density for all four currents recorded,
while others had small ones. The values span a wide range;
for example, the ratio of the largest and smallest nisoldipine-
sensitive current was higher than 10. The difference could not
result from the cell size because all current magnitudes were
normalized to cell capacitance. Data showed that cells exhibiting
large inward currents also had large potassium currents. The
statistical analysis revealed linear correlation between the
inward going charge carried by Ca2+ and the outward moving
charge carried by the sum of potassium currents during the
AP. Interestingly, the AP parameters (i.e., length and plateau
height) showed no correlation with the current magnitudes or
the moving charge. These data provide the first observations
to demonstrate that either large or small currents can generate
similar APs as long as the inward going and outward going
currents counterbalance each other in the cell. The possibility
to measure multiple currents from the same cell has revealed
hitherto unknown and unexpected characteristics of the ionic
currents in myocardial cells. First, within a single cell, large
outward current/charge movement is matched with large
inward current/charge movement and vice versa; hence, the
magnitudes of the depolarizing and repolarizing currents seem to
be coordinated in such a way as to produce canonical AP, as seen
in healthy guinea pig ventricular myocytes in this study. Second,
there exists large variation in the current/charge movements
between cells. These two findings suggest a more pluralistic
view of cardiac cells. The magnitude of ionic currents can vary
widely between cells, but the relative strength of the depolarizing
and repolarizing currents is somehow constrained within a cell
to produce similar APs. Variation and coordination of ionic
currents in cardiac myocytes should have a significant impact on
the AP and play important roles in arrhythmias.

COORDINATION OF MEMBRANE
CURRENTS

Cardiac membrane currents are differentially modulated by
various control mechanisms including sympathetic stimulation
or humoral factors. Thus, the relative contribution of the
individual currents to the AP may change during cardiac
adaptation. The onion-peeling technique is a feasible method
to study the changing balance among membrane currents in
various conditions. For example, there is a consensus on that
IKr and IK1 are the two chief repolarizing currents in the
ventricular myocyte; the contribution of IKs to repolarization
is minor. β-adrenergic stimulation is known to facilitate these
currents in different extent. IKs is reported to be very sensitive to
β-adrenergic stimulation; the sensitivity of the other two currents
is less. In all previous studies, however, each potassium current
was recorded from different cells and using different voltage

clamp protocols. Thus, it remains unknown how β-adrenergic
stimulation coordinately regulates these current in the same cell
during AP. Previous experiments could not answer the question
how β-stimulation changes the relative contribution of each
potassium current to the repolarization reserve. Such knowledge
is essential for designing antiarrhythmic strategies involving
potassium channel blockers. Using the onion-peeling method,
it became possible to measure and analyze the proportion of
different potassium currents in the same cell during the AP in
control condition and following β-stimulation (Banyasz et al.,
2014). According to the data obtained, isoproterenol greatly
increased IKs, making it to the most powerful repolarizing
current in guinea pig cardiac myocytes. IKr was insensitive to
isoproterenol, so its contribution to the repolarizing reserve was
reduced. At high isoproterenol concentrations, the contribution
of IKs surpassed the IKr contribution by 4- to 5-folds. The IK1
magnitude was marginally increased, but its relative contribution
was unaltered. Previously, the contribution of different potassium
current to the cell’s repolarization power has been a subject
of debate. The onion-peeling method can provide accurate
measure to characterize the coordination of the three potassium
current during the AP.

The onion-peeling technique was used to explore the
coordination between inward and outward currents in a recently
published work by Hegyi et al. (2020). Four inward currents
and six outward currents were recorded and analyzed in rabbit
and porcine ventricular cells. The authors demonstrated that
the IKr and the late sodium current (INa,L) counterbalance each
other during the ventricular AP. That is, robust linear correlation
was found between the peak amplitude and the total moving
charge of these two currents under various conditions. The
correlation was present in young and old control animals and
in a heart failure model as well. The correlation between these
two currents was demonstrated after prolongation of the AP
with anemone toxin II too. Additionally, the authors reported a
strong correlation between the length of the AP and the current
parameters (i.e., peak density and total charge movement). These
correlations should be considered when building in silico AP
models. Recently, Pathmanathan et al. (2019) demonstrated that
correctly accounting for these types of correlations may be the
key to successful uncertainty quantification when evaluating
computational models.

CONCLUDING REMARKS

This review summarizes the development of the voltage clamp
technique from the traditional version that applies rectangular
command to the onion-peeling method. These new techniques
widen the opportunities for exploring the function of individual
ion channels as well as the coordination of membrane currents
during AP. The onion-peeling technique is exceptionally suited
for studying the interplay among the currents; thus, it has a
unique potential in integrative physiology. It was developed for
cardiac myocytes but can be adapted to the skeletal muscle or
smooth muscle cells, neurons, and any excitable cell type where
ionic currents and AP control cell function.
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The blood flow dynamics in human arteries with hypertension disease is modeled using

fractional calculus. The mathematical model is constructed using five-element lumped

parameter arterial Windkessel representation. Fractional-order capacitors are used to

represent the elastic properties of both proximal large arteries and distal small arteries

measured from the heart aortic root. The proposed fractional model offers high flexibility

in characterizing the arterial complex tree network. The results illustrate the validity of

the new model and the physiological interpretability of the fractional differentiation order

through a set of validation using human hypertensive patients. In addition, the results

show that the fractional-order modeling approach yield a great potential to improve the

understanding of the structural and functional changes in the large and small arteries due

to hypertension disease.

Keywords: blood flow, hypertension, vascular compliance, fractional calculus, Windkessel model

1. INTRODUCTION

Cardiovascular diseases (CVDs) are the leading cause of death worldwide, responsible for more
than 17.9 million deaths in 2019 that representing 32% of global mortality. This number is expected
to reach 23.6 million by 2030 (Mensah et al., 2019). A key risk factor for CVDs is high blood
pressure, known as hypertension. Although the reduction in hypertension can restrain the onset of
CVDs, current treatments techniques are only partially effective. In fact, hypertension is considered
chronic pathology that can only be regulated with medication; however, it cannot be cured
definitely. The primary pathological sign of high blood pressure is reduced vascular compliance
due to structural remodeling and functional modifications in the arteries. In a normotensive
state, any variation of the hemodynamic induces structural and functional adaptations within the
different cell types and layers of the vascular wall. However, in hypertensive states, this adaptive
response does not lead to normal hemodynamic control but instead inducts irregular vascular
changes, defined as, vascular remodeling (Brown et al., 2018). Several clinical studies in-patient
and experimental researches have revealed the marked correlation between vascular remodeling
and the pathophysiology of hypertension. In particular, they observe that the vascular remodeling
in resistive arteries is firmly associated with the progression and severity of hypertension’s disease.
Accordingly, deep understanding and analysis of the pathological mechanisms of hypertension
vascular remodeling hold high significance for diagnosing CVDs and is crucial for the clinical
treatment of hypertension (Li et al., 2017).
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Over the last century, various physics-driven and data-
driven modeling methods and diverse numerical computational
approaches have been developed to characterize vascular
biomechanics and arterial hemodynamics. Commonly, these
approaches involve a compromise between precision and
complexity. In the open literature, the arterial hemodynamics
and mechanic modeling approaches are classified into two
main classes: macro and micro modeling methods. The macro-
scale class is considered a low dimensional strategy that
usually implicates the well-known lumped parametric, the
arterial Windkessel, (Frank, 1899). Typically this class used
ordinary differential equations (ODEs) to describe the arterial
hemodynamic as a function of time only. Accordingly, they
are commonly explored to describe the global cardiovascular
functions and biomechanical properties (Shi et al., 2011; Malatos
et al., 2016). This class is considered computationally simple but
less accurate than the microscale models. In addition, it is less
insightful in terms of physiological interpretability, (Zhou et al.,
2019). On the other hand, the microscale models are generally
considered more insightful as they provide a precise estimate
of cardiovascular function and accurately represent local as
well as global arterial biomechanical properties. These modeling
approaches are considered high-dimensional paradigms [one-
dimensional (1D), two-dimensional (2D), and three-dimensional
(3D)] as they involve more than one dimension along with
the time scale to describe the complex geometries of the
arterial network. Although micro-scale-based models provide
detailed information about the arterial circulatory system, their
complexity is not manageable in practical medical routines,
(Zhou et al., 2019).

In recent decades, fractional-order models have surfaced
as potential techniques that compromise between accuracy
and computational cost for large-scale problems in different
fields (Bahloul and Kirati, 2021). In particular fractional-
order differential equations have been considerably explored in
modeling complex biological systems (Magin, 2006). Basically,
fractional-order approaches allow much modeling flexibility
by extending the concepts of differentiability and integrating
the non-local and memory properties through the fractional
differentiation order. These features enable the characterization
of complex phenomena over various time and space scales
without splitting the problem into smaller sub-compartments.

The versatility and flexibility of fractional-order tools lead
researchers to believe that the future of computational modeling
in bio-engineering and bio-informatics (Magin, 2006). This
paradigm shift extends from bio-engineering in general to
cardiovascular systemmodeling and characterization specifically,
as experimental studies find that fractional-order models are
more suitable and interpretable in describing the arterial
structure and biomechanical response of the heart and systemic
circulation. In-vivo and in-vitro investigations have pointed that
fractional-order calculus-based approaches are more convenient
to precisely represent the viscoelasticity properties of soft
collagenous tissues in the vascular bed. A fractional-order
viscoelastic model in human arterial segments has been tested
and validated in (Craiem et al., 2008). Results show that the extra
fractional-differentiation order parameter (α) allowed predicting

complex and frequency-dependent responses similar to reported
complex elastic moduli in arteries. (Craiem and Armentano,
2007; Craiem et al., 2008; Zerpa et al., 2015) revealed that
fractional models should be acknowledged adequate alternatives
to model arterial viscoelasticity. In addition, the fractional
differentiation order (α) plays a pivotal function, and it is
considered the most valuable parameter to monitor and analyze,
reflecting the structural and functional changes in the arteries.
Most recently, we have used fractional-order derivative to model
the apparent arterial compliance dynamics. The proposed model
employs fractional-order capacitor (FOC) element that combine
the complex and frequency dependence characteristics of arterial
compliance. The FOC modeling approach accounted for both
resistive and capacitive properties allowing a reduced-order
representation of the vascular compliance and stiffness (Bahloul
and Kirati, 2021).

This study presents a novel fractional-order modified
Windkessel model to study the blood flow in the arterial
system. Fractional-order tools have been adopted to represent the
dynamic relationship between blood pressure and volume in the
proximal and distal sites of the arterial network. Accordingly, the
model includes two fractional-order capacitors to describe the
apparent vascular compliance of large arteries close to the heart
and one of the resistive arteries further away from the heart as
illustrated in Figure 1C. The proposed model has been applied
and validated using two hypertension datasets acquired from
human subjects. The results show the accuracy and flexibility
of the proposed method in modeling the aortic blood pressure
measurements while maintaining a low model complexity. In
addition, the proposed fractional-order representation draws
a more appropriate framework to analyze and understand
hypertension behavior and its pathophysiology connection with
vascular remodeling.

2. MATERIALS AND METHODS

2.1. Fractional-Order Calculus
In the last decades, non-integer differentiation, the so-
called fractional-order calculus, became a popular tool for
characterizing real-world physical systems and complex
behaviors from various fields such as biology, control,
electronics, and economics (Gutiérrez et al., 2010; Magin,
2010). The long-memory and spatial dependence phenomena
inherent to the fractional-order systems present unique and
attractive peculiarities that raise exciting opportunities to
represent complex phenomena subject to power-law behavior
accurately. For instance, the power-law behavior has been
demonstrated in describing human soft tissues visco-elasticity
and characterizing the elastic vascular arteries. In-vivo and
in-vitro experimental studies have pointed that fractional-
order calculus-based approaches are more decent to precisely
represent the hemodynamic; the viscoelasticity properties of
soft collagenous tissues in the vascular bed; the aortic blood
dynamics (Perdikaris and Karniadakis, 2014; Zerpa et al., 2015);
red blood cell (RBC) membrane mechanical properties (Craiem
and Magin, 2010); and the heart valve cusp (Doehring et al.,
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FIGURE 1 | The figure illustrates the general framework for fractional-order modeling of the arterial system in a schematic manner. (A) Schematic illustrating the artery

along with the equivalent RC tree equivalent circuit of the fractional-order capacitor. (B) Electrical symbols of the standard resistor and capacitor and the

fractional-order capacitor. 0 < α < 1 represents the fractional differentiation order. For α = 0 and α = 1 the fractional-order capacitor is equivalent to the standard

resistor and capacitor, respectively. (C) Schematic that shows simplified left ventricle-aortic-arteries sub-domains. (D) Electrical analog of the proposed

fractional-order modified Windkessel (F-MWK) model.

2005; Craiem and Armentano, 2007; Craiem et al., 2008; Zerpa
et al., 2015).

The continuous fractional integro-differential operator Dα
t is

defined as follows

Dα
t =











dα

dtα
, α > 0,

1, α = 0
∫ t
a (dτ )

α , α < 0

(1)

where α is the fractional differential integral order.
Several definitions for fractional-order derivative exist in the

literature (Podlubny, 1999), (Lorenzo and Hartley, 1998). In

this work, we consider the Grunwald-Letnikov (GL) definition
given as:

Definition 1. (Podlubny, 1999) The Grunwald-Letnikov
derivative of order α of a function f , denoted Dα

t f (t), is given by:

Dα
t f (t) = lim

h→0

1

hα

∞
∑

i=0

c
(α)
i f (t − ih), α > 0, (2)

where h > 0 is the time step, c
(α)
i (i = 0, 1, ...) are the binomial

coefficients recursively computed using the following formula,

c
(α)
0 = 1, c

(α)
i =

(

1−
1+ α

i

)

c
(α)
i−1. (3)
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2.2. Fractional-Order Capacitor
Fractional-order capacitor (FOC) known as the constant phase
element is a fractional-order electrical element representing
the fractional-order derivative through its curent-volatge
characteristic. In fact, the relationship between the current, i(t),
passing through an FOC and the voltage, v(t), across it with
respect to time, t, can be written as follow:

i(t) = Cα

dα

dtα
v(t), (4)

where Cα is a proportionality constant so-called pseudo-
capacitance, expressed in units of [Farad/second1−α], (Elwakil,
2010). The conventional capacitance, C, in unit of Farad is
related to Cα as C = Cαωα−1 that is frequency-dependent. The
fractional-order impedance (Zα) is expressed as follow:

Zα(s) =
1

Cαsα
=

1

Cα

ω−α cos(φ)

︸ ︷︷ ︸

Zr

−j
1

Cα

ωα sin(φ)

︸ ︷︷ ︸

Zi

, (5)

where s corresponds to the Laplace variable and φ denotes
the phase shift expressed as: φ = απ/2 [rad] or φ = 90α
[degree or ◦]. Zr and Zi are the real and imaginary parts
of Zα corresponding to the resistive and capacitive portions,
respectively. From (5), it is apparent that the transition between
resistive and capacitive parts is ensured by α. If 0 ≤ α 6 1,
the bounding conditions of α will corresponds to the discrete
conventional elements: the resistor at α = 0 and the ideal
capacitor at α = 1, as illustrated in Figure 1B. As α goes
to 0, (Zi) convergence to 0, and thus the fractional element
looks like that a pure resistor, whereas as α goes to 1, (Zr)
converges to 0 and hence, the fractional element serves as a
pure capacitor, (Oustaloup et al., 2000; Krishna et al., 2011;
Hartley et al., 2015; Trigeassou and Maamri, 2020). Figure 2B
represents the schematic diagram for a FOC along with the
ideal resistor and capacitor. Many studies have shown that FOC
is equivalent to a resistor ladder network (RC tree circuit),
(Carlson and Halijak, 1964; Si et al., 2017). This structure is
similar to the electrical analogy of the generalized Kelvin-Voigt
viscoelastic model. Figure 1A presents the equivalent RC tree
circuit of FOC of any order. Bearing these properties in mind,
the fractional differentiation order α parameter allows extra
versatility in modeling viscoelastic systems (Vastarouchas and
Psychalinos, 2017).

2.3. Apparent Arterial Compliance
Arterial compliance stands for the ability of the vessel to
store the blood. Functionally, it is defined as the ratio of the
incremental variation in the blood volume (dV) due to an
incremental variation in distending pressure (dP). Accordingly,
mathematically it is expressed as: C = dV/dP, (Quick et al.,
1998). Over the last decades, several analytical and experimental
studies have focused on modeling and characterizing vascular
compliance, (Chemla et al., 1998; de Simone et al., 1999;
Segers et al., 1999; Stergiopulos et al., 1999; Mackenzie et al.,
2002; Westerhof et al., 2009; Haluska et al., 2010; Ge, 2018;

Kaya et al., 2018). With the introduction of the well-known
linear Windkessel representation of the arterial system, arterial
compliance was assumed to have a single constant value for the
entire cardiac cycle. Hence, the transfer function relating the
blood volume variation to the blood pressure input changes was
also considered constant. Accordingly, the arterial compliance
was modeled within the arterial lumped parameter circuit’s
Windkessel as an ideal capacitor whose capacitance is constant
(Westerhof et al., 2009). However, this assumption was not
realistic, and its drawbacks were reflected essentially in the
estimation of the hemodynamic determinants (Quick et al.,
2000). In fact, it does not lead to the correct evaluation of the
true value of arterial compliance (Craiem and Armentano, 2003).
Besides, by analyzing the transfer function blood volume/input
pressure, experimental studies have shown that this relationship
is frequency-dependent, and a time delay between the arterial
blood volume and the input blood pressure is observed. Hence
a variation in the arterial compliance along the cardiac cycle
coexists (Burattini and Natalucci, 1998; Quick et al., 1998, 2000).

In order to take into account this frequency dependence,
some research investigations have promoted a new configuration
where they considered the viscoelastic properties of the arterial
vessel and represented the arterial compliance using the so-
called Voigt-cell configuration (Burattini and Natalucci, 1998;
Aboelkassem and Virag, 2019). This type of arterial model was
known as viscoelastic Windkessel. Although the viscoelastic
Voigt-cell has resolved some contradictions of the standard elastic
lumped parameter Windkessel, this configuration does also
present some limitations as it does not account for the so-called
stress-relaxation experiment (Burattini and Natalucci, 1998). To
overcome this restriction, high-order viscoelastic configurations
have been proposed by connecting many Voigt-cells as shown in
Figure 1A. This solution might lead to an accurate estimation
of arterial compliance and its feature; however, it is deemed
a very complex alternative that poses extra challenges. Indeed,
the number of parameters to estimate is more significant for
higher-order models, while the obtained experimental data is
habitually small and insufficient to identify all the parameters.
It is also known that reduced-order models are more desirable
for their uniformity and simplicity of investigation (Burattini and
Natalucci, 1998; Bahloul and Kirati, 2019).

Bearing this in mind, recently, an alternative modeling
approach of the apparent compliance was proposed in (Bahloul
and Kirati, 2021) where fractional-order tools were investigated
to represent the complex phenomena underlying the apparent
arterial compliance. In (Bahloul and Kirati, 2021), the authors
presented fractional-order models to describe the dynamic
relationship between aortic blood pressure and volume,
describing the apparent vascular compliance. The proposed
model employs fractional-order capacitor elements to lump
the complex and frequency dependence characteristics of
arterial compliance. FOC combines both resistive and capacitive
properties, which the fractional differentiation order, α, can
control. The validations results find that the fractional-order
scheme can reconstruct the overall dynamic of the complex and
frequency-dependent apparent compliance dynamic and reduce
the complexity.
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FIGURE 2 | Estimated proximal blood pressure using the proposed fractional-order modified Windkessel model along with the experimental in-vivo

human-hypertension. (A,C,E) Represent the model input aortic-valve blood flow rate for each validation case of study, Pre-hypertension, Mild-hypertension, and

Sever-hypertension, respectively. (B,D,F) Represent the pressure waveform validation results.

The vascular apparent compliance in the fractional-order
domain is defined as follows:

Qstored(t) =
dαV

dtα
=

dαV(t)

dαPin(t)
︸ ︷︷ ︸

Cα
app

dαPin(t)

dtα
, (6)

where Qstored is the blood stored in the arterial tree, V
corresponds to the blood volume, and Pin is the input
blood pressure.

The FOC can be an inherent lumped element that
can catch vascular compliance’s complex and frequency-
dependent behavior. In fact, as expressed in (6), the
pseudo compliance, Cαapp , should be expressed in the

unit of [ml/mmHg.sec1−α] that makes, naturally, the

standard compliance (CC), in the unit of [ml/mmHg],
frequency-dependent as:

CC = Cα
app(jω)

α−1. (7)

Hence, the fractional-order capacitor presents physical bases
in portraying the complex and frequency dependency of the
apparent vascular compliance. Besides, based on the variation of
the fractional differentiation order α, the real and imaginary parts
of the resultant FOC’s impedance can possess various levels, so
by analogy, α can control dissipative and storage mechanisms
and hence the viscous and elastic component of the arterial
wall. Furthermore, it is worth remarking that the equivalent
circuit representation of FOC can be seen as an infinity Voigt
cells branches joined in parallel. Consequently, FOC simplifies
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the representation of the complex arterial network’s mechanical
properties by employing only two parameters (α and Cα).

2.4. Fractional-Order Modified Windkessel
Model
The modified Windkessel model (MWK) is one of the simplest
arterial representation that lumps the arterial network into two
main compartments, proximal and distal, (Goldwyn and Watt,
1967). Taking into account that the proximal arteries close to
the heart have different properties in comparison to the distal
ones, MWK splits the total arterial compliance used in the
original arterial Windkessel into two capacitances: Cp represents
the compliance of the large arteries which are commonly elastic
and Cd depicts the compliance of muscular arteries that are
more stiffer. Clinical studies demonstrated that Cd is very
sensitive to vasodilatory experiments, a property apparent in
distal arteries. Other investigations have also shown that Cd

is reduced with aging and hypertension. The latest properties
make these capacitance as potential indicators of cardiovascular
risk, (Francis, 2007). MWK comprises an inductor, L, between
the two capacitance accounting for the inertance of the flowing
blood. Also, it lumps the peripheral resistance into a resistor
Rp and the venous pressure into a constant Pv. Based on the
electrical analogy, the pumping heart is modeled as a pulsating
current source.

In this study, we propose a general version of the MWK
using fractional-order framework. We present the fractional-
order modified Windkessel (F-MWK) representation as shown
in Figure 1D. The proposed model comprises two fractional-

order capacitor Cα
p and C

β

d
to take into account the apparent

vascular compliance of the large and small arteries, respectively.
Figure 1D shows the schematic of F-MWK. As the proposed
model contains two fractional-order storage elements and one
integer-order one, three states are needed to describe the dynamic
of the system. The aortic blood flow Q(t) ejected from the
left ventricle is considered the input to the system. Pp denotes
the aortic proximal pressure and Pd represents the distal blood
pressure. Q1 represents the blood flow throughout the inertia L.
Applying the Kirchhoff’s voltage and current laws to the circuit
shown in Figure 1D. We obtain the following equations:

















Cα
p ·

dα

dtα
Pp(t)+ Q1(t) = Q(t)

Pp(t)

L
−

Pd(t)

L
=

dQ1(t)

dt

C
β

d
·
dβ

dtβ
Pd(t)+

Pd(t)− Pv

Rp
= Q1(t)

(8)

The resulting pseudo-state space representation is then:

D
q
t x(t) = Ax(t)+ B(x), (9)

where D
q
t = [Dα

t ,D
γ
t ,D

β
t ]

tr is the fractional-order derivative
operator for all the states. (·)tr denotes the transpose of the
row vector. In this study γ = 1 as we used an integer-order
inductor to connect the proximal and distal compartments. xx =

[Pp,Q1, Pd]
tr denotes the pseudo-states vector representing the

aortic proximal, the blood flow throughout the inductor, and
the distal pressure, respectively. The matrix A representing the
lumped parameters is expressed as:

A =













0 −
1

Cα
p

0

1

L
0 −

1

L

0
1

C
β

d

−
1

RpC
β

d













(10)

B is written as:

[

Q(t)

Cα
p

0
Pd(t)− Pv

Rp

]tr

(11)

Remark 1. If we were to assume that the pressure’s drop across the
blood inductor, L, is negligible, in this case, the proximal pressure
is equal to the distal one. In addition, the F-MWK reduces to
the simplest fractional-order two-element Windkessel model as
proposed in (Bahloul and Laleg-Kirati, 2020) with an equivalent

arterial compliance C
q
a = Cα

p + C
β

d
.

3. DATA AND ANALYSIS

3.1. In-vivo Human Hypertension Datasets
The proposed model was applied and validated using two real
clinical datasets for human hypertension (Nichols et al., 1993;
Li et al., 2017). The first in-vivo dataset (n = 3) was extracted
and digitized from aging, and hypertensive studies (Nichols
et al., 1993; Aboelkassem and Virag, 2019)). The data consists
of measured aortic blood flow rate and aortic blood pressure for
three human subjects suffering from three different hypertension
stages, particularly Pre-hypertension, mild-hypertension, and
severe hypertension. Their cardiac cycle is T = 0.92 s. The
second clinical dataset was obtained from data supplement
publicly available at in (Mariscal-Harana et al., 2021). The dataset
was originally used in a study about forward and backward
pressure waveform morphology analysis in hypertension, (Li
et al., 2017). The dataset consists of 158 subjects assessed for
hypertension (n = 158, 81 male, aged 46 ± 17 years, mean
± SD). Based on (Li et al., 2017) the patients were recruited
from those who were diagnosed with hypertension at Guy’s and
St Thomas’ Hypertension Clinic. 48% of the subject were on
treatment and hence their blood pressure were settled to the
normal values (normotensive). More details about the collection
of this data such as the consent approval and the measurement
tools can be fount in (Mariscal-Harana et al., 2021). In addition
to the aortic waveforms the dataset contains extra chracteristic
of the subjects such as the height, weight, measurements of
systolic (SBP) and diastolic (DBP) blood pressure, cardiac output,
stroke volume and heart rate. As in this study we focus on the
investigation of fractional-order framework for the assessment
of hypertension, we divided the patients of this dataset into 4
groups corresponding to the range of SBP and DBP of the central
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blood pressure pulse: Group 1, normotension (DBP < 80 AND
SBP < 120); Group 2, pre-hypertesion (80 ≤ DBP ≤ 85 OR
120 ≤ SBP ≤ 130); Group 3, hypertension (85 ≤ DBP ≤ 90 OR
130 < SBP ≤ 140) and Group 4, severe-hypertension (DBP > 90
OR SBP > 140). The characteristics of each group are listed
in Table 1.

3.2. Parameters Identification of the
Models
For the numerical implementation of the F-MWK the definition
ofGrunwald-Letnikov (GL) given in definition 1 is used Podlubny
(1999). The time validation of the proximal pressure waveforms
(Pp) was performed using two clinical hypertension real datasets.
The cost function we used to calculate signal dissimilarity is the
L2-norm of the difference between the two signals. It can be
formally described as follows:

Minimize
2

∥
∥
∥Pp − P̂p(2)

∥
∥
∥
2
, (12)

The optimizer algorithm uses the measured aortic root flow rate
as an input and compute the required model parameters, 2 =

{Cα
p , L,C

β

d
,Rp, Pv,α,β}, which minimize the pressure root mean

square error (RMSE), i.e., the difference between measured and
calculated aortic root pressure as:

RMSE =

√
√
√
√

1

N

n
∑

i=1

(Pp[i] − P̂p[i] )
2. (13)

where N denotes the number of samples per Pp pressure
signal. The estimation process was based on a non-linear
least square minimization routine applying the well-known

TABLE 1 | Characteristics of the hypertensive clinical dataset 2.

Pulse pressure groups

Subjects Group 1 Group 2 Group 3 Group 4

(n = 55) (n = 41) (n = 36) (n = 26)

Sex, male,

[%]

45.45 58.53 50 50

DBP < 80 80 ≤ DBP ≤ 85 85 ≤ DBP ≤ 90 DBP > 90

Characteristic AND OR OR OR

SBP < 120 120 ≤ SBP ≤ 130 130 < SBP ≤ 140 SBP > 140

Age (years) 45.34 ± 16.7 43.63 ± 17.52 47.88 ± 17.33 49.92 ± 14.28

Height (m) 1.68 ± 0.10 1.72 ± 0.09 1.69 ± 0.07 1.68 ± 0.07

Weight

(Kg)

74.76 ± 15.68 79.69 ± 13.75 77.81 ± 14.50 80.18 ± 17.16

DBP

(mmHg)

70.40 ± 6.24 82.65 ± 7.03 88.36 ± 7.29 95.53 ± 15.76

SBP

(mmHg)

105.23 ± 10.10 124.88 ± 8.02 136.71 ± 11.52 159.03 ± 18.05

MBP

(mmHg)

86.38 ± 7.29 102.02 ± 5.46 110.30 ± 6.58 123.70 ± 15.02

HR

(beats/min)

57.68 ± 13.62 65.14 ± 17.06 60.98 ± 14.47 64.09 ± 12.01

PWV (m/s) 3.42 ± 01.03 3.99 ± 1.09 4.77 ± 01.57 5.46 ± 1.50

MATLAB− R2020b, function fmincon. The estimate of 2 is
2̂ were found via the solution of the inverse problem of the
estimated proximal blood pressure (P̂p) and the real one (Pp).
Initialized by 20 and using a nonlinear programming solver,
the inverse algorithm iteratively predicts the set of parameters
2̂ which minimizes the objective function. In this process, we
constrained all the parameters to be positive to guarantee physical
properties (Lower_bounds = [0], Upper_bounds = [∞] and.
Once a tolerance of error was reached, the convergence of the
method is confirmed, the fmincon function exits and yields an
output of the optimal set of model parameters estimates 2̂∗.

In addition, to evaluate the performance of the estimation,
we calculate the relative error, R.E.(%) and the correlation
coefficient, ρ defined as:















R.E.(%) =
||Pp − P̂p||2

||Pp||2
× 100%

ρ =

∑n
i=1(Pp − P̄p)(P̂p −

¯̂Pp)
√

∑n
i=1(Pp − P̄p)2

√
∑n

i=1(P̂p −
¯̂Pp)2

,
(14)

where .̄ represents the average operator.

3.3. Sensitivity Analysis for the Apparent
Compliance
In order to study how the variation in the apparent arterial
compliance modulus and phase is associated with the variations
of the different input parameters factors, a global sensitivity
analysis based on variance method has been performed. Variance-
Based Sensitivity Analysis (VBSA) is a valuable step in the model
calibration process, estimating the model parameters. In fact, it
provides a relevant insight on how changes in the estimates of
the parameters (the inputs of the model) map into variations of
the performance metric that evaluates the model fit. A detailed
review with practical workflow about the sensitivity analysis
literature can be found in (Pianosi et al., 2015, 2016; Wagener
and Pianosi, 2019).

In this study, we evaluate the VBSA of the fractional-order
arterial compliance using First-order indices known also as “main
effect” and the total-order indices so-called “total effect.” The
“main effect” indices measure the direct contribution of the
output variation from individual input factor or, equivalently, the
expected reduction in output variance that can be obtained when
fixing a specific input (Pianosi et al., 2016). The First-order indices
is defined as:

VBSAF =
Vx∼i[Ex∼i(y|xi)]

V(y)
=

V(y)− [Ex∼i(y|xi)]

V(y)
(15)

where E denotes expected value, V denotes the variance, x
denotes the input, y denotes the output, and x ∼ i denotes “all
input factors but the ith.”

VBSAT =
Ex∼i[Vxi (y|x ∼ i)]

V(y)
= 1−

Vx∼i[Exi (y|x ∼ i)]

V(y)
(16)

Frontiers in Physiology | www.frontiersin.org 7 March 2022 | Volume 13 | Article 83859339

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bahloul et al. Fractional-Order Hypertension Modeling

4. RESULTS

In this section, we show the results of applying the proposed
model for both subjects of the clinical dataset 1 and the groups
of the clinical dataset 2 as described in Table 1. To fully identify
the proposed fractional-order model the parameters and the
fractional differentiation orders have to be estimated using
the measured flow and pressure waveforms. In addition, we
present the result of applying the variance-based global sensitivity
analysis technique to the proposed arterial representation and
the analysis of ranking the lumped parameters in order of
importance based on VBSAF and VBSAT.

4.1. Model Calibration
The list of the optimized F-MWKparameters and their numerical
values are shown in Table 2. For clinical dataset 2, the parameter
estimates’ mean value and standard deviation (mean ± SD)
are presented per group. The optimized parameters for each
subject are then used to reconstruct the aortic proximal blood
pressure waveform (Pp). The pressure root mean square error
RMSE and the percentage relative error [R.E. (%)] along with the
correlation coefficient (ρ) between the real aortic pressures and
the reconstructed ones are also listen in Table 2 as performances.
In the following we present the detailed analysis of the proposed
fractional-order model and its validation against each in-human
hypertension clinical datasets.

4.1.1. Human Hypertension Dataset 1

In order to validate and check the ability of the F-MWK in
reconstructing the proximal blood pressure at various levels of
hypertension conditions, namely the Pre-hypertension, Mild-
hypertension, and severe hypertension in this part, we use human
data from the hypertensive study, (Nichols et al., 1993). The
lumped model parameters are identified using the aortic blood
flow (Q) as an input. The reconstructed proximal blood pressures
after applying F-MWKusing the identified parameters along with
the experimental in-vivo waveform are shown in Figures 2A,C,E

represent the model input aortic-valve blood flow rate (Q) for
each hypertension condition level and Figures 2B,D,F represent
the pressure waveform validation results. Based on this result, it is
clear that the proposed fractional-order model captured the main
features of the proximal aortic pressure waveform, including the
maximum value (peak systolic value) and the dicrotic notch. The
model conforms better in detecting these features in the cases
of Mild-hypertension and Severe-hypertensive level, where the
percentage relative errors were 1.9 and 2.19%, respectively. The
correlation coefficients for all the studied cases are around 0.99,
which confirms the model’s capability to catch the explicit details
of the arterial blood pressure morphology.

In addition, the model presents a better performance in
terms of RMSE than the models presented in Aboelkassem and
Virag (2019) namely the hybrid Windkessl-Womersley (WK-
W) model. for instance, the RMSE value was around 3.02 in
the case of F-MWK; however, it is equal to 4.12 in the case
of (WK-W). It is worth noting that WK-W is a hybrid model
that consists of the proximal and distal compartments similar
to F-MWK; however, these two compartments are connected by T
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a tube to represent the aorta where the blood flow is expressed
by the Womersley solution of the Navier-Stokes equations.
Accordingly, the fractional-order framework can reproduce an
accurate performance similarly to more complex systems. By
interpreting the numerical values of the proximal and distal

pseudocapacitances (Cα
p , C

β

d
) and the corresponding fractional

differentiation-orders (α, β), we notice a clear decrease of
these parameters from Pre-hypertension level to the Sever-
hypertension level.

On one side, this result demonstrates the fractional-order
behavior within the distal arterial network. In fact, β is less
than the integer-order and takes values between 0 and 1. In
addition, as the level of hypertension increases, the fractional
differentiation order decreases. Furthermore, from equation (7),
it is obvious that as β alters from 1 to 0, the FOC’s resistive part
increases. Accordingly, the results of the identified fractional-
order parameters are consistent with the clinical investigations,
which have revealed that the vascular remodeling in resistive
arteries is strongly associated with the progression and severity
of hypertension’s disease.

4.1.2. Human Hypertension Dataset 2

To further validate and interpret the efficiency of the developed
model, we explore the second clinical dataset that consists of 158
human subjects examined as hypertensive patients. A portion of
the studied population is under treatment, and their high blood
pressures were controlled and regulated to be within the normal
values. The main objective of investigating this type of data is to
keep the generality of the proposed model and demonstrate that
this model can be employed in different physiological conditions.
In fact, the dataset presents patients of different ages, gender,
weight, and hemodynamic characteristics as listen in Table 1.

Basically, we divided this data into four classes based on the
peak systolic blood pressure and diastolic values, SBP and DBP,
respectively. The thresholds of SBP andDBPwere set in amanner
that: Group 1 consists of patients with regulated blood pressure
levels that can be considered as a normotensive subset, Group
2 consists of patients with a bit high SBP and DBP, which some
studies consider it as Pre-hypertension stage, Group 3 consist of
patients with high-level blood pressure values which is indeed
thought as hypertension subset, and Group 4 with the highest
SBP and DBP is supposed to present the severe-hypertensive
samples. Figure 3 summarizes the result of the proximal aortic
blood pressure reconstruction of a representative patient from
each group. The proposed model can capture all the waveforms
details, including the dicrotic notch and the peak systolic value. It
is worth noting that the selected patients present different aortic
input blood flow profiles.

As shown in Table 2 the values of the performance indexes,
namely RMSE, R.E.(%) and ρ, indicate that the proposed model
was able to reconstruct the proximal blood pressure using the
optimized lumped parameters. The RMSE values do not exceed
3 in all cases, and the smallest value is around 1.48 ± 0.50 for
group 1, and the largest one is 2.34 ± 0.62 for group 4. Also the
smallest R.E. is around 1.62% ± 0.44% obtained for group 2 and
the largest one is 1.70% ± 0.59% for group 1. The correlation
coefficient is around 0.99 for all the groups.

By checking the optimized values of the fractional-order

parameter, namely the pseudocapacitance (Cα
p , C

β
p ) and their

corresponding fractional differentiation orders (α, β), we noticed

that Cα
p and C

β
p decrease from group 1, which considered

representative of the normotensive population to group 4 that
corresponds to the subset with severe-hypertensive level based
on the value of SBP and DBP. However, α and β slightly
increase from groups 1 to 4. This result is different from the
one found with the clinical subset 1. This can be explained by
the fact that the presented model is not globally identifiable.
It is very challenging to find unique values for the pairs (Cα

p ,

α) and C
β

d
, β . Accordingly, it is more pertinent to evaluate the

complex and frequency-dependent compliance CC that conveys
the relationship between the fractional differentiation order and
the pseudocapacitance via the expression (9). The following
section focuses on the evaluation and analysis of CCh

at the
cardiac frequency for both proximal and distal compliances.

4.2. Variance Based Sensitivity Analysis
Generally, to simulate the proximal blood pressure waveform,
we feed F-MWK with the identified set of the values of the
lumped parameters, which can be regarded as a scalar input of
the proposed model. In order to test and understand the effect of
varying one of the inputs at a time on the output signal dynamic
and morphology and study the interactive effect between the
inputs and the output, we conduct a variance-based sensitivity
analysis (VBSA) as explained in the method section.

Two indices based on VBSA were evaluated in this study:
the first-order index (VBSAF), which reflects the main effect
contribution of each input factor to the variance of the output
and ranks the importance of this input; the second one is the total
effect index (VBSAT) which accounts for the total contribution
to the output variation due to factor input evaluated by the
first-order effect in addition to all higher-order effects due to
interactions. In this study both indices were evaluated at each
sample of the proximal aortic blood pressure waveform for the
three hypertensive subject of the clinical dataset 1.

We consider a normal distribution variation of each input
parameter X ∼ N (µ, σ 2) where X corresponds to the
input, µ is the mean value of the distribution that is equal
to the optimized value of the parameter shown in Table 2.
(Dataset 1) and σ denotes the standard deviation that is
taken to be 15% of the value of µ. Figures 4A,C,E show the
evaluated VBSAF(t) for the Pre-hypertension, Mild-hypertensive
and Severe-hypertensive patients, respectively. Figures 4B,D,F
displays the evaluated VBSAT(t) for the Pre-hypertension, Mild-
hypertensive and Severe-hypertensive patients, respectively. For
all cases the indices were computed over one cardiac cycle.

For visualization purposes of each subject, all the parameters
are listed in y-axis, whereas the x-axis represents the time
samples. In addition, the normalized blood pressure waveform
was plotted in the same plot. It is very clear from these results
that F-MWK is very sensitive to the variation of the fractional
differentiation order (α) over the whole cardiac cycle for all
the hypertension levels. The rest of the parameters are less
influential on the output dynamic, though their effect varies
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FIGURE 3 | Estimated proximal blood pressure using the proposed fractional-order modified Windkessel model along with the experimental in-vivo

human-hypertension for samples from the different groups of the dataset 2. (A,C,E,G) Represent the model input aortic-valve blood flow rate for each group’s sample

study, Group 1, Group 2, Group 3 and Group 4, respectively. (B,D,F,H) Represent the pressure waveform validation results.

from one hypertension level to another. In fact, this effect is
more considerable in the Mild-hypertensive case, as shown in
subplot D. Generally, the difference between VBSAT(t) and
VBSAF(t) measures how much the parameter is involved in the
interaction with other input factors. Accordingly, the parameters
are very affected by any interaction between the input factor
in the case of Mild-hypertension. Based on these observations,
the fractional differentiation orders might have central control
in the variation of the aortic blood pressure. Accordingly,
this parameter might play an important position as a bio-
marker assessing the transition between viscosity and elasticity,
a potential arterial stiffness index.

5. DISCUSSION

The fractional-order capacitor represented by its
pseudocapacitance and the fractional differentiation order
can be an inherent component in F-MWK by lumping the
complex and frequency-dependent behavior of the vascular
compliance as well as characterizing the hemodynamic. The
sensitivity analysis and the model calibration show that the
fractional-order pairs may entail valuable structural and
functional physiological insight. Based on the validation results

using clinical dataset 1 a clear, direct correlation between the
fractional differentiation orders and the level of hypertension
was found in agreement with the clinical analysis. Indeed, as
the level of hypertension increases, a decrease in the numerical
values of the fractional differentiation orders (α and β), as well

as the pseudocapacitances (Cα
p and C

β

d
), was reflected.

The concurrent decrease of the fractional-order parameters
of FOC yields to the predominance of the resistive (dissipative)
part on account of the capacitive (storage) part in this element.
This fact is a potential representative of vascular remodeling
associated with the severity of hypertension. Analyzing the
fractional differentiation orders independently from the pseudo-
capacitance might lead to misinterpretation. In fact, based on
expression (5), these two parameters might have a compensatory
inter dynamic mechanism. Accordingly, it is more appropriate
to evaluate the complex fractional-order compliance that relates
both parameters via expression (7) at the heart pulsation (ωh),
reflecting the so-called true arterial compliance. It is defined as
follow:

CCh
= CC(ωh) = Cα

app(jωh)
α−1. (17)

Figure 5 shows the fractional-order compliance evaluated at
the heart pulsation: Figure 5A represents the bar plot of the
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FIGURE 4 | Variance-based sensitivity analysis of the proposed fractional-order model. (A,C,E) Represent the first-order indices (VBSAF) of the model’s parameters

for a Pre-hypertensive, Mild-hypertensive and Severe-hypertensive subject, respectively. (B,D,F) Represent the total-order indices (VBSAT ) of the model’s parameters

for a Pre-hypertensive, Mild-hypertensive and Severe-hypertensive subject, respectively. The variance based sensitivity indices were evaluated for each sample of the

aortic proximal blood pressure over one cardiac cycle.

proximal (C
p
Ch
) and distal (Cd

Ch
) fractional-order compliance

for the in-human hypertensive subjects of dataset 1; Figure 5B
represents the error bars plot of the proximal (C

p
Ch
) and distal

(Cd
Ch
) fractional-order compliance for the in-human hypertensive

groups of dataset 2. The error in this plot corresponds to the
standard error of the mean. From this figure, in all cases,
C
p
Ch
, which characterizes the large elastic arteries, is larger

than Cd
Ch
, which characterizes the small resistive vessels. In

addition for both datasets, as the hypertensive increases both

compliances decreases. From Figure 5B, the gradient from

group 1 representing a normotensive population to group 2 (Pre-

hypertensive) is more acute than the slopes between groups 2

and 3 and groups 3 and 4, which are approximately equal. CCh

is substantially decreased from normal blood pulse pressure to
the higher one.

This result is very important and demonstrates the reliability
of CCh

in characterizing stiffness as an important risk factor for
the progression of high blood pressure. As the clinical dataset 2
provides the aortic pulse wave velocity (PWV) of each patient,
in Figure 6. we plotted the mean values for both CP

Ch
and Cd

Ch
for

each group vs. themean values of PWV for each group. The result
shows the strong negative correlation between the PWV and CCh

which is in agreement with the clinical standard that shows that
PWV values substantially increase with the hypertensive level as
a consequence of arterial stiffness.

The correlation with PWV (a well-established biomarker of
along with the level of hypertensive reveals the potential of
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FIGURE 5 | The fractional-order compliance evaluated at the heart pulsation. (A) Represents bar plot of the proximal (C
p

Ch
) and distal (Cd

Ch
) fractional order compliance

for the in-human hypertensive subjects of dataset 1. (B) Represents error bars plot of the proximal (C
p

Ch
) and distal (Cd

Ch
) fractional order compliance for the in-human

hypertensive groups of dataset 2. Each bar in this plot represent the mean value of the evaluated fractional-order compliances per group and the error corresponds to

the standard error of the mean per group.

FIGURE 6 | The fractional-order compliance evaluated at the heart pulsation (CCh ) vs. the arterial pulse wave velocity (PWV) for the different hypertensive groups of

dataset 2. (A) PWV vs. the proximal fractional-order compliance (C
p

Ch
) and (B) PWV vs. the distal fractional-order compliance (Cd

Ch
).

the fractional-order parameters to improve our understanding
of the structural development of vascular remodeling due to
hypertension. Indeed, fractional-order parameters are considered
a prospective new tool in capturing irregular vascular changes.
Stress-relaxation-based viscoelastic experiments on arterial
segment have reported that the fractional differentiation order

parameter could be associated with vascular smoothmuscles cells
(VSMCs) activity, contributing to the viscoelasticity modulation
in the vessels (Craiem and Armentano, 2007; Craiem et al., 2008).

In arteries, VSMCs induce the stretching of collagenous fibers,
and vascular activation can modify the local viscoelastic response
of the arterial wall (Armentano et al., 2006). Vascular smooth
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muscle cells (VSMCs) represent an important part of blood
vessels and are placed in themedium portion of the arterial vessel,
known as tunica media. They are located circularly around the
vascular lumen and other vascular layers. VSMCs play a crucial
role in the remodeling processes of the vascular wall due to
certain diseases.

In hypertension, the vascular remodeling induces different
changes in the VSMCs of large and resistive small arteries:
with regards to larger vessels, VSMCs experience hypertrophy
remodeling, an expansion in the cellular vessel material, which
results in an enlarged intima-media thickness, raised vascular
stiffness, and so high blood pressure (increased pulse pressure).
In the small arteries, the vascular remodeling manifests as a
eutrophic phenomenon, which results in an increase in wall
thickness and a reduction in lumen diameter. It can represent
hypertrophic reconstruction as well.

Several clinical studies in-patient and experimental researches
have revealed the marked correlation between vascular
remodeling and the pathophysiology of hypertension. Low
dimensional models (lumped parameters models) are quite
limited in the vascular remodeling structural analysis contest,
which requires an extremely complex interplay of deeply coupled
multi-scale and multi-physics mechanisms. The fractional-
order framework offers much promise in understanding
key physiological mechanisms while reducing the order of
complexity. Due to the extra fractional-order parameters, more
flexibility is added to capture structural artery characteristics.

6. MODEL DEVELOPMENT AND FUTURE
APPLICATIONS

Fractional order modeling (FOM) approach can be viewed as
a natural generalized of the well-known blood flow arterial
Windkessel model. The proposed model can be easily integrated
within a closed-loop whole heart lumped parameter model
representation for better understanding of the blood flow
dynamics in the cardiovascular system. In this part, we list a
couple of applications where the present model can be useful and
is expected to perform well.

The first application is related to using the present model as a
surrogate measure of arterial stiffness prediction. For example, it
is commonly known that probing arterial stiffness at the arterial
locations provides valuable information about the physiological
state of the cardiovascular system. An increase in arterial
stiffness plays a critical role in the pathogenesis of cardiovascular
disorders and is identified as a major risk factor for many
cardiovascular pathologies such as hypertension and coronary
heart diseases. Accordingly, the present model can be used within
a larger integrative computational platform for assessing arterial
stiffening at different distal locations. Hence, it can be used
for better understanding arterial blood flow, predicting, and
diagnosing many stiffness related cardiovascular diseases.

The second application is related to the use of the pulsed
wave velocity (PWV) as a standard method for assessing arterial
stiffness. The PWV is functionally assessed by evaluating the
time it takes for the pressure waveform to travel two known

arterial sites. Despite its wider adoption in the clinical routine,
the measurement process of PWV is considered a demanding
task for both clinicians and patients. Since the present model
have the capability of estimating the PWV. Therefore, it can be
used toward developing a full scale non-invasive and easy-to-
use computational tool that can overcome the challenges of the
classical assessment stiffness process and hence it can be used to
improve the quality of patient care.

In summary, the present model is an initial step toward
developing an integrative non-invasive surrogate markers of local
and global arterial stiffness. The marker is based on the fractional
differentiation order that controls the transition between the
resistive and capacitive parts of the fractional-order element
and, by analogy, represents the viscoelastic properties of the
vasculatures.

7. CONCLUSION

A novel fractional-order lumped model of the arterial system
is proposed to study hypertension. The model has shown the
feasibility of characterizing the proximal and distal arterial
compliances using fractional-order capacitors. The in-vivo
human validation demonstrates the ability of the proposed
model in reconstructing the central blood pressure and
capturing specific details of different waveforms morphology.
The variation of the complex and frequency-dependent apparent
arterial compliance evaluated at the heart pulsation vs.
different hypertensive levels shows consistency with the clinical
observations. Moreover, the correlation with the pulse wave
velocity (a well-established biomarker of arterial stiffness)
demonstrates the capabilities of this model, namely the
fractional-order parameters. The model results are expected to
improve our understanding of the structural and functional
characteristics of the resulting vascular remodeling of large and
small arteries in different hypertensive conditions.
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In patients with healed myocardial infarction, the left ventricular ejection fraction is

characterized by low sensitivity and specificity in the prediction of future malignant

arrhythmias. Thus, there is the need for new parameters in daily practice to perform

arrhythmic risk stratification. The aim of this study is to identify some features of

proarrhythmic geometric configurations of scars and border zones (BZ), by means of

numerical simulations based on left ventricular models derived from post myocardial

infarction patients. Two patients with similar clinical characteristics were included in

this study. Both patients exhibited left ventricular scars characterized by subendo- and

subepicardial BZ and a transmural BZ isthmus. The scar of patient #1 was significantly

larger than that of patient #2, whereas the transmural BZ isthmus and the subdendo- and

subepicardial BZs of patient #2 were thicker than those of patient #1. Patient #1 was

positive at electrophysiologic testing, whereas patient #2 was negative. Based on the

cardiac magnetic resonance (CMR) data, we developed a geometric model of the left

ventricles of the two patients, taking into account the position, extent, and topological

features of scars and BZ. The numerical simulations were based on the anisotropic

monodomain model of electrocardiology. In the model of patient #1, sustained ventricular

tachycardia (VT) was inducible by an S2 stimulus delivered at any of the six stimulation

sites considered, while in the model of patient #2 we were not able to induce sustained

VT. In the model of patient #1, making the subendo- and subepicardial BZs as thick as

those of patient #2 did not affect the inducibility and maintenance of VT. On the other

hand, in the model of patient #2, making the subendo- and subepicardial BZs as thin

as those of patient #1 yielded sustained VT. In conclusion, the results show that the

numerical simulations have an effective predictive capability in discriminating patients at

high arrhythmic risk. The extent of the infarct scar and the presence of transmural BZ

isthmuses and thin subendo- and subepicardial BZs promote sustained VT.

Keywords: cardiac re-entry, monodomain model, infarct border zone, monomorphic ventricular tachycardia,

myocardial infarction
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1. INTRODUCTION

Sudden cardiac death (SCD) after myocardial infarction is a
significant public healthcare burden (Fishman et al., 2010). The
main goal of clinical electrophysiology in the primary prevention
of major arrhythmic events is the development of accurate risk
stratification algorithms. Based on the results from clinical trials,
left ventricular ejection function (LVEF) and patient New York
Heart Association (NYHA) functional classification are used
as the principal diagnostic parameters in designing treatments
to avoid future sudden cardiac death (Priori et al., 2015; Al-
Khatib et al., 2018). However, other studies (Gorgels et al., 2003;
Stecker et al., 2006; Sabbag et al., 2015) raise skepticism about
the true role of LVEF, because this approach is characterized
by low sensitivity and specificity in the prediction of malignant
arrhythmias. To date, in patients with remote myocardial
infarction and preserved LVEF, no non-invasive risk stratification
technique has demonstrated sufficient specificity and sensitivity.
Although a two-step approach including non-invasive risk
factors (such as premature ventricular complexes, non-sustained
ventricular tachycardia, late potentials, and prolonged QTc),
and electrophysiology study (EPS) can help in the stratification
of arrhythmic risk (see Gatzoulis et al., 2019), in the near
future, new effective and non-invasive parameters need to be
introduced for arrhythmic risk stratification. For this purpose,
a full understanding of the role of each arrhythmic substrate
component is necessary for outcome prediction. Besides the
clinical and experimental studies, computer modeling might
represent a reliable and effective tool to predict the arrhythmic
risk of specific patients and the ablation target, as proposed in
several recent publications (Ashikaga et al., 2013; Deng et al.,
2015, 2016; Arevalo et al., 2016; Campos et al., 2021).

The scar tissue and the border zone (BZ) constitute
the most common arrhythmogenic substrate in ischemic
cardiomyopathy (Moran et al., 1982). In this regard, cardiac
magnetic resonance (CMR) is a highly effective imaging modality
for the characterization of myocardial tissue (Pattanayak and
Bleumke, 2015). Histologically, a myocardial scar is not always
a uniform lesion. In fact, the fibrosis areas in the scar are
interrupted by viable fibers that constitute slow conduction
pathways (Fenoglio et al., 1983). It is well recognized that scar
heterogeneity within the myocardium at CMR is arrhythmogenic
(Peters et al., 1997; Peters and Wit, 1998; de Bakker et al.,
2005; Ciaccio et al., 2007). Furthermore, in most cases, stable
ventricular tachycardia (VT) circuits have two scarred areas and
a central isthmus or channel composed of a small mass of viable
fibers (Codreanu et al., 2008).

Investigating the role of scar and BZ electrophysiological and
geometric properties on the onset and maintenance of re-entry
dynamics is an active research area; refer to the experimental
studies (Wit et al., 1982; Dillon et al., 1988; Janse and Wit,
1989; Peters et al., 1997). Recent computational studies have
investigated the pro-arrhythmic mechanisms associated with BZ
tissue (Cabo and Boyden, 2003; Ciaccio et al., 2004, 2007, 2015;
Cabo et al., 2006; Cabo, 2014; Connolly et al., 2015; Connolly and
Bishop, 2016; Campos et al., 2018).

Our previous numerical study (Colli-Franzone et al., 2019)
demonstrated, in idealized conditions, that configurations
characterized by a thin subepicardial BZ and wide scar, even
without transmural BZ isthmuses, facilitate the onset and
perpetuation of VT re-entry. However, to our knowledge, a
detailed study on patient-derived geometric configurations of
scars and BZ that are more likely to promote VT is still missing
in the literature.

The aim of the present investigation is to identify some
features of proarrhythmic geometric configurations of scar and
BZ, by means of numerical simulations based on left ventricle
models derived from two post-infarction patients, similar with
respect to age, gender, NYHA class, the prevalence of coronary
artery disease and scar localization, but different in the outcome
of EPS.

2. METHODS

We applied a four-step model: (1) selection of post-myocardial
infarction patients with moderate systolic dysfunction and
different vulnerability to VT at EPS; (2) identification at CMR
of scar and BZ anatomic pattern of interest; (3) formulation of a
mathematical model of the left ventricle, taking into account the
position, extent, and topological features of the scars and BZ; and
(4) modulation of the geometric features of scars and BZ.

2.1. Clinical Data
We retrospectively screened patients with prior myocardial
infarction scheduled for an EPS between January 1, 2019,
and July 1, 2020. The patients did not meet criteria for ICD
implantation in primary prevention. The reason for referral to
the EPS was arrhythmia risk stratification because of moderate
left ventricular dysfunction at CMR and a history of frequent
premature ventricular contractions and syncope. Of the seven
patients that were screened, two patients were included because
they were similar with respect to age, gender, the prevalence
of coronary artery disease, scar localization, but different in
EPS outcome.

For patients selection, a comprehensive patient medical
history, including coronary artery disease risk factors, NYHA
class, and medications at the time of EPS, was obtained.
Additionally, 12-lead electrocardiography was performed and
interpreted in combination with clinical and CMR data.
Myocardial infarction was considered if there were previous
symptoms of myocardial ischemia, pathological Q waves at 12-
lead electrocardiography, loss of viable myocardium at CMR in
a pattern consistent with an ischaemic etiology, and a history
of a rise and/or fall of cardiac troponin (cTn) values with at
least one value above the 99th percentile upper reference limit
(URL), in line with a universal definition of myocardial infarction
(Thygesen et al., 2018). The clinical characteristics of the two
patients are reported in Table 1.

2.1.1. CMR Acquisition

Clinical 3-T scanners (Siemens Sonata) with phased-array
receiver coils and standard protocols were used. Briefly, cine
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TABLE 1 | Clinical characteristics of the two patients.

Clinical characteristics EPS positive EPS negative

NYHA class II II

Age 57 years old 59 years old

Gender Male Male

Hypertension Yes Yes

Dyslipidemia Yes Yes

Diabetes Mellitus Yes No

Tabagism Yes No

Obesity∗ No No

Time from MI to EPS 12 months 27 months

No. of coronaropathy 2 vessels 2 vessels

∗Obesity was defined as BMI ≥ 30 Kg/m2.

TABLE 2 | Cardiovascular magnetic resonance (CMR) features of the two patients.

CMR characteristics EPS positive EPS negative

Basal-apex length 94 mm 93 mm

LV end-diastolic volume 228 ml 232 ml

LV end-diastolic diameter 57.26 mm 58.37

Wall thickness 9.2 mm 10.0 mm

LV ejection fraction 37 % 43 %

Isthmus section diameter 1.5 mm 3.1 mm

Scar location Antero-septal Antero-septal

Endocardial scar and BZ area 1416.11 mm2 824.42 mm2

Endocardial BZ thickness 1.2 mm 1.8 mm

Epicardial BZ thickness 1.3 mm 3.1 mm

images were acquired in multiple short-axis (every 10 mm
throughout the entire LV) and 3 long-axis views using a steady-
state free precession sequence (slice thickness, 6 mm; inter-slice
gap, 4 mm; TR, 3.0 ms; TE, 1.5 ms; temporal resolution, 35–
40 ms; flip angle, 60; in-plane resolution 1.71.4 mm). Delayed
enhancement cardiovascularmagnetic resonance (DE-CMR) was
performed using a segmented inversion-recovery gradient-echo
sequence (slice thickness, 6 mm; inter-slice gap, 4 mm; TR,
9.5 ms; TE, 3.8 ms; flip angle, 25; in-plane resolution 1.8x1.4
mm) 10min after contrast administration (gadoversetamide, 0.15
mmol/kg) in the identical locations as cine-CMR. The inversion
delay time was set to null signal from normal myocardium and
was typically 280–360ms.

2.1.2. CMR Analysis

All CMR analyses were performed with Digital Imaging and
Communications in Medicine (DICOM) images with a custom
software package. Left ventricular volumes, mass, and ejection
fraction were quantitatively measured from the stack of short-
axis cine images using standard techniques (Rehr et al., 1985;
Walsh and Hundley, 2007). Papillary muscles were regarded as
part of the ventricular cavity. For each patient, the maximum
signal intensity (SI) within an infarct region in each image

of the left ventricle stack was automatically determined, and
the scar was defined as myocardium with SI > 50% of
the maximal SI. A region of interest was then placed by a
trained observer in the remote myocardium, i.e., a portion
of myocardium without hyperenhancement and with normal
motion, in an area free of artifacts and with uniform myocardial
suppression. The signal suppression allows the objective spatial
extension of the hyperenhancement area. BZ within the infarct
periphery was defined as the myocardium with SI > peak
remote SI but SI < 50% of maximal SI of the high SI
myocardium (Amado et al., 2004; Schmidt et al., 2007). The
transmural extent of hyperenhancement was measured by
standard techniques (Kim et al., 2000). Each short-axis slice
was segmented circumferentially into 12 wedges. For each
segment, the transmural extent of total hyperenhancement
was expressed as a percentage of the total segment area.
For each patient, the percentage of segments with transmural
extents of hyperenhancement within each quartile (0 to 25%;
26 to 50%; 51 to 75%; or > 75%) was determined. Table 2
summarizes the CMR characteristics of the two patients, see
Figures 1, 2.

2.1.3. Electrophysiologic Testing

Electrophysiology study was performed using standard
techniques. Briefly, programmed stimulation was performed
using two drive trains (600 and 400 ms) followed by one to three
ventricular extrastimuli. The extrastimuli were 2 ms in duration
at two times the diastolic threshold at two right ventricular sites
(apex and outflow tract), reducing the coupling interval until
reaching the ventricular refractoriness or a coupling interval
of 190 ms. The EPS results were classified as negative (non-
inducibility with complete protocol) or positive (monomorphic
VT that lasted 30 s or required cardioversion for hemodynamic
compromise). Additionally, two expert operators analyzed
the superficial ECG morphology of VT and interpreted it in
combination with the isthmus localization at CMR. Two patients
were included in the study, one with negative EPS and one
with positive EPS. Tables 1, 2 summarize the clinical and CMR
characteristics, respectively. In both patients, the maximum
scar extension is localized in the mid-interventricular septum.
The scar extension was greater in the patient with positive EPS,
instead, the isthmus thickness was greater in the patient with
negative EPS.

2.2. Computer Modeling
To model the electrical current flow through the myocardium,
we assume the monodomain representation of the cardiac
tissue (Colli-Franzone et al., 2014). The computational
electrophysiological model considers three different types
of cardiac tissue regions: healthy myocardium, necrotic scar, and
the infarct BZ.

Let � denotes a three-dimensional portion of the
myocardium. According to the monodomain model, the
evolution of the transmembrane potential v(x, t), gating variables
w(x, t), and ionic concentrations c(x, t) is described by the
following system of non-linear partial differential equations:
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FIGURE 1 | Cardiovascular magnetic resonance (CMR) short-axis slices of the basal, mid, and apical segment of patients #1 and #2.
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cm∂tv− div(D∇v)+ iion(v,w, c) = iapp in �

∂tw− Rw(v,w, c) = 0, ∂tc− Rc(v,w, c) = 0 in �

nTD∇v = 0 on ∂�

(1)

with appropriate initial conditions on v(x, 0), w(x, 0), and
c(x, 0). Here, cm and iion denote the capacitance and the ionic
current of the membrane per unit volume, iapp represents the
applied current per unit volume, and D is the anisotropic
conductivity tensors.

Assuming transversely isotropic properties of the intra- and
extracellular media, the intra- and extracellular conductivity
tensors are given by

Di,e(x) = σ
i,e
t I+ (σ i,e

l − σ
i,e
t )al(x)al(x)

T, (2)

where σ
i,e
l

and σ
i,e
t are the conductivity coefficients of the intra-

and extracellular media measured along the fiber direction al(x)
and any cross fiber direction, respectively. According to the
Monodomainmodel derivation presented in Colli-Franzone et al.
(2005), the tensor D is given by

D(x) = De(x)(Di(x)+De(x))
−1Di(x) = σtI+(σl−σt) al(x)al(x)

T

where σt,l =
σ e
t,l

σ i
t,l

σ e
t,l
+σ i

t,l

.

The ionic current is given by iion = χIion, where χ is
the membrane surface to volume ratio and the ionic current
per unit area of the membrane surface Iion is given by the
ten Tusscher membrane model (TP06) (ten Tusscher et al.,
2004; ten Tusscher and Panfilov, 2006), available from the
cellML depository (models.cellml.org/cellml). The TP06 ionic
model also specifies the functions Rw(v,w) and Rc(v,w, c) in the
ordinary differential equations (ODEs) system, consisting of 17
ODEs modeling the main ionic currents dynamics.

2.3. Numerical Methods
The space discretization of the system (1) is performed by
employing hexahedral isoparametric Q1 finite elements, while
the time discretization is based on splitting the ODEs of the
membrane model from the reaction-diffusion PDE. Regarding
the PDE, a semi-implicit scheme is adopted, where the diffusion
term is treated implicitly, while the reaction term is treated
explicitly. This discretization strategy yields a large-scale linear
system of algebraic equations that must be solved at each time
step. In order to ensure parallelization and portability of our
Fortran code, we use the PETSc parallel library (Balay et al.,
2020), a suite of data structures and functions for building
large-scale parallel scientific applications, based on the MPI
communication library. The parallel strategy employed is based
on a geometric domain decomposition strategy, where each
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FIGURE 2 | CMR short-axis slices (left) of interest of patients #1 and #2 and the resulting ventricular segmentation (right) into non-infarcted myocardium (blue), border

zone (gray), and scar (white).

subdomain is assigned to one processor and the information
associated with the interior of the subdomain is uniquely owned
by that processor. The processor stores all subvectors and a block
of the matrices (mass, stiffness) associated with each subdomain.
The linear system at each time step is solved by a parallel
conjugate gradient method, preconditioned by the Block Jacobi
preconditioner, with ILU(0) local solvers. For further details
about the numerical procedure, refer to our previous works
(Colli-Franzone et al., 2011, 2014, 2019). The simulations are run
on 128 cores of the Linux Cluster Galileo of Cineca.

2.4. Simulations Setup
Computational domain. The domain H is the image of a
Cartesian periodic slab using ellipsoidal coordinates, yielding
a truncated ellipsoid modeling a left ventricle (LV) geometry,
described by the parametric equations







x = a(r) cos θ cosφ φmin ≤ φ ≤ φmax,
y = b(r) cos θ sinφ θmin ≤ θ ≤ θmax,
z = c(r) sin θ 0 ≤ r ≤ 1,

where a(r) = a1 + r(a2 − a1), b(r) = b1 + r(b2 − b1), c(r) =

c1 + r(c2 − c1). The parameters a1 = b1, a2 = b2, c1, and c2
are tuned to match the dimension of the left ventricle of the two
patients (refer to Figure 3 and Table 3 for the geometric models
and the position of scars and BZ), whereas φmin = −π/2, φmax =

3π/2, θmin = −3π/8, and θmax = π/8. We will refer to the inner
surface of the truncated ellipsoid (r = 0) as endocardium and

to the outer surface (r = 1) as epicardium. In all computations,
a structured grid of 512 × 256 × 48 hexahedral isoparametric
Q1 finite elements of size h ≈ 0.02 cm is used in space, for a
total amount of 6,447,616mesh nodes. Fibers rotate transmurally,
linearly with the depth and counterclockwise from epicardium to
endocardium, for a total amount of 120◦. More precisely, in a
local ellipsoidal reference system (eφ , eθ , er), the fiber direction
al(x) at a point x is given by

al(x) = eφ cosα(r)+ eθ sinα(r), with α(r) =
2

3
π(1− r)−

π

4
,

0 ≤ r ≤ 1.

The volume occupied by the left ventricular myocardial tissue of
patient #1 is 141.3 cm3, where 25.3 and 4.3 cm3 are occupied by
the scar and BZ, respectively. The volume occupied by the left
ventricular myocardial tissue of patient #2 is 160.1 cm3, where
6.9 and 5.2 cm3 are occupied by the scar and BZ, respectively.

Parameter calibration. The values of the transversely
isotropic conductivity coefficients in (2), that we use for the
healthy tissue in all the numerical tests, are σ i

l
= 3, σ i

t =

0.31525, σ e
l
= 2, and σ e

t = 1.3514, all expressed in m�−1cm−1;
refer to Colli-Franzone et al. (1990, 2011) for the derivation
of these conservative values. These values, coupled with the
TP06 membrane model, predict conduction velocities of about
0.061 and 0.027 cm/ms for excitation layer propagating along
and across the fiber direction, respectively. We remark that these
conduction velocities are within the physiological range, refer to
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FIGURE 3 | Geometric models of the left ventricles of the two patients: healthy tissue (blue), border zone (BZ) tissue (yellow), scar tissue (red). From the transmural

view, one can appreciate the transmural BZ isthmuses of the two patients.

TABLE 3 | Parameters of the truncated ellipsoidal geometries expressed in cm.

Patient a1 a2 b1 b2 c1 c2

#1 2.5 3.5 2.5 3.5 6.5 7.1

#2 2.5 3.6 2.5 3.6 6.5 7.2

Roberts et al. (1979) and Punske et al. (2003). The membrane
surface to volume ratio is χ = 103 cm−1 and the membrane
capacitance per unit volume is cm = χCm, where Cm =

1 µF/cm2 is the membrane capacitance per unit area.
Structural and functional remodeling in healed infarct

generates a layer of viable myocardium cells, the so-called BZ
(Pinto, 1999; Nattel et al., 2007). The BZ tissue is characterized
by scar patches (de Jong et al., 2011; McDowell et al., 2011)
and marked electrical and topological heterogeneity (Peters et al.,
1997; Ciaccio et al., 2007).

We model the BZ by implementing a 60% reduction of fast
sodium current conductance gNa (Baba et al., 2005; Decker

and Rudy, 2010), a 70% reduction of L-type calcium current
conductance gCaL (Baba et al., 2005) and a reduction of 70
and 80% of the potassium currents conductances gKr and gKs,
respectively, (Jiang et al., 2000). Previous experimental studies
(Yao et al., 2003) have also shown a loss of the average
number of transverse gap-junctions between viable fibers in BZ
tissue. We model this loss as a 75% reduction of cross fiber
intracellular conductivity coefficient σ i

t . Regarding the modeling
of BZ tissue properties, we also refer to the review article
(Mendonca Costa et al., 2018).

In the scar region, we assume an isotropic conductivity
amounting to 0.5m�−1cm−1. To our knowledge, previous works
have considered values of scar conductivity ranging between 0.05
and 0.5m�−1cm−1. We have chosen the value of 0.5 because it is
the value closest to the average of the conductivities assigned in
the BZ.

Stimulation protocol. Stimulations of 250mA/cm3

amplitude and 1ms duration are applied in a small
subendocardial volume located in six different sites depending
on the simulation points displayed in Figure 4: apical stimulation
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FIGURE 4 | Schematic representation of stimulation sites.

at points A1 or A2; central stimulation at points M1 or M2;
basal stimulation at points B1 or B2. For each stimulation point,
we first apply five pacing stimuli (S1) at a basic cycle length
(BCL) of 500 ms. Then, a premature stimulus (S2) is delivered
350 ms after S1. If S2 does not generate a re-entrant arrhythmia,
the S1-S2 coupling interval is shortened in steps of 10 ms until
arrhythmia is induced or the S2 fails to trigger excitation. If an
arrhythmia is not induced, an additional S3, and if necessary S4,
is delivered in the same manner as S2 (initially delivered 350 ms
after the previous stimulus, and then shortened until arrhythmia
is induced or the stimulus fails). The final simulation time is 4 s.
We consider a re-entry sustained if it maintains until 4 s.

Postprocessing. The transmembrane potential distributions
reported in the following are generated using Paraview-5.7.0-
RC1, whereas the activation time distributions and potential
waveforms are generated using Matlab_R2021a. The activation
time is defined in the general point x as the unique instant tA
when the transmembrane potential v(x, tA) = −50 mV during
the depolarization phase of the action potential.

3. RESULTS

3.1. Patient #1 LV Model
M1 stimulation site. Figures 5, 6 report some snapshots of
the transmembrane potential on the epicardium and on two
longitudinal transmural sections, after the S2 stimulus, applied at
t= 350ms, being t= 0ms the onset of the S1 stimulus. At t= 395
ms (Figure 5A), the excitation layer elicited by the S2 stimulus
reaches the epicardial surface, generating a breakthrough (BKT)
on the right side of the scar, halfway between the apex and the
base. Then, excitation spreads through epicardium, entering the
BZ at t = 450 ms (Figure 5B) and moving around the basal
portion of the scar (Figures 5C,D). At t = 600 ms (Figure 5H),
both endocardial and epicardial layers enter the apical isthmus,
which results in complete activation at t = 700 ms (Figure 5M).
At the same time, the endocardial excitation layer starts to

enter the central isthmus, while the epicardial excitation layer
is blocked at the epicardial side of the central isthmus. The
excitation layer propagates very slowly through the isthmus,
from the endocardium to the epicardium (Figures 5N,O). At t
= 975 ms, excitation exits the BZ subepicardial layer over the
central isthmus, generating an epicardial BKT (Figures 5L,P),
which induces a propagating quasi-elliptical epicardial excitation
layer, with the major axis aligned with the epicardial fiber
direction. This excitation layer triggers the first cycle of re-
entry (Figures 6A–H). Furthermore, when the excitation layer
reaches the healthy myocardial tissue, the propagation proceeds
intramurally toward the endocardial surface, moving around
the basal scar region. The re-entrant activation follows the
same circuit through the central isthmus (Figures 6I–P) for two
cycles and then dies. We report in Figure 9A the epicardial
activation time distributions of the S2 and first reentrant
excitation sequence. In order to clarify the dynamics of the
excitation sequence at the level of the epicardial surface and
transmurally, we have added the movies SM_paz1_M1_epi and
SM_paz1_M1_trans in the Supplementary Material.

A2 stimulation site. Figures 7, 8 report some snapshots
of the transmembrane potential on the epicardium and on
two longitudinal transmural sections, after the S2 stimulus,
applied at t = 350 ms, being t = 0 ms the onset of the
S1 stimulus. At t = 450 ms (Figure 7A), the excitation layer
elicited by the S2 stimulus spreads through the epicardial
surface, entering the apical portion of BZ. Then, it proceeds
toward the base, moving around the basal portion of the scar
(Figures 7B–D). At t = 650 ms (Figure 7H), the endocardial
excitation layer enters the apical isthmus and, propagates
slowly through the isthmus from endocardium to epicardium
(Figure 7O), it reaches the apical epicardial surface at t = 850
ms (Figure 7N). After the apical epicardial BKT (Figure 7J),
excitation spreads through the epicardial BZ, generating the first
cycle of re-entry (Figures 8A–H). The re-entrant activation then
maintains, following the same circuit through the apical isthmus
(Figures 8I–P) and thus inducing even in this case a sustained
VT. We report in Figure 9B the epicardial activation time
distributions of the S2 and first reentrant excitation sequence. In
order to clarify the dynamics of the excitation sequence at the
level of the epicardial surface and transmurally, we have added
the movies SM_paz1_A2_epi and SM_paz1_A2_trans in the
Supplementary Material.

A deeper investigation has shown that the apical isthmus is
not able to directly generate a propagating excitation layer in the
overlying epicardial area, but it releases an electrotonic current
which flows into the subepicardial BZ layer, triggering the first
re-entrant excitation localized on the left of the BZ (Figure 7N).
The epicardial area overlying the apical isthmus is then excited
by the re-entrant excitation at about t= 950 ms (Figure 8A). The
same excitation phenomenon occurs during the second cycle of
re-entry. In the subsequent cycles, instead, the current flowing
through the isthmus is able to trigger directly the excitation when
it reaches the epicardium.

Summary. Stimulations from all the six pacing sites produced
re-entry, which is sustained in all cases except from site M1.
These outcomes are summarized in Figure 10, which reports

Frontiers in Physiology | www.frontiersin.org 7 March 2022 | Volume 13 | Article 83474754

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Gionti et al. Role of Scar and Border Zone on Ventricular Tachycardia

FIGURE 5 | Patient #1. M1 stimulation. (A–P) Transmembrane potential snapshots (t = 395–975 ms) on the epicardial surface and on a transmural section. t = 0

corresponds to the S1 stimulus. The S2 stimulus is applied at t = 350 ms.

for each simulation the transmembrane potential waveform
in a sample epicardial point located in the BZ, at the exit
of the transmural isthmus. We observed differences in the
dynamics of re-entry among the stimulations. In stimulations
B1, M1, A1, re-entry is triggered by an excitation layer that
propagates through the central isthmus toward the epicardial
surface. In stimulations B2, M2, A2, the pathway of re-entry

follows the apical isthmus, but during the first two cycles of
re-entry, the excitation propagating through the isthmus does
not reach directly epicardial surface. Indeed, the electrotonic
current flowing in the subepicardial BZ from the isthmus
is able to trigger excitation. All subsequent cycles of re-
entry are of the same type observed in stimulations B1, M1,
and A1.
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FIGURE 6 | Patient #1. M1 stimulation. (A–P) Transmembrane potential snapshots (t = 1,000–1,575 ms) on the epicardial surface and on a transmural section. t = 0

corresponds to the S1 stimulus. The S2 stimulus is applied at t = 350 ms. The colorbar is the same as in Figure 5.

3.2. Patient #2 LV Model
M2 stimulation site. We apply an S2 stimulus with an S1-
S2 coupling interval of 340 ms, an S3 stimulus with an S2-
S3 coupling interval of 270 ms, and an S4 stimulus with an
S3-S4 coupling interval of 300 ms. Figures 11, 12 report some
snapshots of the transmembrane potential on the epicardium and
on a circumferential transmural section, after the S4 stimulus,
being t = 0 ms the onset of the S3 stimulus. A conduction block
occurs when the excitation layer elicited by the S4 stimulation
reaches the subepicardial BZ, at about t = 450 ms, as shown
in Figure 12C. Then, the tissue in the subepicardial BZ layers

in contact with the scar does not recover completely, and an
excitation layer starts to propagate from right to left after t= 600
ms (Figures 12D–G). When this excitation layer reaches the left
lateral border separating the BZ from the healthy tissue, it triggers
an intramural re-entrant excitation propagating toward both the
endocardium and epicardium (Figures 12H–J). Excitation then
propagates through the whole LV tissue (Figures 11H–P), but
re-entry is not sustained, since it dies after the first cycle.

Summary. An analogous non-sustained re-entry
phenomenon occurs in the case of the M1 stimulation site.
Instead, in case of A1 stimulation site, no re-entry is observed.
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FIGURE 7 | Patient #1. A2 stimulation. (A–P) Transmembrane potential snapshots (t = 450–900 ms) on the epicardial surface and on a transmural section. t = 0

corresponds to the S1 stimulus. The S2 stimulus is applied at t = 350 ms. The colorbar is the same as in Figure 5.

From the other stimulation sites, we did not observe any
sustained re-entry. Thus, irrespective of the stimulation
site, sustained re-entry is never induced in the LV model of
patient #2.

3.3. Modifications of Scar and BZ
Configurations of Patients #1 and #2
In order to better understand the scar and BZ geometric features
determining the different outcomes in the two patients, we

considered the following three changes in the configuration of the
BZ layer and/or the area of the isthmus section of patient#2:

• configuration #1: we reduce the section area of the isthmus,
making it comparable with that of the central isthmus of
patient #1;

• configuration #2: wemake the subendo- and subepicardial BZ
layer thickness as thin as in patient #1;

• configuration #3: wemake the subendo- and subepicardial BZ
layer thickness as thin as in patient #1 and we also reduce the
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FIGURE 8 | Patient #1. A2 stimulation. (A–P) Transmembrane potential snapshots (t = 925–1550 ms) on the epicardial surface and on a transmural section. t = 0

corresponds to the S1 stimulus. The S2 stimulus is applied at t = 350 ms. The colorbar is the same as in Figure 5.

section area of the isthmus, making it comparable with that of
central isthmus of patient #1.

In configuration #1, after a sufficiently premature S2 stimulus
applied at site M1, the epicardial excitation layer blocks at
the exit of the isthmus, while the endocardial excitation layer
enters the isthmus, propagating toward the epicardial surface.
When it reaches the exit of the isthmus, it is unable to trigger
excitation into the sub-epicardial BZ. For the next 30 ms, the
myocardial volume is almost completely repolarized, but inside
the isthmus the transmembrane potential maintains values above

the threshold, generating an electrotonic current that flows in the
sub-epicardial BZ layer and at 1,024 ms it is able to trigger a re-

entrant excitation. However, excitation dies after the first cycle

of re-entry (see the movie SM_paz2mod_conf1_M1_epi in the

Supplementary Material).
In configuration #2, after the S2 stimulus, the excitation

layer propagating through the isthmus is able to re-excite
the subepicardial BZ layer, triggering a sustained re-entry of
type A (see the movie SM_paz2mod_conf2_M1_epi in the
Supplementary Material).
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FIGURE 9 | Patient #1. Epicardial activation time distributions of S2 and first reentrant excitation sequences for M1 (A) and A2 (B) stimulations. Below each panel is

reported the minimum, maximum, and isochrones step in ms of the displayed map.

In configuration #3, after the S2 stimulus, the excitation
layer propagating through the isthmus is able to re-excite
the subepicardial BZ layer, triggering a sustained re-entry of
type B (see the movie SM_paz2mod_conf3_M1_epi in the
Supplementary Material).

The outcomes of the previous three configurations are
summarized in Figure 13, which reports for each simulation, the
transmembrane potential waveform in a sample epicardial point
located in the BZ, at the exit of the transmural isthmus.

Finally, we modified the model of patient #1 by increasing
the thickness of the subendo- and subepicardial BZ, making
it comparable to that of patient #2. After a sufficiently
premature S2 stimulus from site M2, we were able to induce a
sustained re-entry (see the movie SM_paz1mod_M2_epi in the
Supplementary Material).

4. DISCUSSION

Improving arrhythmic risk stratification of patients with prior
myocardial infarction and mildly reduced ejection fraction is one
of the current challenges in clinical cardiology. Understanding
the mechanisms (still unclear) and the scar geometric features
that facilitate the onset of VT might help to identify patients at
high risk.

In this work, two patients affected by infarct scar, both with

LVEF > 35%, have been selected for EPS. Patient #1 resulted
positive, whereas patient #2 was tested negative. On the basis of

the information derived from their CMR data, we have developed

a finite element model of the left ventricle, taking into account
the position, extent, and topological features of the scars. Then,

we have run numerical simulations based on the anisotropic
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FIGURE 10 | Patient #1. (A–F) Transmembrane potential waveforms in the six stimulation cases, computed from an epicardial size located in the BZ, at the exit of the

transmural isthmus.

Monodomain model of electrocardiology, mimicking an S1-S4
stimulation protocol, in order to

• verify whether the numerical modeling is able to reproduce the
onset of VT in patient #1 and not in patient #2;

• ascertain the mechanisms that induce VT in patient #1;
• identify the geometric features of the infarct scar that facilitate

the onset and maintenance of VT.

The simulation results have shown that, in patient #1, sustained
VT occurs after a premature endocardial S2 stimulus. We
were able to induce re-entry from all the six stimulation sites
considered. Only in one case (M1 stimulation), the re-entry
was not sustained. Depending on the location of the stimulus,
the re-entrant circuit follows the path of the apical or central
transmural isthmus. After the S2 stimulation, the excitation
layer splits into two branches, one propagating through the
subendocardial BZ and one through the subepicardial BZ. The
mechanism that induces the onset of re-entry is the conduction
block occurring when the epicardial excitation layer reaches
the entrance of the apical or transmural isthmus, which is still
refractory. The endocardial excitation layer instead, propagating
slowly from the endocardial entrance through the isthmus,
reaches the epicardial tissue, now excitable again, generating the
re-entrant wave.

We identified two different exits of the re-entrant pathway:

• type A: the excitation layer propagating in the isthmus reaches
the epicardial tissue, now excitable again, generating the
re-entrant wave propagating over the sub-epicardium and
subsequently spreading in the whole tissue (Figures 5L, 6A,B,
14–first row);

• type B: the excitation layer propagating in the isthmus reaches
the sub-epicardial BZ layer, but it is not able to elicit a
propagating wavefront. The electrotonic load in the isthmus
generates a current flowing through the sub-epicardial BZ
layer mainly along the fiber direction.The accumulation of
the electrotonic current near the two lateral borders between
the BZ layer and the healthy tissue elicits two propagating
excitation layers spreading over the sub-epicardium and in the
whole tissue (Figures 7J–L, 14–second row).

Type A reentry is induced by stimulations B1, M1, A1, and
the reentry circuit follows the central isthmus, whereas type B
reentry is induced by stimulations B2, M2, A2, and the reentry
circuit follows the apical isthmus. The different behavior can be
attributed to:

• the slightly smaller section diameter of the apical isthmus with
respect to the central one;

• the greater transmural thickness of the central wall with
respect to the apical one;

In the LV model of patient #2, we did not observe the same
mechanisms of reentry. In this case, only after the S4 stimulus,
a conduction block occurs in the subepicardial BZ, generating a
re-entrant wave that dies after the first cycle. Thus, we were not
able to induce sustained VT in patient #2.

Consequently, the first conclusion of this study is that
our computational results agree with the EPS performed on
the two patients, confirming the effective predictive capability
of numerical simulations in discriminating patients at high
arrhythmic risk, as proposed in the pioneering papers (Ashikaga
et al., 2013; Arevalo et al., 2016).
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FIGURE 11 | Patient #2. M2 stimulation. (A–P) Transmembrane potential snapshots (t = 350–1,150 ms) on the epicardial surface. t = 0 corresponds to the S3

stimulus. The S4 stimulus is applied at t = 300 ms. The colorbar is the same as in Figure 5.

Analyzing the topology of the scar and BZ of the two patients,
we note that in both cases, the scar is characterized by at least
a transmural BZ isthmus, whereas the main differences between
the two scar configurations are the following:

• the scar extent, since that of patient #1 occupies a portion of
LV larger than that of patient #2;

• the isthmus thickness, since the isthmus of patient #2 is thicker
than those of patient #1;

• the subendocardial and subepicardial BZs thickness, since
those of patient #2 is significantly thicker than those of
patient #1.

The scar extent plays an important role in determining VT, since
patients with large scars are more likely to undergo VT than

patients with small scars, as also observed in our previous work
by Colli-Franzone et al. (2019). In order to understand whether

also the thickness of the BZ plays a role in determining the
onset and maintenance of sustained re-entry, we modified the

configuration of the BZ layer and/or the area of the isthmus

section of the two patients. The results have shown that, making

the epicardial BZ of patient #2 as this as that of patient #1, even
thoughmaintaining the original small scar dimensions, sustained
VT can be induced after the programmed stimulation protocol.
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FIGURE 12 | Patient #2. M2 stimulation. (A–P) Transmembrane potential snapshots (t = 350–1,100 ms) on a transmural section. t = 0 corresponds to the S3

stimulus. The S4 stimulus is applied at t = 300 ms. The colorbar is the same as in Figure 5.

On the other hand, in patient #1, increasing the thickness of
the epicardial BZ does not alter significantly the inducibility of
sustained VT.

Summarizing, the second conclusion of the present work
is that scar configurations with transmural BZ isthmuses and
subendo- and subepicardial BZ are likely to be arrhythmogenic.
The presence of a transmural BZ isthmus is crucial to determine
the onset andmaintenance of re-entry since the pathway followed
by the simulated re-entrant circuits always passes through
the isthmus. However, its thickness does not seem to affect
significantly the induction of re-entry. For sufficiently large
scars, such as that of patient #1 (about 1400 mm2), sustained
re-entry occurs irrespectively of the thickness of the subendo-
and subepicardial BZs. On the other hand, for smaller scars,
such as that of patient #2 (about 800 mm2), thin (less than
2 mm) subendo- and subepicardial BZs facilitate the onset
and maintenance of re-entry. This result is in agreement with
previous experimental studies reported in Peters et al. (1997) and
Wit et al. (1982).

4.1. Clinical Implications
We identified at CMR a geometric pattern of scar and
BZ, characterized by thin subendo- and subepicardial BZ

FIGURE 13 | Modifications of patient #2. (A–C) Transmembrane potential

waveforms in the three modified configurations, computed from an epicardial

size located in the BZ, at the exit of the transmural isthmus. M1 stimulation.
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FIGURE 14 | Patient #1. Reentry of types A and B. (A–H) Transmembrane potential snapshots on transmural sections across the central isthmus (First row) and

across the apical isthmus (Second row). t = 0 corresponds to the S1 stimulus. The S2 stimulus is applied at t = 350 ms. First row: Reentry of type A related to M1

stimulation. Second row: Reentry of type B related to M2 stimulation.

and transmural BZ isthmuses, provides a major risk for
sustained VT inducibility at EPS. This information is easy
to use in daily routine and could be added to known
non-invasive risk factors to identify patients with ischemic
cardiomyopathy and moderate systolic disfunction to submit
to EPS.

4.2. Limitations
In order to reduce the computational effort, the numerical
simulations were performed considering the monodomain
instead of the bidomain representation of the cardiac
tissue and we neglected the presence of the Purkinje
network, that might play a role in influencing the patterns
of reentry.

We also considered only scar formations with compact
fibrosis, treated as non-conductive obstacles. A recent study
(Nezlobinsky et al., 2021) has focused on the influence of various
non-compact fibrotic textiles on the arrhythmogenic substrate.
The BZ in our study was modeled as an electrical homogeneous
tissue, with uniform thickness, instead of a highly heterogeneous
region, both from the electrical and geometric point of view;
(Peters et al., 1997; Ciaccio et al., 2007).

Furthermore, the electro-mechanical coupling
was disregarded in our study. For the inclusion of
mechanical and hemodynamical models in the numerical
simulations of arrhythmias, we refer to the recent paper
(Salvador et al., 2021).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this
article will be made available by the authors, without
undue reservation.

AUTHOR CONTRIBUTIONS

VG, RD, and CS have collected and analyzed the clinical
data, planned, and written the manuscript. SS, PC, and LP
have developed the mathematical model and numerical solver,
performed the numerical simulations, planned, and written
the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

SS was supported by grants of MIUR (PRIN 2017AXL54F_003)
and INdAM-GNCS. PC was supported by grants of INdAM-
GNCS. LP was supported by grants of MIUR (PRIN
2017AXL54F_002) and INdAM–GNCS.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.834747/full#supplementary-material

The Supplementary Material consists of the text file
supplementary.docx and eight movies:

SM_paz1_M1_epi | Patient #1, M1 stimulation, evolution of the epicardial

transmembrane potential distribution after the S1 stimulus (t = 0 ms) and the S2

stimulus (t = 350 ms). The reentry follows the central transmural isthmus and dies

after two cycles.

SM_paz1_M1_trans | Patient #1, M1 stimulation, evolution of the transmural

transmembrane potential distribution after the S1 stimulus (t = 0 ms) and the S2

stimulus (t = 350 ms). The reentry follows the central transmural isthmus and dies

after two cycles.

SM_paz1_A2_epi | Patient #1, A2 stimulation, evolution of the epicardial

transmembrane potential distribution after the S1 stimulus (t = 0 ms) and the S2
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stimulus (t = 350 ms). The reentry follows the apical transmural isthmus and

is sustained.

SM_paz1_A2_trans | Patient #1, A2 stimulation, evolution of the transmural

transmembrane potential distribution after the S1 stimulus (t = 0 ms) and the S2

stimulus (t = 350 ms). The reentry follows the apical transmural isthmus and

is sustained.

SM_paz2mod_conf1_M1_epi | Modification of patient #2, configuration #1, M1

stimulation, evolution of the epicardial transmembrane potential distribution after

the S1 stimulus (t = 0 ms) and the S2 stimulus (t = 350 ms). The reentry dies after

the first cycle.

SM_paz2mod_conf2_M1_epi | Modification of patient #2, configuration #2, M1

stimulation, evolution of the epicardial transmembrane potential distribution after

the S1 stimulus (t = 0 ms) and the S2 stimulus (t = 520 ms). The reentry follows

the transmural isthmus and is sustained.

SM_paz2mod_conf3_M1_epi | Modification of patient #2, configuration #3, M1

stimulation, evolution of the epicardial transmembrane potential distribution after

the S1 stimulus (t = 0 ms) and the S2 stimulus (t = 520 ms). The reentry follows

the transmural isthmus and is sustained.

SM_paz1mod_M2_epi | Modification of patient #1, M2 stimulation, evolution of

the epicardial transmembrane potential distribution after the S1 stimulus (t = 0 ms)

and the S2 stimulus (t = 350 ms). The reentry follows the transmural isthmus and

is sustained.
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Identifying Acute Cardiac Hazard in
Early Drug Discovery Using a Calcium
Transient High-Throughput Assay in
Human-Induced Pluripotent Stem
Cell-Derived Cardiomyocytes
Hua Rong Lu1*, Mohamed Kreir 1, Van Ammel Karel 1, Fetene Tekle2, Danny Geyskens1,
Ard Teisman1 and David J. Gallacher1

1Global Safety Pharmacology, Predictive, Investigative and Translational Toxicology, Nonclinical Safety, Beerse, Belgium,
2Discovery and Nonclinical Safety Statistics, Statistics and Decision Sciences, Quantitative Sciences, Janssen R&D, A Division of
Janssen Pharmaceutica NV, Beerse, Belgium

Introduction: Early identification of cardiac risk is essential for reducing late-stage attrition
in drug development. We adapted the previously published cardiac hazard risk-scoring
system using a calcium transient assay in human stem cell-derived CMs for the
identification of cardiac risks recorded from the new hiPSC-CM line and investigated
its predictivity and translational value based on the screening of a large number of reference
and proprietary compounds.

Methods: Evaluation of 55 reference drugs provided the translation of various
pharmacological effects into a single hazard label (no, low, high, or very high hazard)
using a Ca2+-sensitive fluorescent dye assay recorded by -by FDSS/µCell Functional Drug
Screening System (Hamamatsu on hiPSC-CM line (FCDI iCell Cardiomyocytes2).

Results: Application of the adapted hazard scoring system in the Ca2+ transient assay,
using a second hiPS-CM line, provided comparable scoring results and predictivity of
hazard, to the previously published scoring approach, with different pharmacological drug
classes, as well as screening new chemical entities (NCE’s) using a single hazard label from
four different scoring levels (no, low, high, or very high hazard). The scoring system results
also showed minimal variability across three different lots of hiPSC-CMs, indicating good
reproducibility of the cell line. The predictivity values (sensitivity and specificity) for drug-
induced acute cardiac risk for QT-interval prolongation and Torsade de pointes (TdPs)
were >95% and statistical modeling confirmed the prediction of proarrhythmic risk. The
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outcomes of the NCEs also showed consistency with findings in other well-established
in vitro and in vivo cardiac risk assays.

Conclusion: Evaluation of a large list of reference compounds and internal NCEs has
confirmed the applicability of the adaptations made to the previously published novel
scoring system for the hiPSC-CMs. The validation also established the predictivity for drug-
induced cardiac risks with good translation to other established preclinical in vitro and in
vivo assays, confirming the application of this novel scoring system in different stem cell-
CM lines for early cardiac hazard identification.

Keywords: stem cells, cardiomyocytes (hiPS-CMs), cardiac hazard risk, HTS assay, translation

INTRODUCTION

Early detection and elimination of new chemical entities (NCEs)
with potential cardiac safety risks in drug discovery is essential for
reducing late-stage attrition. Importantly, this strategy can reduce
the potential risk for participants in clinical studies, and reduce
wasted investment costs in late-stage development and increase
the likelihood of advancing safe and effective novel therapeutics.
The primary focus of cardiac safety within the current regulatory
guidelines is to avoid drug-induced potentially life-threatening
arrhythmias such as torsade de Pointes (TdP) (Gintant et al.,
2016; Lu et al., 2017). TdP is associated with prolongation of QT-
interval, which is primarily linked to the inhibition of human
ether-a-go-go current (hERG), which encodes the pore forming
a-subunit of rapidly activating delayed rectifier current potassium
current (IKr), in various species including human. In addition to
QT prolongation, other pharmacological actions can result in
drug-induced cardiac toxicities such as QT shortening (Lu et al.,
2008) and QRS widening (Lu et al., 2010), which are also
associated with conduction abnormalities and even
companying with non-TdP-like ventricular tachycardia (VT)
or ventricular fibrillation (VF). These later drug-induced
cardiac toxicities, which are not related to QT prolongation
(or with hERG inhibition), are also to be covered during early
drug discovery in pharmaceutical research and
development (R&D).

Human-induced pluripotent stem-cell-derived
cardiomyocytes (hiPSC-CMs) are now applied as part of early
safety de-risking of NCEs (Authier et al., 2017) (2005, Ovics et al.,
2020) and were evaluated in one of the workstream elements of
the Comprehensive in vitro Proarrhythmia Assay (CiPA)
initiative (Colatsky et al., 2016; Gintant et al., 2016). Within
the CIPA workstream, the Myocyte Team, coordinated by the
Health and Environmental Sciences Institute (HESI) and the US
Food and Drug Administration (FDA), conducted studies with 28
reference drugs known to have different potential risks in humans
using various technologies including microelectrode array (MEA)
and voltage-sensing optical action potential recording in hiPSC-
CMs (Blinova et al., 2018). The International Conference on
Harmonization (ICH) final Concept paper on S7B and E14 Q&A
(2018) also supports the use of human stem cell assays in
preclinical safety screening Food and Drug Administration,
HHS (2005). Additionally, a Ca2+ dye t assay to define the

drug-induced QT prolongation and proarrhythmic risks of
CIPA drugs was also successfully validated in hiPSC-CMs
across multiple test sites (Lu et al., 2019).

Uses of Ca2+-sensitive fluorescence dyes in Stem cell-CM
cultures provide imaging of intracellular Ca2+ transients,
resembling both the rise and decay of cytosolic Ca2+ during a
cardiac action potential (Blanchette et al., 2018) (Bootman et al.,
2018). The Ca2+ transient model in hiPSC-CMs gives multiple
indirect electrophysiological readouts, and could be considered a
high-throughput screening (HTS) assay for detecting drug-
induced cardiac liabilities. Earlier research works showed the
translational value of the Ca2+ transient measurement assay on
hiPSC-CMs (CTCM) assay, based on the outcomes of reference
drugs with known liabilities in humans (Lu et al., 2015; Rast et al.,
2015; Bedut et al., 2016; Dempsey et al., 2016; Zeng et al., 2016;
Watanabe et al., 2017; Kopljar et al., 2018b). The readout of Ca2+

transient assay is similar to that of the voltage-dye readout on
hiPSC-CMs as a HTS screening assay (Mathur et al., 2015; Lu
et al., 2017), but the utility of the calcium assay (CTCM) is less
expensive (Kopljar et al., 2018b; Lu et al., 2019). Furthermore,
hiPSC-CMs are known to have more relevant pharmacological
responses in comparison with the existing hERG-mediated ion
current assay and certain nonhuman action potential studies in
isolated cardiac tissue or Langendorff isolated heart assays
(Takasuna et al., 2017). The application of the CTCM assay,
which permits HTS evaluation of a large number of NCEs, has
been facilitated by the introduction of a score algorithm, which
can be used to rank NCEs based on the degree of hazard in a
pharmacological response manner on the assay ((Kopljar et al.,
2018b). However, as the algorithm is cell-line specific, the key
challenge is to implement the scoring system for other hiPSC-CM
lines. A straightforward approach is needed to introduce the
scoring system for different lines of hiPSC-CMs. In the current
study we used data obtained from iCell Cardiomyocytes2 to
develop the algorithm for this cell line using the same
principles that were employed to an earlier cell line (Cor.4U-
Cardiomyocytes) (Kopljar et al., 2018b). Ideally, the HTS CTCM
data from another hiPSC-CM line should be adapted to provide a
similar unified score that should be able to rank NCEs, based on
hazard score in a concentration-dependent manner. Additionally,
we have demonstrated the predictivity and sensitivity of the
CTCM assay in this cell line for assessing drug-induced acute
cardiac risks, and the statistical modeling predictor for long QT
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and TdP. We also investigated the translational value of the
CTCM assay for prediction of liabilities in other established
in vitro and in vivo nonclinical assays, e.g., hERG assay,
isolated cardiac tissue (in vitro), and anesthetized guinea pigs
(in vivo).

METHODS

The concept of cardiac hazard identification used in the current
study was similar to the approach used earlier with the Cor.4u cell
line (cardiomyocytes) (Kopljar et al., 2018b). In the present study,
we used another cell line (iCell® Cardiomyocytes) to introduce
the acute hazard score system to rank compounds based on the
various parameters in the Ca2+ transient assay. (Figure 1).

Cell Culture and Reagents for the
Maintenance of hiPSC-CMs
A commercially available hiPSC-CM cell line was used (iCell
Cardiomyocytes2: Catalog number R1017, Kit/lot 12,012; Fujifilm

Cellular Dynamics Inc., Madison, WI, United States) for the
study. Cells were pre-plated and seeded in fibronectin-coated 96-
well plates at a density suited to form a monolayer and
maintained in culture in a stage incubator (37°C, 5% CO2)
according to the instructions of the cell provider. The
experiments with test drugs were carried out 5–7 days after
plating cells on the plate to have living, beating monolayer
cardiomyocytes. The beating monolayer was taken from frozen
vials iCell Cardiomyocytes2 (≈5 million cells/vial), which were
plated onto three 96-well plates (≈50K/well).

To investigate whether there could be lot-to-lot variability
with hiPSC-CMs, we tested 55 drugs, known cardiac risks, in
one lot of iCell Cardiomyocytes2 (Lot 12,012), 19 common
reference drugs in another lot of iCell Cardiomyocytes2

(Lot105091) as well as in iCell Cardiomyocytes (Lot
103,674) (non-square cells). The experiments with test
drugs were carried out 5–7 days for iCell Cardiomyocytes2

and 12–15 days (for iCell Cardiomyocytes) after plating cells
to have living, beating monolayer cardiomyocytes (≈5 million
cells/vial/96-well plates) (≈50K/well). Cells from these lot
numbers were from the same donor (Apparently healthy

FIGURE 1 | (A) Workflow of Acute Cardiac Hazard Identification. Drugs were tested in hiPSC-CMs using calcium dye imaging. Responses in hiPSC-CMs were
analyzed based on several measured parameters to define the range of hazard scores. This strategy for determining concentration-dependent hazard and ranking of
compound candidates is represented schematically. (B) Examples of calcium transient recordings showing effects on different measured parameters, arrhythmic
responses, and abnormal function: calcium transient duration at 90% of repolarization (CTD90), beat rate (BR), amplitude (Amp); EAD-like arrhythmia, fibrillation-like
arrhythmia, low amplitude transients (below beat quantification level; BBQL) and cessation of beating. (C) Example Ca2+ transient tracings showing tracings of vehicle,
dofetilide (3 nM), nimodipine (100 nM), and isoproterenol (100 nM) at 30 min.
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normal, female, Caucasian, age <18) (according to FUJIFILM
Cellular Dynamics).

Calcium Transient Measurements
The method for the Ca2+ transient assay used in the present study
has been described previously (Zeng et al., 2016; Kopljar et al.,
2018a; Kopljar et al., 2018b).

On the day of the experiment, the culture medium in the 96-
well plates containing the monolayers of hiPSC-CMs was
replaced with Tyrode’s solution (Sigma, No. T2397)
supplemented with 10 mM HEPES together with KCl to yield
isokalemic (4.2 mM K+) conditions.

The Ca2+-sensitive fluorescence dye Cal-520™ AM (Cat.
no.21131; AAT Bioquest) was used to capture the intracellular
Ca2+ transients in hiPSC-CMs. The protocol used was as
described in Kopljar et al. (2018a). Briefly, Cal-520 was
incubated for 70 min followed by a wash-out with
supplemented Tyrode’s solution and a 30-min recovery before
starting the experiments at 37°C. On the day of the experiment,
these solutions were further diluted with the supplemented
Tyrode’s solution. Compounds were added automatically using
the Functional Drug Screen System (FDSS/µCell; Hamamatsu,
Japan) head stage by adding 100 µl of the 2-fold concentrated
compound solution to wells with hiPSC-CMs already containing
a volume of 100 µl of the experimental solution, reaching the final
intended test concentration in 0.1% DMSO.

The spontaneous beating activity of hiPSC-CMs was assessed
through measurement of the Ca2+ fluorescence signal integrated
over the whole well. Ten minutes before starting the recordings,
the experimental plates were put into the FDSS system for
stabilization and a baseline recording was captured for 4 min
followed by compound addition. The effect of the compounds
was recorded around 30 min after compound addition. The Ca2+

transient signals were sampled every 16 ms (frame rate of
62.5 Hz) in hiPSC-CMs maintained at 37°C during the
acquisition time. Calcium transient duration at 90% of
repolarization (CTD90) is considered to be a surrogate for
action potential duration at 90% repolarization or QT-interval
of the electrocardiogram (Spencer et al., 2014). In addition, beat
rate (BR = peak count/min) and amplitude (amp = difference
between max. and min of every beat) were measured, and
incidence of cellular arrhythmias, e.g., EAD-like activity
(considered a surrogate of TdP), cessation of beating (~ stop
beating), and below beating below quantification level (caused by
low amplitude of the Ca2+ transient or by ectopic beat: BBQL)
were also recorded (Figures 1B,C).

Compound Selection, Drug Dilution, and
Addition
The compounds and their respective test concentrations were
selected based on the CiPA compound list (Blinova et al., 2018
#240) and from our earlier publication (Kopljar et al., 2018b).
Four DMSO stocks for each drug concentration were prepared
and either used on the same day or aliquoted and frozen.
Concentrated (2-fold) testing solutions (50-fold for sequential
dosing) for each concentration were prepared freshly on the day

of testing by diluting DMSO stocks into the experimental
medium. Two-fold dilution was done when drugs were added
to the experimental well to achieve targeted concentration. For
sequential dosing, DMSO concentrations were adjusted
sequentially up to 0.1% at the highest concentration to achieve
the targeted concentration of each drug. Each compound
concentration was tested in 5-6 replicates.

Dofetilide (3 nM), isoprenaline (100 nM), and nimodipine
(300 nM) were used as the positive controls, while cetirizine
(300 nM) was used as the negative control. A total of 55
reference compounds were used in this study with different
known clinical cardiac risks.

Statistical Analysis for the Determination of
the Score System
For all individual experiments, delta percent (Δ%) at 30 min with
respect to the baseline value was calculated [e.g., Δ% for CTD90 =
(CTD90 30 min-CTD90 0 min)/CTD90 0 min) × 100]. The
following two statistical approaches were used to make
decisions about a compound’s effect.

First, the tolerance interval (TI)-based categorization, where the
Δ% values of all (pooled) DMSO wells (experiments in this study)
were centered around zero (corrected with the mean) and the
parametric 90–95% (p = 0.90 & 1-α = 0.95) tolerance interval (TI)
was calculated (Liao et al., 2005). TIs indicate an interval where, with a
certain confidence level (1- α = 0.95), a specified proportion (p = 0.90)
of a sampled population falls. The lower and upper limits based on the
TI values were used as cut-offs for the vehicle-corrected net effect
(ΔΔ%) values of the compounds to categorize them. These ΔΔ% net
effects were the values obtained after normalization for baseline (Δ%
vs. baseline) per well and the aggregated compound-treated wells are
vehicle corrected by subtraction with the aggregated Δ% of the
corresponding DMSO wells from the same plate [e.g., ΔΔ% =
median Δ% drug - median Δ% DMSO]. The categorization was
made first for each concentration and then aggregated per compound
and test site. If a net effect (ΔΔ%) at a given concentration of a
compoundwas below the lower limit of the TI, then it was categorized
as “decreased”; if the net effect was within the DMSO TI then it was
categorized as “no effect,” and if the net effect was above the upper
limit of the TI then it was categorized as “increased.” At the
compound level, a compound was categorized as “increased” if it
was in a category “increased” in at least one of the four concentrations.
Similarly, a compound was categorized as decreased if it was in a
category “decreased” in at least one of the four concentrations. Based
on TI values, we determined the cut-off values for the hazard score
system (Kopljar et al., 2018b).

Data are expressed as means ± SEM. All statistical analyses
were performed using SAS® software (Copyright© 2002–2012
SAS Institute Inc.).

Sensitivity, Specificity, and Predictive Value
of Potential Cardiac Risks in the Assay
Significant prolongation of CTD90 observed in this assay was
considered a surrogate for drug-induced QT prolongation and
TdP risk. Since some drugs cause QT prolongation in humans at
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overdoses and/or in combination with other drugs, the
predictivity values were calculated at free maximal plasma
concentration in human (fCmax) and also at a threshold of 10
X fCmax or 30X fCmax. The list of reference drugs that have QT-
prolongation and potential risk for TdP in humans was taken
from the ParmaPendium® (www.pharmapendium.com) and
from our recent publication (Kopljar et al., 2018b). A true
positive (TP) was defined as QT prolonging drugs that
significantly prolonged CTD90, while true negative (TN) was
defined as non-QT prolonging drugs in humans that did not
prolong CTD90 at a tested concentration. A false negative (FN)
was defined as a known QT-prolonging drug that did not prolong
CTD90, while a false positive (FP) was defined as a non-
prolonging QT drug that significantly prolonged CTD90 at >
30-fold fCmax. Sensitivity was calculated as the % of QT-
prolonging drugs correctly predicted based on CTD90

prolongation in this assay [TP/(TP + FN)]. Specificity was
calculated as the % of non CTD90 prolonging drugs correctly
predicted as non-QT prolonging drugs [TN/[(TN + FP)]. Positive
predictive value (PPV) was calculated as: PPV = [TP/(TP + FP)],
while negative predictive value (NPV) was NPV = [TN/
(TN + FN)].

Statistical Modeling of Drug Proarrhythmic
Potential Based on its hiPSC-CMs Effects
The modeling used in this study was primarily based on the
seven predictors from the measurement parameters in MEA as
given in the CiPA publication (Blinova et al., 2018), with a
slight modification. Data on effects of 55 drugs with known
clinical risk of TdP obtained from all experimental sites were
used to construct a model that would predict TdP risk category
of a drug based on its effects on hiPSC-CMs. Seven modified
endpoints from hiPSC-CM experiments used as potential
model predictors (Blinova et al., 2018) were: Predictor 1,
drug-induced cessation of beating and early
afterdepolarization (EAD) at any concentration; Predictor 2,
describes the ability of a drug to induce arrhythmia-like events
(EAD) in over 40% of wells in hiPSC-CMs; Predictor 3, CTD90

(ms) at the first drug concentration with statistically significant
(p ≤ 0.05) prolongation or shortening; Predictor 4, reflects the
amount of drug-induced repolarization prolongation
(CTD90% of baseline) at the lowest concentration where
statistically significant change from the baseline was
observed or maximum prolongation at any of the studied
concentrations; Predictors 5 and 6, account for
concentrations of a drug relative to its fCmax when
prolongation of CTD90 or incidence of arrhythmia-like
event was first observed; and Predictor 7, an estimated
amount of CTD90 prolongation that a drug would induce at
its clinical fCmax. We added predictor 8 that includes drug-
induced cessation of beating in ≥40% of wells at any
concentration, which added an extra value to detect drug-
induced slow conduction time or inhibiting spontaneous
beating.

Logistic regression models (Model 1 and Model 2) were then
used (high or intermediate risk vs. low risk–Model 1, and high vs.

low and intermediate-risk vs. low risk–Model 2) on all eight risk
predictors according to the CiPA publication (Blinova et al.,
2018).

Lot-to-Lot Variability
To investigate lot-to-lot variability in hiPSC-CMs, we tested 19
drugs with known clinical cardiac risk in other lots of iCell
Cardiomyocytes2. Fifty-five reference drugs were tested in iCell
Cardiomyocytes2 -Lot12012, 18 reference drugs were tested in
iCell Cardiomyocytes2 (Lot105091), and 18 reference drugs were
tested in iCell Cardiomyocytes (Lot103674) (nonsquare cells).

Comparison of Outcomes Between the
Current CTCM Human Assay in hiPSC-CMs
(iCell-Cardiomyocytes2) and the Earlier
Stem Cell-Derived Cardiomyocytes
(Cor.4u

®
Cardiomyocytes)

To investigate the reproducibility of the cardiac hazard risk
predictions from the different cell lines, we compared the
present data with the results of 55 reference drugs obtained
from hiPSC-CMs (iCell Cardiomyocytes2) to the data obtained
from another cell line which was published previously (Kopljar
et al., 2018b).

Evaluation of the Translatability of the
Scored Hazard Potential of NCEs in the
Calcium Transient Assay in hiPSC-CMs to
Other Nonclinical in Vitro and in Vivo
Cardiac Safety Assays Including Animal
Models
We also evaluated the translational predictability of the risk
scores of NCEs in the CTCM assay to our complementary
cardiac safety models: hERG assay, isolated rabbit wedge
preparation (ex vivo) (Lu et al., 2016), and anesthetized
guinea-pig (in vivo) models (Kopljar et al., 2018b) using
the Software - SPEcII (Unlimit-IT, Belgium). All the
experiments involving the use of animals have been
conducted in accordance with “The provision of the
European Convention” on the protection of vertebrate
animals that are used for experimental and other scientific
purposes, https://rm.coe.int/168007a67b.

RESULTS

Acute Cardiac Hazard Scoring System
We applied our previously reported strategy andmethodology for
the development of a cardiac hazard scoring system based on
phenotypic readouts from Ca2+ transient imaging to a different
hiPSC-CM cell line (iCell Cardiomyocytes2) (Figure 1A). For a
qualitative evaluation of hiPSC-CMs, each test plate (i.e., 96
unique experiments) contained 0.15 DMSO controls, together
with several control drugs (cetirizine, isoprenaline, nimodipine,
and dofetilide). These drugs have different pharmacological
classes and were served as a pharmacological reference set for
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FIGURE 2 | Determination of Cutoff Values Using Statistical Tolerance Intervals (TIs) to Build a Hazard Scoring Matrix. The TIs (dashed lines within graphs) for
vehicles and positive controls to determine bidirectional cutoffs for CTD90 to bemild or strong effects (Panel A), BR (Panel B), and Amp (Panel C). TIs from vehicle (n = 368)
were applied to define the “no effect” cutoffs as well as the cut-off between “no effect” and “mild effect.” Panel (A): Nimodipine (300 nM; n = 173) and dofetilide (3 nM; n =
178) were used to determine “strong” CTD90 shortening and prolongation cut-offs, respectively. Panel (B): Isoprenaline (100 nM; n = 171), and 0.1% DMSO (n =
368). TIs were used to define “strong” BR increase. Panel (C): Nimodipine and isoprenaline were used to define “strong” amplitude decrease and increase, respectively.
Tolerance intervals (Δ%) were corrected for vehicle offset to determine the cut-offs (ΔΔ%). (D): Scoring points for hazard score identification: The scoring matrix shows a
points card where for each parameter a weighted score is given depending on the size and direction of the ΔΔ%effect. (E): Calculation of hazard level based on the sum
of points across all parameters. (F): Pie charts showing the scoring of various reference drugs over multiple studies. Cetirizine (3 μM; n = 104), isoproterenol (100 nM; n =
143), nimodipine (300 nM; n = 124), dofetilide (3 nM; n = 131). n indicates the number of studies; each study contained 4–8 individual experiments.
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FIGURE 3 | Evaluation of reference drugs for cardiac hazard. Fifty-five reference drugs were scored for cardiac hazard using the scoring matrix. “Known TdP”,
“conditional TdP”/potential TdP′ groups show the marketed medicine containing these warnings in their FDA label, as well as some reference drugs that are known to
block Na+ channels, shorten QT, or have other mechanisms acting on cardiac receptors or other ion channels. Concentrations were tested according to the therapeutic
fCmax (shown in italics), as described in our previous publication (Kopljar et al., 2018b). n. a, not available.
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the development of the hazard scoring system. Cetirizine is a real
negative control known not to have any clinical cardiac liabilities.
Nimodipine was used as a calcium channel antagonist and
isoprenaline is a beta-adrenergic agonist. Dofetilide is a hERG
blocker associated with QT prolongation and proarrhythmic TdP
risk in humans. Pharmacological effects in hiPSC-CMs were
investigated after a 30-min incubation period and normalized
against the respective baseline recording, yielding a Δ% change in
CTD90, BR, and Amp.

The current hazard scoring outcome was largely similar to
our previously reported scoring system for the Cor.4u cell line
(Kopljar, 2018 #245, based on the TIs and its modified cut-off
values of key parameters: CTD90, beat rate, amplitude, and
incidence of arrhythmic events (EAD and cessation of
beating). The scoring matrix was determined based on the
cut-offs between the different effect zones for each parameter
(Figure 2). The “no effect” zone shows minimal changes in a
parameter that is within vehicle variability, whereas “mild”
and “strong” zones are determined frommild to large changes
bidirectionally (e.g., CTD90 shortening and prolongation).
The cut-off values are net changes (ΔΔ% changes vs. baseline
and vehicle), which are based on the statistical tolerance
intervals (TIs) (Δ% changes vs. baseline). TIs indicate an
interval where, with a certain confidence level, a specified
proportion of a sampled population falls. Vehicle treatments
showed low variability in Δ% change for CTD90, BR, and Amp
with respect to baseline (Figure 2). Cardiac hazard scoring
for the tested compound at a given concentration was given
into the following risk classification hazard score (color
labels): “No” (green), “Low” (yellow), “High” (red), and
“Very High” (black). No hazard labeling means that a
tested compound’s effects were within the vehicle
variability. Low hazard score indicates that the effects were
outside the vehicle variability, with = low or limited risk. High
hazard score gives a strong concern whereas the very high

hazard score suggests potentials to cause cardiac
arrhythmias-EADs.

Investigation of the Hazard Scoring System
Based on the outcomes of the positive/negative controls and the
reference drug list used in another cell line (Cor.4U) (Kopljar,
2018 #245), we validated the results in this new hiPSC-CM cell
line (iCell Cardiomyocytes2) which was essential for using the scoring
system for hazard identification ofNCEs.Figure 2F shows the hazard
distribution for control drugs (at a single concentration) tested in
numerous studies. Cetirizine at 1 µM (16-fold the fCmax) as a negative
control was exclusively identified to be a no hazard agent.
Nimodipine at 300 nM (15-fold fCmax) (n = 124) and
isoproterenol (n = 143) at 100 nM (63-fold fCmax) are both
cardio-active agents that were identified within the low and high
hazard zones (95 and 92%, respectively). Dofetilide at 3 nM (2-fold f
Cmax) (n = 131) was correctly identified as yellow (8%), high (red
color) (21%), or very high (black color) (71%) hazard score.

Following up, we validated the hazard scoring (as defined in
Figure 3) using 55 reference drugs and their respective known
clinical risk relative to their fCmax. These reference drugs are
categorized based on their pharmacological mechanism or level
of cardiac side effects in men (Figure 4). Indeed, negative control
drugs have no reports of cardiac liabilities in humans and are
expected to be proven to be “no hazard” for concentrations up to
10- to 30-fold fCmax. All negative controls were found to have “no
hazard” (green). The only special case was raloxifene at clinically
irrelevant concentrations (3–10 μM; ≥2500-fold the clinical fCmax).

We investigated the potential hazard scoring system for drugs,
known to be associatedwithQT prolongation and a certain degree of
TdP risk in humans (Figure 3) (These drugs were categorized into
two groups according to the FDA label or described in www.
torsades.org: conditional TdP/potential TdP risk, and known TdP
incidence. In cases of overdose, drug–drug interactions, or in certain
high-risk individuals (Woosley et al., 2018). The rank order of

FIGURE 4 | Concentration-dependent effects of adenosine, carbachol, and ivabradine on beat rate and CTD90 in hiPSC-CMs. Panels (A–C): Concentration-
dependent changes in CTD90 and beat rate. Panel (D): Identification of significant decrease in the beat rate in the current hazard scoring system by adding extra score
points for decrease in beat rate (i.e., ≥30%-ΔΔ%).
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incidence of EADs or degree of prolongation of CTD90 could be
found to be co-related well to known TdP drugs > potential TdP risk
or “Conditional TdP risk.” Only the antidepressant olanzapine was
not found to be with any hazard level, most likely because of the fact
that the highest tested concentration was 100 nM, which is around
fCmax. This concentration might be too low, since olanzapine was
also only found to significantly inhibit hERG at a concentration of
6 µM, which is at 90-fold fCmax (Titier et al., 2005).

Although the main focus within preclinical safety
pharmacology in most pharmaceutical companies is on
drug-induced QT prolongation and TdP, other
pharmacological mechanisms affecting different cardiac
ionic currents can also result in cardiac toxicity such as,
e.g., QRS widening or QT shortening. Na+ channel
blockers such as primidone and phenytoin, which are
considered relatively safe in humans, had little impact on
hiPSC-CMs (Green score) and another Na+ channel blocker,
mexiletine, caused some cessation of beating only at a very
high concentration (100 µM = 67x fCmax), resulting in a Red
score in the current study, similar to that in the CIPA
validation study (Blinova et al., 2018). However, most Na+

blockers also inhibit hERG current at similar concentrations,
which are readily detected as CTD90 prolongation and
incidence of EADs leading to “low” to “very high” risk
(Figure 3).

Ca2+ channel antagonists resulted in strong responses in hiPSC-
CMs, showing a marked decrease in amplitude companying with
CTD90 shortening and pronounced beat rate increase. The cardiac
IKATP channel opener and the hERG activator (ICA-105574), which
shortened CTD90, were also characterized in the present study.

Additional pharmacological mechanisms including beta-
adrenergic agonists (isoproterenol, dobutamine, and
salbutamol), Na+/K+ ATPase inhibitors (digoxin and ouabain),
calcium channel activator (BAYK8644), and a nonselective 5-
HT4 agonist (tegaserod), which were withdrawn from the market
due to adverse cardiovascular events, were also validated in the
present study and showed similar acute hazard scoring outcome
as determined in Cor.4U cell line. As expected, BaCl2 (an IK1
inhibitor) had no effect on hiPSC-CMs since it is known that
most current commercial hiPSC-CMs lack functional IK1
channels (immature phenotype) (Goversen et al., 2018;
Pourrier and Fedida 2020). Similarly, IKs inhibitor (JNJ-303)
was not detected in hiPSC-CMs (Kopljar, 2018 #245).

In the previous score system with Cor.4u cell line (Kopljar et al.,
2018b), significant drug-induced decrease in beat rate did not
significantly impact hazard score because the maximal decrease in
beat ratewas only adding 5 pointswhile the threshold for theminimal
hazard score (Yellow; low risk) was 10 points. In the current updated
scoring system, significant decreases induced by the muscarinic
acetylcholine receptor M2 agonist (carbachol), adenosine receptor
agonist (adenosine), and funny channel current (If) inhibitor
(ivabradine) were identified as potential “low” risk (Yellow) by
adding 10 points for the decrease in beat rate by ≥ −30% (delta/
delta from baseline and 0.1% DMSO control) (Figure 4). With this
update in the scoring paradigm for changes in beat rate, we identified
29 out of ~3,000 screened reference and proprietary compounds that
decreased beat rate by ≥ 30%. These 29 compounds include

carbachol, adenosine, zatebradine, ivabradine, arecoline,
methacholine, ibutilide, flecainide, and other internal NCEs.

Lot-to-Lot Variability
To investigate the lot-to-lot variability in responses/scores of
hiPSC-CMs provided by the vendor, some of the reference
drugs that prolong QT and/or have TdP risks (total of 19
compounds) were tested in different lots.

The mean baseline Ca2+ transient parameter values were
amplitude (3,470, 2,854, and 2017 RLU), beat rate (28, 26, and
34 beats/min), and CTD90 (947, 1,006, and 790 ms) for lot 12,012
(iCell Cardiomyocytes2) (n = 2,463), lot 105091 (iCell2

Cardiomyocytes2) (n = 521), and lot 103674 iCell
Cardiomyocytes) (n = 400), respectively. There were no
incidences of EADs or cessation of beating at baseline. The
responses to the positive controls (isoproterenol, nimodipine,
and dofetilide) and the negative controls (cetirizine or DMSO)
were qualitatively similar among the three lots. For example,
dofetilide (3 nM) prolonged CTD90 by 305% in lot 12,012 (n =
144), 330% in lot 10,591 (n = 28), and 234% in lot105091 (n = 20),
and incidence of EADs was similar among the two iCell
Cardiomyocytes2 lots and the iCell Cardiomyocytes: 63, 71,
and 65% incidence of EADs, respectively.

Responses to three drugs that do not prolong QT or have no
TdP risk (captopril, ebastine, atenolol) were similar among the
iCell Cardiomyocytes2 and iCell Cardiomyocytes2 lots: “no
hazard”/green color, Figure 4). Interestingly, the cardiac risk
scores for 10 drugs known to prolong QT and induced TdP were
also similar in two lots of iCell Cardiomyocytes2 and iCell
Cardiomyocytes. However, EAD incidence for dl-sotalol was
much higher in iCell Cardiomyocytes (10 µM) compared to
the two lots of iCell-Cardiomyocytes2 (3 and 10 µM). Five
reference drugs with other mechanisms of acute cardiac risk
(hERG activator, IKATP channel opener, Ca2+ antagonist, and
Na+ channel blockers) were also similar among the three lots with
slight variations acceptable for any in vitro assay (Figure 5).

Analysis of Sensitivity, Specificity, and
Predictivity Values
We analyzed the potential acute cardiac risks of 55 reference
drugs with known degrees of risk in humans using the current
hazard scoring system based on changes in beat rate, amplitude,
CTD90, and incidence of arrhythmias. We compared the cardiac
risk of these 55 reference drugs based on our scoring system to the
potential for clinical QT-prolongation/TdP risk, QT-shortening,
QRS-prolongation, or all potential cardiac arrhythmias (i.e., non-
TdP like VT/VF, bradycardia, etc.). Based on the numbers of true
positives (TP),true negatives (TN), false positives (FP), and false
negatives (FN), we calculated sensitivity (TP/(TP + FN)),
specificity (TN/(TN + FP)), and balanced accuracy (TP + TN).

In summary, the total cardiac risks prediction was at 95%: 10
no cardiac risk drugs were all negative (green score), and for QT-
prolongation/TdP risk on this CTCM assay with a balanced
predictivity of 90%, sensitivity of 85%, and 95% specificity
(Figure 6). FP was at 0 out of 43 while FN was at 2 out of 12
compounds (BaCl2 and JNJ-303: experimental drugs).
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Comparison of the Acute Cardiac Hazard
Cardiac Risks Between the Current Cell
Line-hiPSC-CMs (iCell Cardiomyocytes2)
and Cor.4U Cell Line in the Ca2+ Transient
Assay
Fifty-five reference drugs were tested in iCell
Cardiomyocytes2 in the current study and compared to
Cor.4U in the CTCM assay (Kopljar et al., 2018b). The
acute cardiac hazard scores of these 55 reference drugs
were similar between the 2 cell lines. The prediction values
of acute cardiac risk and QT prolongation/TdP risk in both
cell lines were >90% (Figure 5A). When taking into account
the fold over its fCmax (Figure 7B): <10 -fold fCmax: the
predictive value with the Cor.4u cell line was slightly higher,
and at <30 or <100 -fold fCmax, the iCell Cardiomyocytes2

had slightly higher predictive values compared with the

Cor.4u cell line. However, both cell lines were equal in
defining cardiac risks in general.

Statistical Modeling of Drug Proarrhythmic
Potential
In addition, we used statistical modeling of proarrhythmic
potential for the 55 drugs with known clinical risk for QT-
prolongation and TdP based on the results from CTCM assay
and hazard scoring system. Eight endpoints from the CTCM
assay were used for potential mode predictors that include seven
predictors defined in the CiPA publication ((Blinova et al., 2018)),
and an additional predictor: cessation of beating was included (Lu
et al., 2019): Predictors 1 and 2 indicate a test drug that elicited an
arrhythmia-like event (i.e., early afterdepolarization: EAD):
Predictor 1 (binary): did any drug induce EAD at the tested
concentration [0 = no EAD; 1 = EAD)]; Predictor 2 (binary): EAD

FIGURE 5 | Evaluation of Cardiac Hazard Risk of Nineteen Reference Drugs in Two iCell-Cardiomyocytes2 Lots (12012 and 105091) and one iCell Cardiomyocyte
Lot (103674). Reference drugs were scored for cardiac hazard using the described scoring matrix. “no TdP risk,” “TdP risk,” and “other mechanism” groups represent
drug categories based on FDA labels for marketed drugs.

FIGURE 6 | Comparison of Sensitivity, Specificity, and Balanced Accuracy of Cardiac Risk Assessment Between iCell Cardiomyocytes2 and Cor.4U cell line. Left
Panel: Overall cardiac risk; Middle Panel: QT-prolongation and potential TdP risk; Right Panel: Cardiac risk predictability based on different multiples of fCmax level of the
55 reference drugs known to have potential cardiac risks in humans.
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observed at any concentrations in ≥40% wells (0 = no; 1 = yes);
Predictor 3: first drug concentration with statistically significant
(p ≤ 0.05) prolongation or shortening of repolarization; Predictor
4: defined the maximal drug-induced changes in repolarization
(CTD90) observed at any concentration; Predictor 5: defined drug
concentration (multiple of fCmax) at the first statistically
significant (p < 0.05) prolongation of CTD90; Predictor 6:
accounted for the first drug concentration relative to its
clinical fCmax to induce EAD; Predictor 7: had drug-induced
changes in CTD90 (ms) at ~ its free Cmax; Predictor 8 (binary):
caused cessation of beating at any concentration in ≥40% of wells
(0 = no; 1 = yes).

As described in the CiPA publication, two logistic regression
models for the potential TdP risk group were used: Model 1: had
high or intermediate risk vs. low risk and Model 2: had high risk
vs. low risk and intermediate risk vs. low risk.

The results of the 55 reference drugs including a large set of
CiPA compounds in the statistical model are shown in Figure 7.
The models predicted well for high- and intermediate-risk drugs
as well as for low-risk drugs with identified incidence in humans.

There were very limited drugs overlapping between the
intermediate- and low-risk drug (e.g., raloxifene). However,
the concentrations used in the study were substantially higher
compared with its f Cmax in humans (1.2 nM). Raloxifene is a
selective estrogen receptor modulator that is used for women with
postmenopausal osteoporosis and is not associated with QT-
prolongation in clinic. Raloxifene was reported to inhibit IKr with
an IC50 at 1.1 µM and IKs with an IC50 at 4.8µM, and voltage-
gated Na+ current with an IC50 at2.8 µM (Liu et al., 2010). This
may explain the identified activity in the current assay at much
higher concentrations compared with free Cmax (>1,000 fold its
Cmax) that could be associated with some risk for QT-
prolongation.

Assessment of the Hazard Potential of
NCEs
Sequentially, we investigated 839 NCEs including Janssen
discovery research projects based on molecules (Figure 8A).
Compounds were tested at a wide concentration range
(0.1–10 µM). Hazard evaluation identified that the most of
NCEs were classified within the “no hazard” group at
concentrations less than 10 μM, with a portion showing risk at
the highest concentration of 10 µM. 839 NCEs (54%) were found
to be no hazard over the entire tested concentration range.
Additionally, for compounds with identified hazard, the levels
increased in a concentration-dependent manner. At 1 µM and
higher, over 50% of the compounds did show some effects
associated with a certain hazard level in hiPSC-CMs, with the
“high hazard”mainly at 10 µM. The proportion in the “very high”
compounds, linked to arrhythmic-like EADs, was relatively small
at 10 µM with some incidence also observed at lower
concentrations.

Although the hazard score classification is used as an initial
indicator for potential for cardiac toxicities, further analysis in
other models is necessary to help to better understand the
pharmacological mechanisms involved, ultimately leading to a
comprehensive integrated hazard identification. Therefore, we
separated the low from high hazard groups (at 1, 3, and 10 µM) in
terms of the directional effect on CTD90 (Figure 8B). CTD90

prolongation was mainly cause of hazard labeling among
compounds for all hazard-concentration combinations
(Figure 8B). At 1 and 3 μM, high hazard identification was
mostly caused by CTD90 prolongation, and by the
combination of CTD90 prolongation and beat stop (cessation
of beating) at 10 µM.

Translational Value of CTCM Human Assay
Compared to hERG and QT Assessment
A sum of 121 compounds were tested in both the hERG patch-
clamp and CTCM assays at the similar concentration ranges
(Figure 8C). There were 66 compounds with no risk in the
CTCM assay: 53 out of 66 compounds showed hERG inhibition
≥25% while 13 of 66 compounds showed no effect in the hERG
assay. There were 55 of 121 compounds that had low to very
high hazard score in the CTCM assay, and only 5 of these 55

FIGURE 7 | Statistical Modeling of Cardiac Risk. (A) Model 1
(dichotomous model): prediction of TdP risk category as either low or
intermediate and high risk combined (averaged). (B) Model 2; ordinal model
prediction as low, intermediate, or high TdP risk category. Both models
are based on the predictors published in the CiPA paper (Blinova et al., 2018),
with a slight modification based on the nature of the current study.
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FIGURE 8 | Hazard score investigation using the scoring system on Janssen NCEs in early R&D. (A) Pie charts showing the concentration-dependent distribution
of different hazard score levels (n = 839). (B) Detailed analysis of proportion of effects on CTD90 (increase or decrease) and incidence of beat stop (BS) or fibrillation in low
and “high risk” categories by concentration (1, 3, and 10 µM) on CTCM assay. Panels (C–E): The outcome of acute cardiac hazard scores in CTCM assay was compared
to the inhibition among 121 compounds in the hERG assay (Panel C), to the effects on QT interval or QRS duration among 73 compounds in isolated rabbit
ventricular wedge assay (Panel D), and to the effects on QTcB interval and QRS duration among 26 compounds in anesthetized guinea-pigs (Panel E). In Panel D, the left
side pie: labeled Overall: including effects on both QT interval and QRS duration on a total of 73 compounds. In Panel E, the left side pie: labeled Overall: including effects
on both QTcB interval and QRS duration on a total of 26 compounds. Confirmed: matching outcome between the two assays. Not Confirmed: not matching outcome
between two assays.
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compounds (9%) showed no effect in the hERG assay, while 50
of 55 compounds (91%) were confirmed active in the hERG
assay, indicating that the drug-induced hazard scores were
primarily due to inhibition of hERG current. The difference
between the CTCM assay and the HERG assay could be caused
by the effects on the CTCM assay not only mediated by affecting
HERG current but also on other cardiac ion channels/receptors,
or due to small % of false positive and negative on HERG assay.

Seventy-three compounds (acute hazard scores from the
CTCM assay) were also tested in the isolated rabbit
ventricular wedge preparation (Figure 8D). From 52 of these
73 compounds that had hazard scores in the CTCM assay, 96%
(50 out of 52 compounds) had effects on either QT interval or
QRS or both QRS and QT-interval in the isolated rabbit wedge
assay, while only two (4%) had no effects on QRS or QT-interval
in the isolated wedge preparation. Of the 21 of 73 compounds that
had no hazard score in the CTCM assay 43% (9 of 21 compounds)
were confirmed to have no effects in the isolated rabbit wedge
preparation while 57% (12 of 21 compounds) had effects on QT
interval and/or QRS: 8 compounds had QT effects; 3 had both QT
and QRS effects, and 3 widened only QRS duration. However, the
effects of these compounds on QT interval and QRS duration in
the wedge preparation were relatively small.

Twenty-six compounds that had hazard scores in the CTCM
assay were also tested in anesthetized guinea pigs (in vivo)
(Figure 8E): Of the compounds that had no risk (green) in
the CTCM assay, eight were also found to have no effects in
anesthetized guinea-pigs in terms of changes in QRS duration and
QTcB interval. One compound (terfenadine) slightly shortened
CTD90 and caused cessation of beating in the CTCM assay, but
significantly prolonged QRS duration and QTcB interval in the
anesthetized guinea pig at much higher plasma levels than that of
the CTCM assay. Terfenadine is known to have solubility issues
in vitro and possibly resulting in less than nominal concentrations
in the CTCM assay (Lu et al., 2012). In addition, terfenadine is
rapidly metabolized in the liver to an active metabolite. Of
seventeen compounds that scored yellow/red/black risk hazard
scores in the CTCM assay, 71% were confirmed as positive in the
anesthetized guinea pig. However, 29% of these 17 compounds (5
of 17 compounds) did not have significant effects in anesthetized
guinea pigs in terms of changes in QRS duration and QTcB
interval. Explanations for some of these discrepancies include:
One compound slightly shortened CTD90 and tended to shorten
QTcB interval in vivo; the free plasma levels of another four
compounds (high plasma protein binding in vivo) were much
lower than in the CTCM assay.

DISCUSSION

Human stem cell-derived CMs are now applied to evaluate
cardiac liabilities as part of early de-risking in drug research
and development (R&D). In our earlier publication ((Kopljar
et al., 2018b)), we introduced a hazard scoring system to aid in the
selection of new chemical entities (NCEs) devoid of acute cardiac
risks. In the present study, we successfully applied the same
principles of the previous hazard score system to a different

hiPSC-CM line (iCell Cardiomyocytes2), using statistical TI (s)
and cut-off values for the key parameters from Ca2+ transient
fluorescence recordings, based on DMSO controls and a
validation set of 55 clinically known reference drugs that
included positive and negative controls for various parameters.
Statistical analysis (tolerance intervals) on a large historical data
set of vehicles and control drugs helped the development of a
detailed scoring system with differentiation of size and direction
of effect for each parameter. We documented and confirmed the
utility of various parameters [(CTD90, beat rate, amplitude,
cessation of beating, BBQL, fibrillation-like event and EADs) ],
measured in spontaneously beating hiPSC-CMs to generate a
hazard identification score from data of the different
pharmacological classes of drugs. To our knowledge, this is a
more extensive approach relative to most other studies using
hiPSC-CMs, where the focus is exclusively on APD-related
parameters (e.g., field potential duration or CTD90) associated
with changes in the QT interval. The hazard coring system, based
on the measurement of a Ca2+ transient in hiPSC-CMs (CTCM),
can help detect and define cardiac hazards beyond drug-induced
QT prolongation, such as QT shortening, beating rate changes,
and slowing of conduction. This hazard score system can also
identify potential hazards of drug-induced significant decreases
in beating rate mediated by mechanisms such as muscarinic
acetylcholine receptor M2 stimulation (carbachol), adenosine
receptor agonist (adenosine), and If inhibitor (ivabradine),
which was lacking in our previous hazard scoring system
derived from Cor.4U-cell line Figure 8). With the newly
updated hazard score system, by adding an extra 5 points to
the risk score for drug-induced decrease in beat rate (total 10
points for decreases in rate by ≥ 30%), we now are able to identify
this additional hazard as a low hazard score (Yellow) in 2.9% of
3,019 NCEs tested in this cell line. We have used the hazard
scoring system to simplify the analysis of complex drug-induced
effects on hiPSC-CMs and provide a scoring system to identify
and select safe NCEs facilitating the progress of these molecules in
early R&D. Interestingly, a decrease in beat rate ≥30% has limited
propensity to prolong CTD90 (Figure 4): The prolongation of
CTD90 is still within the cut-off values of DMSO controls in these
cases, which indicates that the rate dependence of CTD90 in this
in vitro assay is not the same as in vivo, where QT interval must
generally be corrected for heart rate.

The discovery and development of novel NCEs is a long and
expensive process, and there is a considerable rate of attrition
resulting in part to a safety concern. Therefore, an in vitro assay
capable of detecting safety issue early in discovery and
development, particularly cardiac safety, is crucial for optimized
candidate selection and reduction of human risk in clinical trials
and with drugs approved for use in patients This assay and the
scoring system defined and described in this study can be readily
applied to select the best drug candidates based on safety.

Our validation set of 55 reference drugs included the large set
of CiPA compounds, used in the FDA/HESI (Blinova et al., 2018)
and JiCSA (Kanda et al., 2018) studies, and showed comparable
risk assessment. The models were highly predictive for high- and
intermediate-risk drugs as well as for low-risk drugs, based on
known risks in humans. There were a few apparent examples of
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inconsistency between risk scores in the CTCM and level of risk
in humans (e.g., raloxifene). Raloxifene is a selective estrogen
receptor modulator that is broadly used in the treatment of
postmenopausal osteoporosis and known to not prolong QT
interval at therapeutic doses. In the present study, the
concentrations of raloxifene used were higher than of its fCmax

in humans (1.2 nM). Raloxifine presented with a red hazard score
(high risk) but this was only observed at >2000 folds of its fCmax.
At ~700–800 folds fCmax. raloxifene had a green score (low risk),
consistent with its clinical safety profile. Raloxifene has been
reported to inhibit cardiac delayed rectifier K+ currents at high
exposures (IKr: IC50 = 1.1 µM and IKs = 4.8 µM), which may
explain the high hazard score and potential for QT prolongation
at >2000 folds its fCmax.

Importantly, we also documented that there was very little lot-
to-lot differences in hazard scoring results for 19 common
reference drugs in iCell Cardiomyocytes2 (two lots) and iCell
Cardiomyocytes (one lot).

Additionally, the specificity, sensitivity, and predictivity values for
the cardiac risk assessment of 55 reference drugs were very high
(>95%). The functional output of the current platform using Ca2+

transients enabled phenotypically relevant readouts of acute cardiac
risk in vitro. The hazard scoring system predicted potential for long
QT/TdP risk of 55 reference drugs as well as total cardiac risks (drug-
induced short QT and VF-like) with over 95% specificity, sensitivity,
and total balanced cardiac riskwhen comparedwith the known risk in
humans. Importantly, the hazard scoring system predicted the cardiac
risks of the 55 reference drugs mostly within the range of
therapeutically relevant free plasma concentrations (fCmax)
(Figure 6). The set of 55 reference drugs in the study covered a
broad range of different drug classes with different pharmacological
mechanisms that include both cardiovascular and noncardiovascular
drugs. Using such a large set of reference drugs we were able to
establish a hazard scoring system that can be applied in the selection of
safeNCEs early in the drug discovery process. Although a threshold of
>10-(>30- or≤100- fold) fCmaxwas used for analyzing the scoring and
assessing the predictivity of the assay, it should be noted that in many
in vitro assays concentrations up 30-fold fCmax are normally
considered relevant for predicting cardiac effects in humans
(Redfern et al., 2003). In both the present and the CiPA stem cell
validation study (Lu et al., 2019), four concentrations were used to
capture fCmax levels with 10- and 30-fold fCmaxmargins. Additionally,
cardiac and noncardiac drugs including disopyramide, terfenadine,
diphenhydramine, domperidone, fluoxetine, and sertindole, etc., are
known to have functional cardiac effects in vitro assays atmuch higher
concentrations than their fCmax level (>30–100 folds fCmax) (Redfern
et al., 2003). (Pacher et al., 2000; Eckardt et al., 2002).

To add value and gain confidence to the predictions and compound
selection, screening results in this novel assay and scoring system for
cardiac safety also need to be consistent with existing established early
nonclinical screening assays, as well as more complex follow-up
preclinical assays. Therefore, we evaluated the translational value of
the current assay compared with other in vitro assays (such as the
hERG current assay and the ex vivo-isolated rabbit left ventricular
wedge preparation, as well as the anesthetized guinea-pig model, an
established sensitive in vivo model to detect electrocardiographic risk
(Testai et al., 2004; Lu et al., 2016)). The scoring system validation in

the CTCM assay, based on reference and internal proprietary
compound evaluation, was largely consistent with hERG assay
results in terms of CTD90 prolongation, despite some false positives
and negatives, as might be expected for compounds with more
complex electrophysiological actions. The scoring outcome from the
CTCM assay was also largely confirmed in anesthetized guinea pigs
and the isolated rabbit wedge ventricular preparation (Figures 8C–E).

The scoring system that we developed provides a reliable way
to readily identify the concentration-dependent level of cardiac
risk by concentration for NCEs based on Ca2+ transient
measurement in hiPSC-CMs using multiple functional
parameters including beat rate, CTD90, and amplitude.
However, despite the great promise of the current scoring
system for predicting acute cardiac risks, a few limitations still
exist. Similar to other in vitro assays, the current HTS assay does
not detect potential effects of active drug metabolites, which
would only be detected in an in vivo study or by directly
testing the known active metabolite in the current assay. Poor
solubility may also be an issue. Moreover, similar to any in vitro
assay using hiPSC-CMs, these cells are not fully matured,
although they express key cardiac genes and have comparable
function of most cardiac ion channels and receptors, and this
might influence the responses to some drugs in hiPSC-CM line.
That could cause difference between hiPSC-CMs and isolated
cardiac tissue assays.

Our current model validation data with 55 reference drugs
showed predictions of drug-induced cardiac hazard score in
hiPSC-CMs (iCell-Cardiomyocytes2) that were found to be
similar to those in another cell line (Cor.4U Cardiomyocytes)
(Kopljar et al., 2018b), indicating the adaptability and consistency
of our scoring system approach. Screening of drug-induced
effects in hiPSC-CMs can also be performed using different
detection technologies, e.g., measurements of extracellular filed
action potentials (Ando et al., 2017), impedance/MEA (Zhang
et al., 2016; Bot et al., 2018), video motion imaging (Hayakawa
et al., 2014), and voltage-sensitive dyes (Bedut et al., 2016). The
principles used for the development of our scoring system could
also be adapted for use in these other human cardiomyocyte
systems using the same principles defined within this study.

In conclusion, the acute cardiac hazard score system applied to
the Ca2+ transient assay using different hiPSC-CM cell lines
should be useful for the identification and selection of NCEs
for further investigation. The CTCM HTS assay system in our
hands is user-friendly, and relatively inexpensive.
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Golden Standard or ObsoleteMethod?
Review of ECG Applications in Clinical
and Experimental Context
Tibor Stracina1, Marina Ronzhina2, Richard Redina2,3 and Marie Novakova1*

1Department of Physiology, Faculty of Medicine, Masaryk University, Brno, Czech Republic, 2Department of Biomedical
Engineering, Faculty of Electrical Engineering and Communication, Brno University of Technology, Brno, Czech Republic,
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Cardiovascular system and its functions under both physiological and pathophysiological
conditions have been studied for centuries. One of the most important steps in the
cardiovascular research was the possibility to record cardiac electrical activity. Since then,
numerous modifications and improvements have been introduced; however, an
electrocardiogram still represents a golden standard in this field. This paper overviews
possibilities of ECG recordings in research and clinical practice, deals with advantages and
disadvantages of various approaches, and summarizes possibilities of advanced data
analysis. Special emphasis is given to state-of-the-art deep learning techniques intensely
expanded in a wide range of clinical applications and offering promising prospects in
experimental branches. Since, according to the World Health Organization, cardiovascular
diseases are the main cause of death worldwide, studying electrical activity of the heart is
still of high importance for both experimental and clinical cardiology.

Keywords: electrocardiogram, ECG recording, animal model, deep learning, ECG analysis, artificial intelligence,
isolated heart, arrhythmia classification

1 INTRODUCTION

Cardiovascular disorders are the major cause of death in developed countries. Due to the change of
lifestyle, their incidence increases recently also in countries where cardiovascular morbidity and
consequent mortality have not been considered a problem until now. Enormous economic and social
burden of such situation promotes further research of both physiological and pathophysiological
cardiovascular processes.

Cardiac action starts with electrical event—membrane depolarization—which is then followed by
a mechanical response, e.g., cardiac muscle contraction. After this event, called systole, the cardiac
cycle continues with diastole (membrane repolarization and consequent muscle relaxation).
Obtaining quite detailed information about electrical activity of the heart seems to be technically
easier than obtaining comparably detailed information about mechanical events.

The first attempts to study electrical processes related to cardiac action were performed already in
the 19th century (AlGhatrif and Lindsay, 2012), based on the experience with recording electrical
current from skeletal muscles even a century earlier. The first successful recording of electrical
activity of human heart was achieved in 1887 by the British physician and physiologist Augustus
Waller (Besterman and Creese, 1979). His contribution to this area is so important that it is rather
unfair that his name is not mentioned together with the so-called father of electrocardiography,
Dutch physiologist and physician Willem Einthoven. Einthoven, a Nobel Prize winner in 1924, is
highly recognized since he standardized the whole method: he introduced the term
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“electrocardiogram” (ECG), reported a typical ECG of a healthy
man with five deflections labeled P, Q, R, S, and T, and, last but
not least, built a sort of the first ECG recorder based on a string
galvanometer. Soon after the first clinically relevant attempts to
record the human ECG curve, the method was used by other
researchers who improved the recording possibilities and thus
opened a new medical field—cardiology. Worth mentioning are
especially Wilson and Goldberger, who introduced the central
terminal thus enabled to record unipolar leads and their
augmented version. All other research in heart
electrophysiology proceeded from these key steps.

Concurrently to above-described milestones of ECG
development and its establishment into routine clinical use,
researchers were interested in electrical changes accompanying
the heart activity other than whole-body models. The
fundamental approach in this area is the isolated heart model.
First, successful isolation and perfusion of frog heart were
achieved by Elias Cyon and Carl Ludwig (Zimmer, 1998).
Then, a model of isolated perfused mammalian heart was
introduced by H. Newell Martin and Oscar Langendorff. The
latter invented and published in 1895 a perfusion setup which is
suitable for all hearts with a coronary system. Nutrition is
supplied to the heart muscle by perfusion solution,
administered via a cannula inserted into the aorta of the fully
explanted heart. The hydrostatic pressure of the solution closes
the aortic valve, and solution enters the coronary arteries, leaves
via sinus coronarius, and drips off.

A model of isolated heart perfused according to Langendorff
(also known as Langendorff’s heart) is the first experimental
setting which enables recording of electrical activity of the heart
in the style which resembles the ECG (Olejnickova, Novakova,
and Provaznik, 2015). Of course, there were some attempts to
record electrical activity of the heart before introduction of this
model; however, the quality of recording and consequently the
scientific impact of such data were low.

2 ECG RECORDING

2.1 Clinical Perspective
From Einthoven’s first ECG recording system till now, ECG
recording has undergone huge transformation from a full-
analog system to fully computerized ECG recorders
(Rautaharju, 2016). Regardless of technological progress, the
basic clinical approach—12-lead ECG recording—is still based
on Einthoven, Wilson, and Goldberg’s inventions. A standard 12-
lead configuration contains three bipolar limb leads originally
introduced by Einthoven (I, II, and III), three Goldberg’s
augmented unipolar limb leads (aVL, aVR, aVF), and six
unipolar chest leads (V1–V6), where a Wilson central terminal
serves as the reference electrode. Ten skin electrodes are placed on
the left wrist or arm (LA), on the right wrist or arm (RA), on the
left leg (LL), on the right leg (RL), and on the chest (V1–V6).
Chest leads (V1–V6) cover small part of the chest circumference.
Therefore, for specific purposes, modified chest leads, shifted to
different intercostal spaces or to completely different positions,
are used. For example, the leads V3R–V6R are placed on the right

side of the chest mirroring leads V3–V6. Such modification is
useful for diagnostics of ECG abnormalities originated in the
right ventricle.

The 12-lead ECG configuration gives spatial information
about the cardiac electric activity (Kalra, Lowe, and Al-
Jumaily, 2019). Since ECG leads have both positive and
negative poles, they may be viewed from two spatial
directions. The standard 12-lead ECG system presents the
“positive” ECG leads in a single well-ordered sequence in the
transverse plane (chest leads V1–V6), but in two separate non-
anatomical sequences in the frontal plane (I–III and aVR–aVF).
Moreover, the aVR lead shows the cardiac electric activity from
the right-side view, but the other eleven leads show the heart
activity from the left-side view. The direction of the deflections in
the aVR lead tends to be opposite to that in all other leads. In such
presentation, it is usually hard to integrate consideration of lead
aVR into overall ECG interpretation. To cope with such
problems, an orderly presented ECG system was introduced.
The so-called Cabrera system is based on two modifications of
the standard 12-lead ECG: 1) changing aVR polarity (–aVR) and
2) changing re-organization of limb leads in the anatomical order
(aVL, I, –aVR, II, aVF, III) (Lam, Wagner, and Pahlm, 2015).
Even suchmodificationmay help to easily interpret ECG changes,
and only Sweden has adopted the Cabrera system as a national
standard.

Reconstruction of the cardiac vector movement from the 12-
lead ECG is—despite all modifications—arduous and
imagination-demanding. For such analysis, orthogonal leads
are much more useful. Orthogonal leads record the electric
activity from three perpendicular axes of the body (horizontal,
vertical, and sagittal). Frank leads are one of the most clinically
relevant orthogonal systems.

The standard 12-lead system is mostly used for ambulatory
ECG recording. Also, such recording is used during the exercise
stress test. Ambulatory 24 h ECG monitoring—Holter
monitor—is employed in diagnostics of paroxysmal cardiac
events (such as paroxysmal arrhythmias). The Holter monitor
may use a 12-lead system; however, modern devices record two or
three modified leads only (Kalra, Lowe, and Al-Jumaily, 2019). In
case of rare symptoms, an implantable loop recorder is valuable
(Giada et al., 2007). Such long-term monitor is placed under the
skin on the chest and can automatically record long continuous
signals (up to 3 years) (Kalra, Lowe, and Al-Jumaily, 2019).
Recently, several innovative methods for ECG monitoring
were introduced, including patch sensors, EPIC (electric
potential integrated circuit) sensors, chest harnesses, and vest
shirts (Kalra, Lowe, and Al-Jumaily, 2019; Soroudi et al., 2019). A
general trend is to minimize electrodes and make devices
wearable, remote-controlled, and programmable.

A typical ECG curve shows five deflections labeled P, Q, R, S,
and T. The P wave reflects depolarization of the atria. Deflections
Q, R, and S create a thin complex—QRS complex, which
represents ventricular depolarization. The R peak is always
positive (pointing upward). Deflection Q is always the negative
deflection preceding R peak. Deflection S is always the negative
deflection following R peak. Depending on the orientation of
ECG lead, some of the deflections of the QRS complex may not be
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expressed. The fifth deflection—the T wave—reflects
repolarization of the ventricles. Between the end of P wave
and the onset of QRS complex, a period of isoelectric line
called the PQ segment is found. The PQ segment represents
atrioventricular (AV) conduction or AV delay. The PQ segment
together with the P wave forms a PQ interval. The PQ interval
duration reflects propagation of depolarization from the atria to
the ventricles. Between the end of QRS complex and the onset of
T wave, there is a period of isoelectric line called the ST segment.
During the ST segment, all the ventricular cardiomyocytes are
fully depolarized, resting in the plateau phase of the action
potential. Complete electric revolution of the ventricle is
represented by a QT interval—the period from the onset of
the QRS complex to the end of the T wave. The distance of
two consecutive R peaks—RR interval—represents the duration
of one electric cycle of the heart; therefore, it defines the heart
rate. The amplitude of deflections as well as polarity of P and T
waves depends on the orientation of ECG lead. This topic is out of
the scope of this article, and therefore, it is not discussed here.

ECG recording plays an irreplaceable role in diagnostics of
various cardiovascular diseases. Diagnostics of arrhythmias is
completely based on an ECG record. Moreover, the QT interval
prolongation—an independent risk factor for ventricular
arrhythmias—can be detected exclusively from an ECG.
Typical ECG changes, such as the ST segment elevation and T
wave alteration, are related to coronary artery disease and
myocardial infarction. According to the specific changes in the
12-lead ECG record, an occlusion of coronary artery can be
localized. Also, left ventricular hypertrophy can be diagnosed
with high sensitivity and specificity from the ECG record (Yu
et al., 2021). Also, other cardiovascular diseases can manifest
themselves as ECG curve alterations—for instance, myocarditis,
pericarditis, myocardial fibrosis, amyloidosis, and inherited and
acquired defects (such as dextrocardia, mitral stenosis, or
regurgitation). ECG-based diagnostics of pulmonary embolism
represents a specific issue. Although advanced techniques such as
echocardiography, computed tomography, or magnetic
resonance are widely used, the diagnostic role of
ECG—especially in acute pulmonary embolism—is still highly
valued by clinicians (Van Mieghem et al., 2004). However, it is
necessary to emphasize that ECG signs of pulmonary embolism
may be imitated by severe pneumonia or pneumothorax.

ECG may also help in diagnostics of numerous non-
cardiovascular diseases (Van Mieghem et al., 2004). Typical
ECG curve alterations are detectable in electrolyte imbalances,
such as hyperkalemia and hypocalcemia. Both hyperthyroidism
and hypothyroidism are presented by heart rate alterations and
non-specific ST-T changes. Specific ECG changes are associated
with various disorders of the central nervous system, e.g.,
subarachnoid hemorrhage, head trauma, and acute meningitis.
Hypothermia and hyperthermia cause characteristic ECG
alterations. Last but not least, there are many drugs with
cardiovascular side effects. Drug-induced ECG alterations have
to be considered during treatment by antiarrhythmics, beta-
blockers, antibiotics, antihistamines, antipsychotics, and others.

Innovative approaches of ECG recording bring new challenges
in ECG interpretation. Reduction of the employed electrodes

leads to the reduction of ECG lead number. Recently, diagnostic
potential of reduced-lead ECG was discussed during the
PhysioNet/Computing in Cardiology Challenge (Reyna et al.,
2021). The results suggest that two leads can be enough for
some of the used diagnostics. However, the accuracy of the
diagnostics depends also on the particular combination of
leads (Reyna et al., 2021). On the contrary, a device which
enables to record a high number of ECG leads has been
introduced and successfully tested for detection of life-
threatening events in a human phantom equipped with an
ECG simulator (Wojcik et al., 2021).

2.2 Animal Perspective
The quality (sampling rate and resolution) of the ECG record is
important particularly in animals of high heart rate (mice, rats).

If the electric activity is recorded directly from the surface of
the heart, the term “electrogram” (EG) should be preferred. In
isolated heart models, originally the electric activity was recorded
by needle or hook electrodes attached directly into the cardiac
muscle. However, mechanical irritation caused by electrode
attachment may induce ventricular arrhythmias. To minimize
it, only one pair of electrodes is usually attached, and thus, one EG
lead is recorded. A less-invasive approach is possible if the
isolated heart is immersed into the bath containing saline (e.g.,
Krebs–Henseleit or Tyrode solution). Then, an EG is recorded
contact-less by electrodes placed on the inner surface of the bath
(Figure 1A). Various numbers and positions of electrodes may be
used including a two-dimensional lead system (Ronzhina et al.,
2017) or three-dimensional orthogonal lead system (Janousek
et al., 2010). Such approach minimizes mechanical irritation of
the heart and allows to record more than one EG lead. However,
moving artifacts may compromise EG analysis.

To study more complex responses of the cardiovascular
system including neuro-humoral regulatory mechanisms, a
whole-body animal model has to be engaged. Various animal
species are used to study heart electric activity—including
zebrafish, small rodents (mouse, rat, guinea pig), rabbit, dog,
pig, and others. A broad range of methods are used to record the
ECG in animals. Generally, the methods can be divided into two
groups: 1) methods used in anesthetized animals and 2) methods
enabling ECG recording in conscious animals.

In small animals, including rodents and rabbit, the ECG is
frequently recorded in general anesthesia (Ha, Oh, and Kang,
2020). In anesthetized animals, needle electrodes are usually
placed under the skin of thorax or limbs. Alternatively, clip or
strip electrodes can be fixed to the paws. Other non-invasive
approaches, such as standard skin electrodes, are less effective due
to thick fur of the animals. If non-invasive attachment of the
electrodes is preferred, the fur has to be shaved. Also, contact
conductive ECG gel may improve the signal transduction. The
position of the electrodes usually copies standard bipolar limb
leads well known in human ECG. ECG recording in general
anesthesia is quite common if acute events are studied, such as
potential arrhythmogenicity of drugs or drug candidate
substances (Marks et al., 2012; Sakaguchi et al., 2009). ECG
recording using needle electrodes can also be useful to
monitor cardiac activity during any surgical procedure. The
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recording of ECG in anesthetized small animals is quite easy to
perform. General anesthesia minimizes the stress and ensures
minimal movement of the animal (except of the breathing).
However, the effect of anesthetics on the cardiac electric
activity must be considered (Figure 1B) (Redfors, Shao, and
Omerovic, 2014; Sano et al., 2016; Wren-Dail et al., 2017; Liu
et al., 2019).

ECG recording in zebrafish represents a specific chapter. In the
last two decades, zebrafish became a valuable model in
experimental cardiology due to its fast reproduction, low
maintenance cost, easy breeding, possibility of genetic
manipulation, extensive developmental characterization, and
optical transparency (Gut et al., 2017; Duong et al., 2021).
Moreover, zebrafish cardiac electric activity is comparable to
that of man (Duong et al., 2021). Therefore, several devices for
ECG recording in zebrafish were introduced. Most of the
approaches require anesthesia or paralysis of the fish. Recently,
devices for long-termmonitoring of zebrafish were developed and
validated (Duong et al., 2021; Le et al., 2022).

If the unwanted effect of general anesthesia may interfere with
the experimental purpose, ECG recording in conscious animals is
preferred. Even in small animals, the ECG can be recorded using
telemetric monitoring (Kramer et al., 2001; Ruppert et al., 2016).
Telemetric systems enable to record minimally one lead of ECG
in conscious, freely moving animals (Figure 1C). A telemetric
unit—microprocessor, battery, and sensors or electrodes for
recording of various biosignals—is usually implanted into the
abdominal cavity or under the skin. ECG electrodes are fixed

subcutaneously. After the implantation, the animal must recover.
Then, the ECG can be repeatedly recorded. Such approach is
highly valued in long-term studies of drug cardiotoxicity or new
drug candidates’ efficiency as well as in chronobiological studies.
It usually allows to record the ECG simultaneously with body
temperature, arterial blood pressure, or acceleration (movement)
of the animal. Such polygraph may uncover subtle dysregulation
of the cardiovascular system as well as disruptions of circadian
cycles. However, there are some pitfalls which must be considered
from the very beginning. Implantation of telemetric unit requires
certain surgical skills. Also, the main advantage—recording of the
ECG in freely moving animals—is a big challenge. During the
movement, skeletal muscles produce a lot of electric potential
changes, which cause artifacts in the ECG record. Moreover,
telemetric electrodes placed under the skin may slightly change
the positions due to body movement. The electrode position
change results in the ECG curve change, which may affect ECG
analysis. Proper fixation of the electrodes is therefore crucial.
Although some approaches promise high-quality ECG recording
(Tontodonati, Fasdelli, and Dorigatti, 2011), a standardized, well-
reproducible, and broadly accepted procedure of telemetric
electrode placement in small animals is missing. In large
animals, telemetric monitoring is well established and widely
used. Besides implantable telemetric systems, external sensors
were introduced. ECG electrodes are placed on the inner surface
of a jacket, which is securely fastened to the animal’s trunk. Such
fully non-invasive external telemetric system is routinely used in
dogs and monkeys (Fish et al., 2017; Skinner et al., 2017). On the

FIGURE 1 | Original ECG records. (A) Isolated heart electrograms of various species. (B) ECG in an anesthetized Sprague Dawley male rat recorded by needle
electrodes. (C) ECG in a freely movingWistar male rat recorded by telemetry. Note the differences in the heart rate among species (A) and between anesthetized (B) and
conscious (C) rats.
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same principle, devices for small rodents were introduced.
Telemetric ECG recording was used in various wild-life animal
species—for instance, in humpback whale (Meijler et al., 1992).
Battery lifespan, internal memory capacity, and wireless data
transmission speed represent main technical limitations of all
telemetric devices. Acquisition price and operating costs may also
significantly limit the use of telemetric systems.

If a short-term ECG record is required, non-invasive methods
are a good choice. In large well-trainable animals, it is possible to
record the ECG by standard stick-on electrodes. Such procedure
requires specific training, during which the animal learns to
remain motionless for several minutes. In small animals, non-
invasive devices usually consist of a platform equipped with
electrodes, on which an animal puts its paws (Mongue-Din
et al., 2007). In such approach, some restraint of the
movement is indispensable. Plastic tunnel restrainers are
usually used. But any restraint of movement is stressful for
animal, especially for small rodents. To prevent excessive
stress, proper handling of the animals must precede the
recording. In well-handled rodents, restraint by hand
represents a better alternative. Also, mild sedation may
decrease animals’ motor activity and therefore increase the
quality of the ECG record. Nevertheless, restrained ECG
recording technique is a valuable method for rapid screening
of several animals in a short time and at low expense. Such
method is particularly useful in cardiovascular phenotyping of
knockout rats and mice allowing for easy detection of gross
abnormalities in cardiac rhythm in a large number of animals
(Mongue-Din et al., 2007).

In experimental animals, interpretation of the ECG is usually
more challenging than the recording. Lack of standardization in
animal ECG recording and less evidence of normal
(physiological) values of ECG parameters make the
interpretation difficult. The differences in cardiac electric
activity among various species also must be
considered—especially differences in body size, heart anatomy,
and cardiac ionic channel types and their distribution and
regulation. The most striking difference in ECG among the
species is the RR interval duration (Figure 1A). In mammals,
the duration of resting RR interval is directly proportional to the
animal’s body mass. The lower the body mass, the higher the
resting heart rate. The key cardiac electrophysiological
characteristics of various species are summarized in Table 1.

The ECG of the most frequently used laboratory animals—rat
and mouse—is quite distinct from that of humans. There is no
distinct ST segment in rat and mouse ECG curves due to short

ventricular action potential with minimal plateau phase. The T
wave begins immediately after QRS complex. Also, the resting
heart rate is significantly higher than that of humans (approx.
500 bpm in mouse, 300 bpm in rat, and 75 bpm in man,
respectively). Moreover, significant differences between various
strains of the same species were repeatedly reported (Wehrens,
Kirchhoff, and Doevendans, 2000; Azar, Sharp, and Lawson,
2011; Konopelski and Ufnal, 2016).

3 ECG ANALYSIS

After the ECG is recorded, its pre-processing and analysis may
start. The ECG analysis is meant to be a process which gives
valuable information about the examined subject (isolated
heart model, whole-body animal model, or patient) in terms
of cardiac electrophysiology. The early analyses of ECG in the
beginning of the 20th century were performed only for
measuring time relations in the signal. The introduction of
computer technology in the middle of the 20th century
opened new possibilities for the analysis of ECG. Despite
all the advantages of computer technology, manual
evaluation of the ECG by a cardiologist remains an
indispensable part of diagnosis. The following paragraphs
briefly summarize the development of ECG analysis, the basic
principles of the main techniques in clinical and
experimental perspectives, and, finally, the main current
issues and future directions in this field. Figure 2
illustrates the progress of ECG processing and analysis
techniques in time perspective.

3.1 Pre-Computer Era
Many physiologists at the end of the 19th century were convinced
that the mechanical contraction of the heart is preceded by an
electrical action that could be measured. In the first attempts to
record electrical potentials of the heart muscle, only heart
depolarization and repolarization were recognizable (Waller,
1887). This led to the opinion that such recording would
never be useful in clinical practice (Barold, 2003). As signal
acquisition techniques have evolved, the quality of the signal
has improved, and by the beginning of the 20th century, it was
possible to distinguish in ECG five basic deflections: P, Q, R, S,
and T waves (Ruiz et al., 2008). The first step in the development
of ECG analysis itself was the establishment of a normal
recording. At that moment, the first databases of ECG records
have been introduced and used to manually measure the

TABLE 1 | Key electrophysiological characteristics in human and selected experimental animal species. AP, action potential; bpm, beats per minute; ms, milliseconds. *As in
ectotherms, the heart rate and duration of ventricular AP in zebrafish vary with body temperature, and numbers indicate heart rate/ventricular AP duration at 28°C and at
19°C (in parentheses), respectively.

Human Dog Rabbit Guinea pig Rat Mouse Zebrafish

Mean resting heart rate (bpm) 75 70 200 230 300 500 55 (145)*a

Ventricular AP (ms) 250 250 120–140 140 50 25–40 143 (311)*a

ST segment in ECG Yes Yes Yes Yes No No Yesa

a(Vornanen and Hassinen, 2016) Unless otherwise indicated, adopted from (Farraj, Hazari, and Cascio, 2011).
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durations and magnitudes of the waves (Larsen and Skúlason,
1941; Simonson et al., 1949; Packard et al., 1954).

Along with the improvement of electrical activity recording,
the first attempt to quantitatively describe how the heart function
is transcribed into the ECG has been done. Numerous equations
have been developed to identify the relationships between the
heart function and ECG patterns. These equations helped to
discover phenomena, which were not visible at the first glance.
One of such measures, outlasting in the clinical and experimental
use to present, is the QT interval corrected by Bazett’s formula
(Bazett, 1920). It reflects the association between the QT interval
duration and the heart rate or, in other words, between electrical
and mechanical systole of the heart. However, the formula has
never been generally applicable; therefore, many other revisions
have been developed over the years (e.g., Phang and White, 1943;
Krasnoff, 1950).

From today’s perspective, these pioneers have come a long
way. The foundations laid by themmade it possible to develop the
robust and reliable computational methods in the second half of
the 20th century.

3.2 Computer-Aided Analysis
3.2.1 What Are the Benefits?
Rapid development of computer technologies in the second half
of the 20th century led to the extensive automation of various
processes traditionally performed by human experts. In medicine,
along with analysis of complex imaging data (ultrasound, CT,
MRI, etc.), the diagnostics of cardiac disorders intensely uses
advanced, highly intelligent computer-aided systems. Probably,
the most evident benefit of the computer algorithms is in their
ability to process a huge amount of data in a very short time (e.g.,
Brailer et al., 1997), a process desirable in both clinical and
experimental applications. Another advantage is an accurate
detection of specific ECG patterns, even in case of mild
manifestation or several different manifestations presented in

the ECG simultaneously. In such case, the low-resolution, visual
diagnostics may be inaccurate or totally false, especially when
provided by an inexperienced physician (e.g., Holmvang et al.,
1998; Salerno et al., 2003). This limitation, however, may be
partially eliminated by using the so-called collective intelligence
decision-making system integrated in a special mobile
application. Such system enables fast sharing of ECG data and
performing the visual interpretation simultaneously by several
experts (Hwang et al., 2021). The computational algorithms can
analyze multi-lead data simultaneously, for the full length of the
record, in a reasonable time, which is not possible by visual
inspection. The decision-making process of the computer systems
is reproducible, and it is not affected by human factors, such as
tiredness and stress (e.g., Taddei et al., 1992). Finally,
computerized ECG analysis utilizing widely available
telecommunication infrastructure enables using all above
benefits in areas with a lack of human experts or in
telemedicine applications. In the latter, computer-aided
systems play a crucial role by supporting the fast assessment
of a huge amount of ECG records (Saeed and Ameen, 2021).

From medical point of view, use of the most advanced
methods for ECG analysis offers a simple, widely available,
cheap diagnostics tool. By accurate, sensitive, fast, and robust
detection of pathological patterns in the ECG, these methods
contribute to early diagnosis, selecting the correct treatment
strategy, better outcomes, and improved life quality of the
patients on the one side and to minimized mental and time
demands of clinical staff and decreased national healthcare
financial resources on the other side. Automatic prediction
systems are also useful in preventive medicine.

Of course, computer algorithms make errors, especially when
a low-quality signal or signal with unknown (at least by the
algorithm itself) abnormality is analyzed. The computer more
likely fails when similar manifestations correspond to different
pathologies. In contrast to the computer algorithms, human

FIGURE 2 | Milestones of ECG processing and analysis in time perspective.
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experts use clinical information about the patient and intuition.
Therefore, all statements of the computer systems must be over-
read by skilled physicians (Smulyan, 2019). Nevertheless, the
decision support system based on the highly accurate algorithm
may significantly improve the accuracy of physicians in ECG
interpretation, as has been shown previously on myocardial
ischemia detection (Tsai et al., 2003).

3.2.2 Basic Pipeline: From Digital Filters to Deep
Learning Models
Traditional computer-aided ECG interpretation consists of the
following steps: pre-processing, computation of so-called
features, selection of the most relevant ones, and, finally,
decision-making (Figure 3, top). ECG pre-processing usually
includes suppression of noise, detection of QRS complexes and/or
other fiducial points important for ECG delineation, and
segmentation (e.g., Berkaya et al., 2018; Kumar and
Komaragirikumar, 2018; Vidhya and Jerritta, 2022). Noise of
physiological, environmental, or technical origin complicates the
interpretation of the records and, thus, must be removed by
appropriate methods. Most computer-aided systems use digital
filters to solve this problem (see below). Noise-free ECG is
suitable for accurate detection of the waves, which usually
starts by detection of the most prominent deflection in ECG-
QRS complex and continues by searching the peaks and onsets/
offsets of the other waves in areas surrounding QRS. In some
applications, the outputs of the delineation process are then used
for signal segmentation into the separate beats, intervals, or waves
of interest. In the next step, the most important in the whole
pipeline, the quantitative descriptors—features—are calculated
from the initial filtered ECG or the segments. For effective and
accurate ECG interpretation, only the most relevant and
informative features should be considered. Therefore, the
techniques, providing careful selection of the most
discriminative features or removing the irrelevant and
redundant ones, are applied prior to decision-making. The
final step—decision-making—is a process, which must solve
specific problems. The most frequent issues related to ECG
analysis are the prediction or identification of the cardiac

abnormality or localization of cardiac pathological events.
Nowadays, these problems are addressed by four different
ways: 1) by visual or simple statistical-based expert inspection
of the features using established criteria (i.e., by comparing the
feature value with the physiological range); 2) by using rather
simple, but transparent, human-like expert systems providing
automatic analysis of the features via decision rules pre-
determined in cooperation with clinician experts; 3) by using
machine learning (ML) tools—so-called supervised learning
algorithms, which are able to learn the interpretations from
training data equipped with ground truth labels with no need
for expert rules; and 4) by using state-of-the-art tools—so-called
deep learning (DL) models.

Feature-based decision-making is usually provided by ML
models, from simple linear discriminant analysis (LDA) or
logistic regression to more advanced k-nearest neighbor
(k-NN), decision tree, random forest, support vector machine
(SVM), multiple-layer perceptron (MLP), etc. From
mathematical background, most are based on using one or
combination of several linear or non-linear equations, which
map current input data (ECG samples or features) into the
predicted output (label/diagnosis) (for further information,
refer to Duda et al., 2000; Chazal et al., 2004; Osowski et al.,
2004; Ince et al., 2009; Mishra and Raghav, 2010; Theodoris and
Koutroumbas, 2009, etc.). In fact, they solve the classification
problem by assigning each input sample (i.e., patient’s ECG) to
some of the pre-defined categories (e.g., normal and
pathological). ML methods try to find the decision boundaries
for identification of different groups of data by learning on
samples with known expert interpretations. During the
training process, the equation coefficients (model parameters)
are adjusted by some special optimization algorithm in order to
ensure mapping as accurate as possible (in other words, to ensure
correct predicted output of the model). A model with optimal
parameters is then able to accurately interpret new, previously
unseen, data.

Both ML and DLmethods are parts of artificial intelligence—a
wide branch of computer science focused on developing smart
systems capable of mimicking human reasoning and solving the

FIGURE 3 | Schematic representation of computer-aided ECG interpretation using feature-based technique (top) and deep learning approaches, which do not
require the calculation of ECG features (bottom). Note: pre-processing steps are optional when using deep learning methods and depend on the application.
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tasks traditionally requiring human intelligence. Deep learning is
the most recent, advanced technique, extracting highly relevant
complex patterns from raw ECG by itself, with no need for feature
extraction (see Figure 3, bottom). Briefly, DL neural network
models include specific layers for automatic extraction of feature
maps from the input signal and layers providing the output
prediction (see Figure 4B). Thus, DL models can be
considered “all-in-one” solutions, analyzing data in a broad
context and outperforming most of existing approaches in
terms of time and computational requirements, as well as
achieved results (e.g., Goodfellow et al., 2016; Kashou et al.,
2021; Ravì et al., 2017). Reduced computational demand of the
DL decision-making is caused by both the absence of pre-
processing steps and fast interpretation of new data once the
model is trained. Compared to the shallow MLP, the DL neural
network consists of many neuron layers with different
specialization (compare Figures 4A,B). Both shallow and deep
neural networks are based on the neurons—nodes—connected to
each other in such a way that the input information goes through
the deep structure to the last layer, where the predicted output is
generated. Each neuron is represented by a linear or non-linear
equation, which maps current input data into the output. The
neuron parameters—so-called weights—are actually the
coefficients of the neuron equation, which are set during the
optimization procedure (i.e., during model training). The
mathematical operations involved in this process are rather
simple: convolution between ECG samples and filter
coefficients when extracting the features, linear or non-linear
transformation of convolution output, linear combination
between current input and neuron weights when generating
predicted output, etc. (see Figure 4B). Nevertheless, the use of
many highly coordinated neuron layers allows achieving state-of-
the-art results.

Two model architectures—convolutional neural net (CNN)
with feedforward information flow and recurrent neural net
(RNN) with some feedback connections—are mostly used.
CNNs process the input with a set of special filters to extract

hidden, high-resolution patterns (Murat et al., 2020; Xue and Yu,
2021). RNNs capture the temporal relationships within the entire
time-series data (Murat et al., 2020; Xue and Yu, 2021). Since both
techniques have some pros and cons, many modifications have
been recently introduced. For example, the long short-term
memory (LSTM) network was developed to deal with the
vanishing gradient problem, which leads to insufficient
updation of the network weights as the training process goes
through deep layers, as it is characteristic for traditional RNNs
(Murat et al., 2020; Xue and Yu, 2021). More recently, both
models are used together as a hybrid CNN–LSTM solution (see
below) learning from the long-term, complex representations of
heart activity patterns created by convolutional layers. DL models
in clinical and experimental applications significantly improve
the diagnostic yield of routinely used ECG. To create a well-
functioning robust DLmodel, however, large, relevant, and highly
variable ECG datasets are needed, as will be addressed below.

3.2.3 ECG Pre-Processing
3.2.3.1 Clinical Perspective
The clinical ECGs are usually corrupted with various types of
noise, which may lead to errors in visual inspection and to
inaccurate function of automatic delineation and interpretation
algorithms. The low-frequency baseline wander, power-line
interference (50/60 Hz), and high-frequency noise are those
seen in raw ECG. The first one is primarily caused by
respiratory movements or poor skin–electrode contact and
may cause inaccurate measurement of ST segment, wave
amplitudes, R-peak detection, etc. The power-line interference
of high magnitude makes the analysis of low-voltage P waves
impossible. The high-frequency noise, representing the
myopotentials generated during skeletal muscle contraction,
complicates the ECG delineation. Digital filters, implemented
in a high-pass, band-pass, or low-pass mode with appropriate
cut-off frequencies, are usually used to suppress above
disturbances in the ECG (Satija et al., 2018; Vidhya and
Jerritta, 2022). The desired characteristic of the filter is a

FIGURE 4 | Illustration of two binary classification models: (A) straightforward artificial neural network—machine learning model providing ECG classification based
on the previously derived features; (B) 1D convolutional neural network (1D CNN)—deep learning model providing automatic extraction of the features from raw ECG by
convolutional layer(s) and further assignment of the input into the class by fully connected perceptron-like layers. In a 1D CNN model, the convolutional layer consists of
filters, which derive important features from the input ECG. The convolution output—feature map—is usually transformed using a linear or non-linear function (in
order to simplify the training process and avoid the problem of vanishing gradient) and downsampled by calculating the average (average pooling) or by selectingmaximal
(max-pooling) values from the feature map. The pooling procedure leads to the reduced number of model parameters and, thus, decreased computation demand.
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zero-phase shift to avoid the distortion of the signal. Special
attention should be paid to elimination of the noise with
frequency overlapping with the ECG spectrum. For example,
inappropriate filtration of power-line interference may lead to
undesired alteration (decreased amplitude or even altered
morphology) of P waves and QRS complexes. Another way to
eliminate noise is the ECG decomposition by so-called wavelet
filters (Park et al., 1998). Besides, ML- and DL-based filtering
techniques, enabling extra improvement of filtered signal
characteristics, have been recently introduced (Xue and Yu,
2021).

After proper noise elimination, the R peaks and/or other
fiducial points can be detected. Probably, the most famous and
frequently used is the rather robust and simple Pan–Tompkins
algorithm (Pan and Tompkins, 1985). Many other R-peak
detectors, using searching in the initial ECG or ECG
previously transformed to highlight the QRS complexes, have
been developed (e.g., Liu et al., 2015; Biran and Jeremic, 2020;
Walia and Kaul, 2020). However, none of them is error-free; false
detections lead to false alarms and thus increase the demand on
intensive care units’ staff (Plesinger et al., 2016). Recently, it was
shown that the false R-peak detections can be eliminated by
additional validation using the advanced CNN algorithm (Silva
et al., 2020).

Complete delineation of ECG can be performed by the
CNN–LSTM model with a sensitivity of 97.95% (Peimankar
and Puthusserypady, 2021). Another study reports use of
sample-wise, so-called semantic segmentation of the raw ECG
via the CNN–biLSTM network, with an overall accuracy of
95.54% (Londhe and Atulkar, 2021). Bidirectional LSTM
(biLSTM) layers are the layers, where the input sequence is
analyzed in the forward and backward directions resulting in
better learning of important patterns. Sample-wise technique
seems to have great potential in real-time applications due to
its robustness and effective dealing with the continuous signal.

Another interesting study was focused on creating the
mathematical models able to “extract” the waves from the
ECG to make further detection of the fiducial points easier
(Rueda et al., 2021). This method outperforms other recent
approaches in delineating P and T waves, which are well-
known as hardly recognizable and analyzable. The advantage
of this algorithm against ML/DL solutions is in its robustness (in
terms of required amount of training data and abnormalities
present in data) and transparency (in terms of physical meaning
of the process used to generate the model and delineation output
itself).

Fatimah et al. (2021) compared two segmentation methods: 1)
based on R-peak detection and selection of a predefined number
of samples before and after the peak and 2) based on the splitting
of raw signal into the frames of predefined length. Both
approaches are reliable, but the second one is more suitable
for real-time applications due to low computational demand.

3.2.3.2 Animal Perspective
Almost all existing methods for ECG pre-processing and analysis
have been initially established for human signals. The
morphology characteristics of animal ECG are like human

ones. However, some differences in heart rate and ECG wave
amplitudes and duration exist due to differences in ion channel
expression (Bartos et al., 2015) as well as anatomical
configuration and innervation of the heart. These differences
should be considered when adapting the processing methods to
animal applications. Little information is available regarding the
processing methods, primarily due to the use of commercial,
user-friendly, pre-set software. Only a few research groups
develop their own algorithms for ECG pre-processing. Below,
the most widespread techniques are presented.

The median filter can be successfully applied on clinical and
experimental ECG data to remove low-frequency baseline
wander, which complicates the signal delineation and
decreases the reliability of morphology features (Steenkiste
et al., 2020). For elimination of broad-band noise (such as
muscle activity) in the ECG, the above-mentioned
decomposition of the entire signal by discrete wavelet
transform and reconstruction of “clean” ECG after removing
some components containing noise is more suitable than
standard linear filtration (Zhang et al., 2019). This method,
however, can be sufficient in case of any type of noise, such as
a high-frequency one, as shown by Steenkiste et al. (2020) in
equine data application.

The narrow-band signals created by ECG wavelet
decomposition are often used for accurate detection of waves
and QRS complexes. First, signals with well prominent waves of
interest are selected, and then the complexes are detected by
threshold, which can be constant or adaptively changing
according to current signal maximum amplitude or variability.
This QRS detection technique was shown as more effective and
accurate (sensitivity of 98% and positive predictive value of
99.1%) than the Pan–Tompkins algorithm (sensitivity of 91.5%
and positive predictive value of 81.5%) in equine ECGs
(Steenkiste et al., 2020). This technique can be used for
complete delineation of the entire ECG (with an overall
sensitivity of 99.87% and positive predictive value of 99.89%),
as presented by Hejč et al. (2015) on data from isolated rabbit
heart. Similar detection techniques were recently applied on the
ECG recorded in larval zebrafish (Barret et al., 2021). They had to
be adapted periodically since significant motion artifacts were
present in data and heart rate was changed during the
experimental protocol.

Kozumplík et al. (2014) introduced the QRS detector based on
the estimation of signal envelope by the Teager–Kaiser energy
operator and tested it on isolated rabbit heart data with a
sensitivity of 99.84% and positive predictive value of 99.98%.

The first derivative of ECG and further searching for rapid
deviations can be used for complete delineation of the signal as
shown in detail by Huang et al. (2021) in equine ECG. Simple
delineation algorithms are accurate in noise-free data. Otherwise,
more robust adaptive techniques must be used, or the signal is
segmented, and noisy parts are removed prior to further analysis.
This can be solved by algorithms estimating ECG quality.
Promising real-time algorithms offer studies by Smital et al.
(2020) and Nardelli et al. (2020). These approaches can
distinguish several levels of signal quality as evaluated on both
human and horse ECGs.
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3.2.4 Feature-Based Techniques
Features should represent well ECG patterns characteristic for
investigated phenomenon (normal heart function, arrhythmias,
drug-induced or stress-induced changes, structural alterations of
the myocardium, etc.). The quantitative representation of heart
electrical activity by a limited number of highly specific features
allows to construct the efficient, robust, fast, and reliable methods
for automatic identification and differentiation of various cardiac
conditions, as will be shown below. Generally, three main groups
of “hand-crafted” ECG features are used in computer-aided
systems (e.g., Berkaya et al., 2018; Saini and Gupta, 2021;
Gupta et al., 2021a):

- Time-domain features primarily representing 1) the rhythm
character of the signal in terms of heart rate and duration of
some important intervals (i.e., PQ, QT), 2) the morphology
of ECG curve in terms of amplitude, duration, area under
the curve, direction, and other shape-related characteristics
of the particular waves, and 3) the statistical characteristics
of ECG distribution (mean value, standard deviation,
kurtosis, skewness, etc.).

- Frequency-domain or time–frequency domain features
creating the new representation of ECG by using special
transformation (such as Fourier transform (FT), short-term
Fourier transform (STFT), and continuous or discrete
wavelet transform (CWT/DWT)) and exploring the ECG
spectral content and its changes in time.

- Non-linear features revealing non-linear, complex, dynamic
character of ECG (hidden to the above methods) based on
the chaos theory and information theory (i.e., Lyapunov
exponents, Shannon entropy, correlation dimension).

Significant temporal features, intensely used in various areas,
are those describing the heart rate variability (HRV). Initially,
HRV analysis was introduced to investigate the vago-sympathetic
balance and corresponding phenomena (Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996, later Task
Force Society, 1996). However, the HRV features have been
also shown as useful for detection of cardiac arrhythmias,
as—technically speaking—they measure the irregularity of RR
intervals (or heart rate) (e.g., Task Force Society, 1996; Bernston
et al., 1997; Parsi et al., 2021a). These features are calculated from
the RR interval sequence (tachogram) and can be divided into
three categories, i.e., time-domain (various statistical measures,
such as mean or median value, standard deviation of normal
interval (SDNN), root mean square of successive RR differences
(RMSSD), and triangular interpolation index calculated from the
histogram (TINN)), feature-domain (power and peak of very-
low-, low-, and high-frequency bands, their ratios, etc.), and non-
linear (parameters calculated from the Poincaré map,
approximate or sample entropy, detrended fluctuation
parameters, complex correlation measure, etc.) ones (Bernston
et al., 1997; Tarvainen et al., 2014).

The features should reflect the studied issue. The most
relevant, informative, and reliable features can be selected

based on the empirical knowledge and experience of the
experts, as is common in clinical routine. In computer-aided
systems, special computational tools help to identify and
eliminate the redundant features or those with poor ability to
represent the patterns of interest. The latter often explore the
inter-feature relationships (correlation analysis, principal
component analysis (PCA), etc.), discriminating abilities of
separate features (two-sample tests of statistical difference, as a
t-test and others), or their combinations (linear discriminant
analysis (LDA), decision tree, etc.) or searches among the feature
set until the combination leading to the best performance of the
model is found (forward or backward selection, sequential
floating forward selection, etc.) (Guyon and Elisseeff, 2003;
May et al., 2011). The reduction of feature number is
desirable: it decreases computational cost and time cost of the
method, enables using a simpler model, avoids the problem of
model overfitting, improves model generalization, and often
increases transparency and interpretability of the whole
decision-making process (Duda et al., 2000; Guyon and
Elisseeff, 2003, May et al., 2011; Theodoridis and
Koutroumbas, 2009).

Feature-based diagnostics tools have been used for several
decades and still play a crucial role in clinical and experimental
research, primarily due to their transparency. Below, recent ECG
applications intensely using these methods are reported.

3.2.4.1 Clinical Perspective
Fatimah et al. (2021) introduced detector of myocardial infarction
using entropy, kurtosis, and energy, calculated from one-channel
ECG decomposed by FT andML classifiers, where k-NN achieved
the highest accuracy (of 99.96%) outperforming other existing
one-channel approaches.

Multi-lead ECG can be used to accurately detect left
ventricular hypertrophy, which is a less expensive, less time-
consuming, and widely available alternative to the golden
standard imaging techniques. Morphological features (R and S
waves or ST segment changes, QRS complex inversion, etc.)
extracted from CWT-transformed ECGs perform well with
ML classifiers, with the most promising accuracy (up to
97.8%) using multi-layer perceptrons (Jothiramalingam et al.,
2021).

One example of using the morphology features derived from
P–QRS–T segments is the recognition of different beat types, such
as normal, supraventricular, and ventricular ectopic beats and
fusion of ventricular and normal beats. The SVM model trained
on these features performs with overall accuracy 97.8% (Zhu
et al., 2019). The arrhythmia-related features can be calculated as
mean, maximal, median values, etc., of ECG components derived
by WT (Sangaiah et al., 2020).

A novel tool based on the multi-lead ultra-high-frequency
ECG and QRS complex features has been recently introduced. It
provides the quantitative description of ventricular dyssynchrony
with a great potential for selecting the patients for cardiac
resynchronization therapy and improving the therapy
application (Jurak et al., 2020). One of the proposed features
seems to be more suitable for monitoring of depolarization
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patterns during the biventricular and His-bundle pacing, than
common QRS duration.

A recent prospective study presents temporal, spectral, and
non-linear HRV parameters as the valuable prognostic tool for
evaluation of mortality risks in patients with coronary artery
disease (Vuoti et al., 2021).

The most challenging recent application using HRV features is
atrial fibrillation (AFIB) detection (e.g., Smisek et al., 2018; Murat
et al., 2021a). Timely prediction of paroxysmal AFIB episodes
using seven novel Poincaré map features achieves the accuracy
over 86% for different ML models and even higher accuracy
(98%) when combining with standard HRV features (Parsi et al.,
2021b). McCann et al. (2021) studied ECG records from patients
undergoing catheter ablation. They reported the lowest AFIB
organization level in patients with failed AFIB termination during
ablation using instantaneous frequency and adaptive
organization index.

Novel multi-scale entropy has been shown as an accurate
HRV-based tool for prediction of the malignant ventricular
arrhythmia, even using a simple random forest classifier (Chen
et al., 2021). Standard non-linear HRV features combined with
those from 2D image representation of ECG beats can separate
healthy subjects from patients with ventricular arrhythmia with
an accuracy of 99.99% by using an ensemble of different ML
models (Mandal et al., 2021).

A method based on only six time- and frequency-domain
HRV features and a simple k-NN classifier can predict the sudden
cardiac death from five-minute RR interval signals recorded by an
implantable cardioverter defibrillator with an accuracy of 91.5%
(Parsi et al., 2021a).

The random survival forest (RSF) ML model was used to
predict spontaneous ventricular tachycardia and ventricular
fibrillation events in young and adult patients with long QT
syndrome (LQTS) (Lee et al., 2021). The model was trained
using the combined feature set including ECG features, family
history of LQTS, and occurrence of other arrhythmias. As
compared to the statistical multivariate Cox regression model,
the RSF model achieved more accurate results with the best
precision of 0.95 and sensitivity of 0.93. In an extended multi-
ethnic study, the RSF model has been also shown as a
promising complex solution for predicting six different
cardiovascular outcomes, including all-cause death, stroke,
cardiovascular disease, coronary heart disease, atrial
fibrillation, and heart failure (Ambale-Venkatesh et al.,
2017). In this case, ECG features were combined with
imaging features, serum biomarkers, demographic
characteristics, and others in order to achieve accurate
results, which outperform the output of standard
cardiovascular risk scores.

3.2.4.2 Animal Perspective
The basic temporal ECG features such as heart rate and PR and
QT interval duration as well as QRS complex duration are
routinely used to monitor the character of impulse conduction
through different parts of the heart. The assessment of the
combination of these features is especially useful when
evaluating the possible effects of drugs.

Detailed analysis of QT duration in rabbit protocols with
drug-induced long-QT or short-QT syndrome indicated the
possible effect of acute mechano-electrical function on long-
QT syndrome–related arrhythmogenesis (Nimani et al., 2021).
Generally, this feature is a basic marker used in a wide range of
proarrhythmic research studies, including those conducted in
transgenic rabbit models (Baczkó et al., 2020), larval zebrafish
models (Barrett et al., 2021), and guinea pig isolated heart
models (Vesely et al., 2019). So-called QT/RR coupling
and—though rarely used—HRV analysis can be successfully
evaluated in such studies, as previously shown in the context of
haloperidol administration in isolated Sprague Dawley rat and
guinea pig models (Janousek et al., 2017; Vesely et al., 2019).
The prolonged QT duration was found in the
methylazoxymethanol acetate rat model of schizophrenia,
which has indicated the models’ applicability for
investigating the risk factors of ventricular arrhythmias and
sudden cardiac death in patients treated with antipsychotics
drugs (Stracina et al., 2016).

HRV in the isolated heart model can serve to investigate the
intrinsic mechanisms of the cardiac rhythm regulation with no
effect of sympathetic/parasympathetic factor (Janousek et al.,
2014). Spectral HRV parameters are intensely used in
toxicological studies with rodent models (Rowan et al., 2007).
Time- and frequency-domain HRV features were recently used to
evaluate response of cardiac autonomic modulation in mice to
spontaneous and pharmacologically induced vulnerability to
cardiac arrhythmias in the context of age-related changes
(Piantoni et al., 2021). Due to this simple analysis, the mouse
model has been shown as valuable in translational research of
age-related risk of arrhythmias. In a recent study (Omoto et al.,
2021), the heart rate fragmentation, representing ultra-rapid
patterns of HRV, was newly shown as a reliable marker for
evaluation of myocardial infarction impact on the cardiac
hemodynamic parameters in a Wistar rat.

According to comprehensive overview byMitchell and Raghav
(2021), HRV analysis is commonly used to diagnose cardiac
arrhythmia in a horse (in rest, during exercise, or during the
treatment). Alexeenko et al. (2020) used two string measures
representing the heart rate complexity to predict the paroxysmal
atrial fibrillation in equine athletes.

The TINN feature has been found as associated with severity
of myxomatous mitral valve disease in dogs (Rasmussen et al.,
2012) and was analyzed to evaluate a risk of ventricular
tachyarrhythmia and sudden cardiac death (Spier and Meurs,
2004). The Poincaré plot helped to investigate the non-linear
geometrical patterns characteristic of dogs as compared to
humans and to describe the specifics of impulse conduction
through the sinoatrial node (Moise et al., 2020).

Morphological features were found to accurately detect
ischemia in the Langendorff-perfused isolated rabbit heart
with normal anatomy as well as spontaneously increased left
ventricular mass (Ronzhina et al., 2017). The rhythm- and
morphology-wise features were used to assess the effects of
widely used voltage-sensitive dye di-4-ANEPPS on heart
electrical activity in the same experimental model (Ronzhina
et al., 2021). Particularly, analysis of the rhythm features revealed

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 86703311

Stracina et al. ECG Recording and Analysis

92

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


the modulation effect of the dye on impulse conduction through
the atria, AV node, and ventricles.

Novotna et al. (2017) investigated the usefulness of simply
derived and robust features based on high-frequency components
of QRS complexes (the maximal peak of QRS envelope, distance
from QRS envelope maxima to R peak, and root mean square of
the QRS area) to evaluate the conduction velocity in the working
isolated rabbit heart under induced hemodynamic changes.

The use of ML-based methods in experimental or veterinary
context is usually limited by a small amount of collected data. In
case of long-term experiments, however, these techniques could
be very helpful to carry out fast, robust, and reliable analysis. For
example, Marsanova et al. (2017) differentiated normal sinus,
ischemic, and ventricular premature beats recorded in the rabbit
isolated heart during experiments with induced global ischemia
by morphological and spectral ECG features and various ML
models with the best accuracy of 98.6% for k-NN.

Huang et al. (2021) introduced the detector of paroxysmal
atrial fibrillation in horses, which uses three consecutive intervals,
QT, TQ, and RR (derived from rest, one-channel ECG), and
k-NN classification algorithm.

3.2.5 All-In-One Diagnostics Solutions Based on Deep
Learning
Many “all-in-one” solutions are working with a raw ECG or the
pre-processed, noise-free ECG or 2D “image” representations of
ECG created by converting the 1D signal into the so-called
spectrogram (via STFT, CWT, etc.) or, more straightforwardly,
by saving the ECG segments in some image format for further
analysis. These solutions often use the hybrid model, when the
first part (e.g., CNN, autoencoder) extracts the most reliable
features from the input and the second part (e.g., LSTM net,
fully connected layers) provides the final decision-making
(classification, prediction, etc.).

Here, the overview of the most recent DL approaches is
introduced. To our best knowledge, there is no all-in-one DL
solution in experimental physiology applications due to limited
data sources. We believe that this gap will be removed soon due to
transfer of learning techniques we address in the last section and
illustrate the example from the veterinary field.

3.2.5.1 Clinical Perspective – Focused Applications
Many approaches are focused on specific problems, which allows
to reach promising results with a relatively simple model
architecture and low time and computational requirements
even in case of limited data amount. Great improvements
based on DL method use were achieved in the detection of
acute myocardial infarction and stable ischemic heart disease,
with the detection accuracy in the range of 83–99.9% for different
model configurations (CNN, ResNet, CNN–biLSTM) (Hinai
et al., 2021). Myocardial infarction localization can be
recognized with an accuracy of 90.20%, 99.67%, and 99.87%
for biLSTM, 1D-CNN, and DenseNet, respectively (Tripathy
et al., 2019; Xiong et al., 2021). The ResNet model is a CNN
with residual blocks, which allows the signals to pass through
several layers in the network resulting in improved training
capability of the model with no information loss.

DenseNet—network with so-called dense
connections—“reuses” the information from each layer by
sending it directly as the inputs of all subsequent layers and,
thus, maximizes the flow of important inter- and intra-lead
patterns between the layers. Adding dense connections
increases the total number of trainable parameters in the
network and thus increases the computational demand of
the method. On the contrary, the overall performance of
the network improves. All the above DL approaches
outperform existing ML techniques based on morphological
features combined with k-NN or SVM in terms of accuracy as
well as time required for analysis of new patients’ data
(Tripathy et al., 2019; Xiong et al., 2021).

The accuracy of left ventricular hypertrophy detection reaches
up to 85.8% when using CNN-extracted ECG features in
combination with six-layer-perceptron–extracted demographic
features, which outperform routine Sokolow-Lyon criteria and
visual inspection (accuracy of 81.8 and 85.5%, respectively)
(Kwon et al., 2020). Khurshid et al. (2021) trained ResNet on
a 12-lead ECG to predict the LV mass and reached the output
significantly correlating with the MRI-based reference
values.

Left ventricular systolic dysfunction (LVSD) in critically ill
patients can be accurately (71–76%) detected from ECG, which is
less time-consuming and less expensive than usually used
transthoracic echocardiography. Additional benefit of the DL
method is its robustness and efficiency in both patients with and
without atrial fibrillation, which is commonly associated with
LVSD (Kashou et al., 2021). The latter increases the potential
usability of this novel non-invasive, inexpensive, and fast method
in acute care screening.

According to recent meta-analysis (Grün et al., 2021), CNN or
CNN–LSTM models can predict heart failure from a standard
raw 12-lead ECG with sensitivity 83–100% for different
architectures and databases.

AFIB detection and differentiation between terminating and
non-terminating AFIB episodes were recently performed via
time–frequency ECG representation (by chirplet transform)
and 2D CNN–biLSTM classifier with an accuracy of 99 and
75.9%, respectively (Radhakrishnan et al., 2021). The authors
stated that this method outperforms those based on other
representations (by STFT, CWT, and Stockwell transform) and
other model architectures (CNN, attention-based, etc.). In
another report (Rahul and Sharma, 2022), the AFIB detector
using STFT representation and biLSTM model slightly
outperformed the method using raw ECG (accuracy of 99.84
and 98.85%, respectively).

According to interesting retrospective research (Attia et al.,
2019), an eight-lead ten-second ECG recorded during the sinus
rhythm can be successfully used to predict the outcome in AFIB
patients via the ResNet model with the accuracy of 79.4%. This
approach offers fast, inexpensive identification of the patients
with a high likelihood of AFIB by timely revealing of the
structural changes in atria before the presence of any symptoms.

Detection of abnormal cardiac rhythms (in terms of the width
of QRS complex, heart rate, and ECG amplitude), which can
respond to electrical shock therapy with further expected
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restoration of normal sinus rhythm and, consequently, normal
cardiac pump function, achieved the best accuracy (91.14%) for
the CNN model (Hammad et al., 2021).

3.2.5.2 Clinical Perspective—Multiple-Issue Applications
Recently, there is an effort to design approaches for
differentiation of dozens of arrhythmias in ECG by only one
complex model. The 1D-CNN proposed by Yildrim et al. (2018)
recognizes 17 different cardiac arrhythmias from the one-channel
ten-second ECG with an overall accuracy of 91.33%, in the real-
time mode suitable for further implementation in mobile/cloud
telemedicine applications. Haleem et al. (2021) combined the
CNN–biLSTM model segmenting the raw ECGs with the 2D-
CNN model, which provides final classification of the beats
(previously transformed by STFT) into four categories: normal
ECG, arrhythmia (97.9% accuracy), congestive heart failure
(100% accuracy), and sudden cardiac death (100% accuracy).
1D ResNet can discriminate among six types of ECGs, as recently
shown on a huge, unique database containing over 2 million
ECGs recorded from more than 1.6 million patients (Ribeiro
et al., 2020); this algorithm outperformed the accuracy of the
fourth-year cardiology resident, the third-year emergency
resident, and the fifth-year medical student. A similar
architecture was previously used to detect abnormalities in
one-channel ECG in the frame of PhysioNet Challenge 2017
with the top performance among several solutions (Clifford et al.,
2017; Hannun et al., 2019).

Cinar and Tuncer (2021) combined the DL model extracting
the features with SVM providing the recognition of sinus rhythm,
abnormal arrhythmia, and congestive heart failure with an overall
accuracy of 96.77%. The LSTM model trained on raw ECGs
achieved 90.67%, and conventional feature-based ML models
achieved only about 65–68% on the same dataset. By
combination of complex DL and simple ML models, the
authors obtained the high-performance tool on the one side
and decreased computational time and improved transparency
of the process on the other side.

According to Mousavi et al. (2021), the ECG can be
successfully represented in the way commonly used in natural
language processing, where the distinct waves and QRS
complexes are considered the words and the whole ECG a
sentence. This representation can be next analyzed by the DL
model. The main drawback of this approach (as compared to
other DL-based methods above) is the need for R-peak detection,
ECG segmentation, and creating valid arrhythmia-related
vocabulary required for further integer-encoded representation
of ECG. This technique, however, performs better (accuracy of
74–97% depending on the database) than many other existing
algorithms.

Compared to the CNN, ResNet, and CNN–biLSTM, the
hybrid CNN–transformer model combined with temporal
ECG features achieved higher performance in recognizing nine
different beat types (Che et al., 2021). The transformer net—one
of the most recent DL architectures—has been initially created as
a compromise between the CNN (image pattern recognition) and
the recurrent neural network (time-series sequence pattern
recognition). In this model, the relevant features are driven

from input data using the so-called attention mechanism.
Approaches, using various transformer modifications, achieve
promising results in arrhythmia classification experiments on
many different ECG databases (e.g., Che et al., 2021; Hu et al.,
2021; Natarajan et al., 2021; Nonaka and Seita, 2021; Meng et al.,
2022).

However, adaptation of existing complex architectures,
initially proposed for image (CNN, ResNet, etc.) or natural
language (LSTM, biLSTM, etc.) analysis, has strong limitations
as reported by the systematic study of Nonaka and Seita (2021).
Novel ECG-target architectures should be developed to achieve
high performance in the future.

3.3 Current Issues and Future Directions
3.3.1 Transfer Learning: Sharing the Knowledge
Among Areas
Transfer learning is a research method in machine learning,
where knowledge from one area is applied to solve the
different, but still relevant issue. Transfer learning, when
applying by proper way, may solve many different problems.
One of them is a problem with heterogeneity of patients’ data. It
would be practically useful, if once the model is trained on some
data (e.g., from healthy subjects), so that it could be directly
applied on data with different diagnostics background (e.g., data
from patients with rare arrhythmia). Most probably, however,
this will not work well due to highly inconsistent character of
patterns from two datasets. Nevertheless, successful results can be
obtained when training model on one (freely available and
extended) dataset and re-training it later on the other dataset
consisting of samples of interest (can be small). In this case, the
knowledge learned during the first training and saved in the
network weights is used for analysis of the second dataset. During
the re-training procedure, the weights from the first layers of the
pre-trained model (extracting the relevant features from input
data) remain with no changes, and only last layers (providing the
classification or prediction itself) are re-trained using new data,
which is computationally effective. This transferring of
knowledge between the domains seems to be a way for
effective usage of the models, well-established in other areas,
directly in medical applications, with no extra time and source
investments. It could be of special importance in problems, where
there are not enough data for efficient training of the model.

DL architectures, initially proposed for image analysis, speech
recognition, and other data, can be successfully used for ECG
interpretation after appropriate modifications, as has been shown
in clinical applications. Salem et al. (2018) recognized cardiac
arrhythmias in 2D image representations of ECG using the
DenseNet model, which was previously pre-trained on a huge
image dataset consisting of the images of animals, objects, etc.,
with an overall accuracy of 97.23%. Similarly, the VGG image
processing network was re-trained to detect LVH in multi-lead
ECG data (Soto et al., 2021).

Bizzego et al. (2021) showed that the CNNmodel for heartbeat
identification, initially trained on data from healthy subjects,
performs poorly in data from cardiac patients. However, re-
training of some layers of this network with a small amount
of patients’ data results in significantly improved detection
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performance. Jang et al. (2021) pre-trained the convolutional
autoencoder model on unlabeled one-channel ECG signals from
one database and used this model later to classify 12 different
rhythms in 12-lead ECG. The authors reported better
performance when using the pre-trained model (overall F1-
score of about 83.5%) than in case where the model weights
were initiated randomly (overall F1-score of about 54.3%).
Weimann and Conrad (2021) fine-tuned the weights of CNN,
which was initially trained on a large publicly available ECG
database, by a small set of data recorded in patients with AFIB
and obtained improved performance (by 6.57%) as compared to
the non-pre-trained model.

The most exciting and beneficial application of transfer
learning was shown in animal data analysis, when the
standard use of DL methods is strongly limited by a small
amount of available data. A few published reports using DL
for animal data analysis are focused mainly on image processing,
e.g., detection of canine mammary tumor (Kumar et al., 2020),
detection of diffuse degenerative hepatic disease in dogs (Banzato
et al., 2018), and classification of the thoracic canine radiographs
(Banzato et al., 2021). In animal ECG analysis, the study by
Steenkuste et al. (2020) demonstrated application of DL methods
by involving transfer learning technique. The CNN model pre-
trained on human ECGs was used to recognize four beat types
(normal, atrial premature contraction, ventricular premature
contraction, and artifact) in equine ECG with an accuracy of
97.1% for the re-trained model, which outperforms the non-pre-
trained model.

Aston et al. (2019) fine-tuned several pre-trained image-wise
DL models (such as AlexNet, GoogLeNet, ResNet-18,
SqueezeNet) via a newly proposed symmetric projection
attractor calculated from two-lead ECG. They were used to
distinguish between wild-type mice and Scn5+/− mutant
mice suffering from impaired function of cardiac sodium
channel.

From all the above, it seems that DL models can learn not only
general but also more specific patterns during transfer learning.
Although the DL methods have been recently applied exclusively
in veterinary medicine where relatively large amounts of data are
available, it seems to be reasonable—due to transfer learning
technique—to expect expansion of DL models in experimental
cardiology.

3.3.2 Imbalanced Data Problem: Minority Is Out of
Game
The lack of data often concerns only certain groups of
arrhythmias, such as those with rare incidence in the
population or paroxysmal ones, where the ECG manifestation
cannot be easily recorded during standard clinical examination.
During the training process, the model extracts important
information from input samples and uses it for final decision-
making. In case of a severely imbalanced train dataset (where the
categories are distributed unequally), the model will “focus” on
the abnormalities from the majority group(s) and will ignore
those from the minority group(s). Most of available ECG
databases include much more normal sinus rhythm data than
abnormal ones and, thus, are imbalanced. There are some

techniques which reduce or eliminate this problem and, thus,
ensure effective training of the model.

The simplest way to make the size of particular categories
equal is resampling of the training dataset, where the majority
class is reduced by random selection of the desired number of
samples (undersampling) or the minority class is extended by
random repeating of selected samples (oversampling). However,
removing of samples from the training set may lead to loss of
important information. Simple repeating of minority samples will
not make the dataset variable and representative and may not
ensure effective model training. Therefore, more
sophisticated—so-called augmentation—methods are usually
applied.

Augmentation techniques generate new training samples by
adding some perturbation in data resulting in improved
robustness of the model. First, some manipulations can be
applied on initial data, such as random scaling, flipping,
shifting, and noising ECG, to achieve accurate detection of
multiple arrhythmias (Vicar et al., 2020; Nonaka and Seita,
2021; Do et al., 2022). The same application can profit from
using the synthetic samples generated from the training ones
using intuitive adaptive synthetic data sampling (ADASYN,
Virgeniya and Ramaraj, 2021) or synthetic minority
oversampling technique (SMOTE, Ketu and Mishra, 2021).
Data samples can be generated artificially by specially trained
ML or DL models (such as Gaussian mixture model (GMM),
generative adversarial network (GAN), LSTM/biLSTM, CNN), as
has been shown for time-series ECG (including dependent
multichannel signals) and 2D spectrogram applications (e.g.,
Lima et al., 2019; Brophy, 2020; Hatamian et al., 2020; Hazra
and Byun, 2020). Recently, a unique database of more than
120,000 artificial ECGs, generated by the GAN, has been
introduced (Thambawita et al., 2021). This model was trained
on more than 7,000 real patients’ ECG records.

From above reports, synthetic ECGs are realistic enough to be
used in practice and, consequently, contribute to the expansion of
high-performance ML or DL techniques in a wide range of
clinical and experimental applications. In the latter area,
besides all the above, augmentation approaches, based on data
generated by mathematical computational models, seem to have
special potential. Models of different complexity—from
molecular to organ levels—are available (e.g., Guasch et al.,
2013; Henderson et al., 2009; Pagé et al., 1986) for generating
the relevant, realistic, clearly interpretable
electrophysiological data.

3.3.3 Understandable Means Credible: Open the
Black Box
Effective interaction of a human expert (e.g., cardiologist) with
the computer-aided system requires trust in the computer’s
decision-making. Therefore, an adoption of DL-based
diagnostic systems in the routine clinical practice is limited,
despite their high performance. As a result, there is a big
effort in creating the tools helping to uncover the processes
behind the model’s prediction. Such “explaining” methods
may help the experts to understand the computer-aided tools
and to “safely” use their output to make the final decision. Of
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course, rather transparent feature-based methods with simple ML
models (such as linear discriminant function, decision tree) can
be used. These are, however, less successful as DL-based systems
(see above). It seems to be more suitable to use the high-
performance, though non-transparent, DL algorithms and
apply additional techniques to “open” the black box. Many
different methods and algorithms have been proposed in the
last decade to solve this issue.

Probably, the easiest solution is to visualize the outputs
from those layers of deep networks, which generate the
features from input data (such as convolutional layers in
the CNN model, attention layers in the transformer). The
generated feature maps can indicate the parts of the ECG
playing the most important role in resulting diagnosis (Meng
et al., 2022; Nataraja et al., 2021, etc.). The features maps can be
additionally simplified by principal component analysis and
used for detailed interpretation of the diagnostics model
(Murat et al., 2021b).

Most comprehensive explanation can be obtained by special
algorithms, such as Shapley Additive Explanations (SHAP),
which assigns the importance weight to each sample by
exploring the gradient, calculated when the sample enters the
model (Soto et al., 2021). These weights can be then illustrated. A
similar method—gradient-weighted class activation mapping
(GRAD-CAM)—creates the visualization of the gradient
through the entire model (Ho and Ding, 2021). Elul et al.
(2021) included the spectro-temporal attention (STA)
mechanism, which highlights the most important parts of
ECG based on the analysis of temporal and spectral
information from selected layers of the network. Other, local
interpretable model-agnostic explanation technique (LIME) uses
another, very simple, linear model (such as linear regression) to
explain the local behavior of the black-box complex model
around the sample of interest (Hughes et al., 2021).

3.3.4 Huge Amount of Data: Make It Easier With
Multiple-Instance Learning
A huge amount of long-term ECG data requires a lot of time for
detailed data labeling, which is crucial for accurate diagnosis and
for potential use when creating the ML- or DL-based computer-
aided systems. The labeling process is extremely time-consuming
and expensive. Especially when each beat should be labeled
separately, the risk of misinterpretations due to intensive
cognitive load or poor experience of the physician is high.
Therefore, multiple-instance learning (MIL) enabling model
training using only global labels with no beat-wise
annotations can be very useful. MIL is a type of supervised
learning, which works with labeled bags of data (instead of the
labeled instances) (Carbonneau et al., 2018). When properly
combining with ML or DL, it can be successfully used
for localization of the pathological events in ECG and
generation of the detailed annotation reports, if needed, as
shown in myocardial infarction detection (Sun et al., 2012),
abnormal heartbeat localization (Tong et al., 2021), or
premature ventricular contraction localization (Novotna
et al., 2020). The accuracy of such methods is usually
comparable to that of standard DL approaches, but

MIL-based detectors are beneficial due to less strict
requirements on the training dataset.

3.3.5 Deep Learning Expansion: Need for Control
The number of DL studies focused on cardiac arrhythmia
detection and classification has intensively grown during the
last five years, most probably due to the PhysioNet/Computing
in Cardiology Challenge conducted in 2017, where an extended,
highly variable database was introduced to the wide audience
(Clifford et al., 2017). Many challenge participants applied the
CNN or LSTM model to address the topic and achieved the best
performance in binary (AFIB vs. non-AFIB) and multi-class
(sinus rhythm, AFIB, atrial flutter, etc.) issues (Murat et al.,
2021a). The growing trend in using DL is still present due to
international challenges (PhysioNet/Computing in Cardiology
2020 and 2021, China Physiological Signal Challenge
2018–2021) focused on the algorithms for reliable QRS
detection, supraventricular and ventricular premature
contraction detection, AFIB detection or paroxysmal AFIB
localization in ECG, multi-label classification of 24 different
arrhythmias, or identification of the ECG leads with the
highest discrimination ability. During the challenges, high-
quality, freely available, and accurately labeled databases are
introduced to the wide audience, which enables further
development of high-performance robust algorithms (Perez
Alday et al., 2021). The availability of large ECG databases,
however, makes the opportunity for people with no basic
knowledge in the cardiac arrhythmia domain to be involved in
creating the algorithms. In this situation, one cannot expect
correct and careful usage of ML or DL methods. The only way
to create trustworthy diagnostic systems, which meet the true
clinical needs, is close cooperation among a wide range of experts,
such as clinicians, engineers, data scientists, and programmers.

Another issue, which needs to be solved soon, is a lack of the
guidelines for creating and evaluating the diagnostic ML and DL
algorithms. Bond et al. (2021) formulated this aspect in the
context of systems for ECG interpretation as a need for best
practices for “stress-testing” algorithms. They recommend to test
the novel algorithms under different conditions: using both clean
and noisy data, data recorded by misplaced or/and interchanged
electrodes, data recorded in different hospitals by different
devices and from different ethnic groups, etc. This may ensure
creating the reliable, accurate, and robust algorithms useful in
clinical routine support. Thus, formation of international
working groups focused on the relevant guideline formulation
can be expected in the near future. Best practices—after some
modifications—will be further integrated in experimental
applications.

4 FINAL REMARKS

The present article reviews current perspectives of ECG recording
and analysis. It presents a unique combination of clinical and
experimental points of view. This approach may attract a broad
range of readers—not only researchers in the area of cardiology
but also biomedical engineers, mathematicians, and last but not
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least clinicians. Looking at the same topic from various angles and
summarizing information obtained from various models may
help interested readers of numerous specializations understand
each other better. As a result, it might help to plan future research
activities of multidisciplinary teams, consisting of both
researchers and clinicians.

In the 21st century, recording of electrical activity of the heart
muscle in the form of electrocardiogram may appear rather
obsolete. The truth is that numerous sophisticated methods
enable the researchers and clinicians to obtain information
about electrical and mechanical activities of the heart and
visualize these processes. On the contrary, new ways of ECG
recording together with advanced methods of its analysis open
new possibilities for its use.
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Neural control of the heart involves continuous modulation of cardiac mechanical and
electrical activity to meet the organism’s demand for blood flow. The closed-loop control
scheme consists of interconnected neural networks with central and peripheral
components working cooperatively with each other. These components have evolved
to cooperate control of various aspects of cardiac function, which produce measurable
“functional” outputs such as heart rate and blood pressure. In this review, we will outline
fundamental studies probing the cardiac neural control hierarchy. We will discuss how
computational methods can guide improved experimental design and be used to probe
how information is processed while closed-loop control is operational. These experimental
designs generate large cardio-neural datasets that require sophisticated strategies for
signal processing and time series analysis, while presenting the usual large-scale
computational challenges surrounding data sharing and reproducibility. These
challenges provide unique opportunities for the development and validation of novel
techniques to enhance understanding of mechanisms of cardiac pathologies required
for clinical implementation.

Keywords: neurocardiology, sudden cardiac death (SCD), closed-loop control, cardiac nervous system, cardiac
function

INTRODUCTION

Beat-to-beat control of cardiac function requires adaptive adjustments of cardiac electromechanical
activity to meet the organism’s blood flow needs. The closed-loop cardiac control network hierarchy
consists of the intrinsic cardiac nervous system, the sympathetic and parasympathetic arms of the
autonomic nervous system, peripheral ganglia, spinal cord, brain stem, and higher centers in the
central nervous system (Ardell et al., 2016; Shivkumar et al., 2016). Contrary to the viewpoint where
the peripheral nervous system functions as a conduit for centrally-derived inputs (Yuste, 2015),
neural control of cardiac function involves a hierarchy of interconnected neural networks that
regionally control indices such as heart rate, blood pressure, or respiration (Ardell et al., 2016;
Shivkumar et al., 2016).

Substantial experimental and clinical work has focused on neural contributions to heart rate, heart
rate variability, and blood pressure anomalies and associated pathologies including heart failure,
myocardial infarction, coronary artery disease, and hypertension (Sessa et al., 2018; Pan et al., 2020).
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At a population level, elevated resting heart rate and blood
pressure, reduced heart rate variability, and depressed
baroreflex sensitivity correlate with increased risks of
cardiovascular disease, mortality, arrhythmia, and negative
health outcomes (Jones et al., 2008; Zhang et al., 2016; Grassi
et al., 2019; Fuchs and Whelton, 2020). While these biomarkers
remain relevant at a population level, their usefulness to assess
risk of adverse outcomes for individual patients is limited due to
regionality of the control hierarchy (Huikuri and Stein, 2013;
Kember et al., 2013; Ajijola, 2016; Mitrani and Myerburg, 2016;
Pan et al., 2020).

The cardiac neural control network may be characterized as a
closed-loop control systemwith the central nervous system as one
component (Armour, 2004; Leenen, 2007; Hirooka, 2010;
Scherbakov and Doehner, 2018). At the peripheral level of the
control hierarchy, afferent and efferent activities arise from
locally interconnected feedback loops of ganglia and
interconnecting neurons (Ardell et al., 2016; Shivkumar et al.,
2016). While the peripheral and central levels are in constant
communication, the peripheral level is independently capable of
maintaining basic cardiac function (Ardell et al., 1991; Smith
et al., 2001a; Smith et al., 2001b). An important consequence is
that autonomic control and the heart may become compromised
while continuing to maintain function as indicated by measures
such as heart rate and blood pressure (Armour, 2004; Kember
et al., 2013).

Substantial progress has been made in the description of
network components down to the cellular and genomic levels
(Moss et al., 2021; Rajendran et al., 2019; Hanna et al., 2021), but
the principles and mechanisms governing higher level function
and neuro-mechanical linkages are not well defined. This is partly
due to the closed-loop nature across levels of the cardiac control
hierarchy: it has no simple open-loop analogue to provide a direct
linkage between neural activity and functional targets (Figure 1).
A useful strategy is to de-link levels within the control hierarchy,
and this has been successfully used in experimental designs to
gain insight into neural contributions to cardiac function and in
clinical interventions as a last resort (Ardell et al., 1991; Smith
et al., 2001a; Smith et al., 2001b). A main requirement is that
experimental methods must directly measure integration within
the cardiac neural control system and the linkage of this system to
control targets while in closed-loop operation.

In this review, we will outline the fundamental studies focusing
on closed-loop information processing within cardiac neural
hierarchy. Our emphasis will be less on past achievements and
more on identifying trends that are shaping the field. We will
discuss how computational methods can help to guide improved
experimental designs, quantify the value of small datasets, and
become useful for attacking long-standing problems that span
multiple scales in space and time. The size and complexity of
these next generation cardio-neural datasets require sophisticated
strategies for signal processing, time series analysis, and
dimensionality reduction, while presenting the usual large-
scale computational challenges surrounding data sharing and
reproducibility. These challenges provide unique opportunities to
further technological development and computational pipelines
to drive improved understanding of mechanisms of cardiac
pathologies.

NEURAL RECORDING LITERATURE IN
CARDIAC NERVOUS SYSTEM

The cardiac nervous system offers untapped opportunities to
understand mechanisms of cardiac disease and develop novel
therapeutic strategies. Manipulation of the cardiac nervous
system is a promising approach to mitigate the onset and
progression of cardiac pathology. However, its implementation
requires an understanding of the neural-mechanical linkages if
safe and effective therapeutic strategies are to be developed. In
Table 1, a representative selection of the research literature into
neuro-mechanical linkages spanning the late 1960s to 2021 is
provided. Earlier studies include research into anatomy and
function of the stellate ganglion, right atrial ganglionated
plexus, spinal cord, and nodose with single-unit recordings
(Ja¨nig and Szulczyk, 1980; Armour, 1983; Armour, 1985;
Armour, 1986; Gagliardi et al., 1988; Boczek-Funcke et al.,
1992; Boczek-Funcke et al., 1993; Armour et al., 1998; Ardell
et al., 2009; Salavatian et al., 2019a; Foreman et al., 2015; Foreman
and Qin, 2009). With the advent of improved recording methods
these approaches have evolved to more recent studies involving
multi-unit recordings. Earlier computational methods utilized
single neuron recordings and the phase relationship of a neuron’s

FIGURE 1 | (A) Fundamental difference between open-loop and closed-
loop systems is that the system output is regulated by feedback in closed-loop
systems, while open-loop systems have no feedback. (B) Cardiac nervous
system represents a three-tier closed-loop control hierarchy where each
tier exhibits neural inputs resulting in functional outputs such as the
electrocardiography (ECG) or blood pressure (BP). (C)Open source algorithm
development and novel cardioneural recording technologies supported by
histologic studies will propel the field of neurocardiology forward.
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TABLE 1 | Research literature probing into cardiac nervous system, listed as regions, recording type (single/multi unit), anesthetic agent, studied species, computational
methods used, number of recording electrodes, electrode type, and software used for analysis. The reference numbers correspond to the references in the manuscript.

Ref # Year Region Recording Anesthesia Species Methods
used

#
Electrodes

Electrode
type

Software

Foreman et al.
(1975)

1975 spinal cord single unit halothane, alpha
chloralose

monkey firing rate, conduction
velocity

1 platinum
wire

N/A

Ja¨nig and
Szulczyk, (1980)

1980 lumbar
preganglionic
neurons

single unit ketamine
hydrochloride,
alpha chloralose

cat firing rate, conduction
velocity

1 platinum
wire

N/A

Blair et al. (1981) 1981 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate 1 stainless
steel

N/A

Blair et al. (1982) 1982 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, conduction
velocity

1 tungsten,
class

N/A

Armour, (1983) 1983 stellate ganglion single unit sodium
pentobarbital,
alpha chloralose

dog N/A 1 N/A N/A

Ammons et al.
(1983a)

1983 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate 1 stainless
steel

N/A

Ammons et al.
(1983b)

1983 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, conduction
velocity

1 stainless
steel

N/A

Ammons et al.
(1984a)

1984 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate 1 stainless
steel

N/A

Ammons et al.
(1984b)

1984 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, conduction
velocity

1 stainless
steel

N/A

Ammons and
Foreman, (1984)

1984 spinal cord single unit ketamine, alpha
chloralose

cat firing rate 1 carbon
tipped glass

N/A

Blair et al. (1984b) 1984 spinal cord single unit ketamine, alpha
chloralose

monkey
and cat

firing rate 1 tungsten or
glass

N/A

Blair et al. (1984a) 1984 spinal cord single unit ketamine, alpha
chloralose

cat firing rate 1 tungsten or
glass

N/A

Foreman et al.
(1984)

1984 spinal cord single unit ketamine, alpha
chloralose

cat firing rate, stimulation
latency

1 stainless
steel

N/A

Ammons et al.
(1985b)

1985 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate 1 stainless
steel

N/A

Ammons et al.
(1985a)

1985 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 N/A N/A

Armour, (1985) 1985 middle cervical
ganglion

single unit Fentanyl citrate,
alpha chloralose

dog firing rate, action
potential discharge
pattern, duration, SNR

1 tungsten N/A

Armour, (1986) 1986 stellate ganglion single unit alpha chloralose dog firing rate, firing pattern,
cardiac/respiration
rhythmicity

1 tungsten N/A

Brennan et al.
(1987)

1987 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 stainless
steel

N/A

Girardot et al.
(1987)

1987 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Gagliardi et al.
(1988)

1988 right atrial
ganglionated
plexus

single unit Fentanyl citrate,
alpha chloralose

dog firing rate, firing pattern,
cardiac/respiration
rhythmicity

1 tungsten N/A

Bolser et al. (1989) 1989 spinal cord single unit ketamine, alpha
chloralose

cat firing rate, stimulation
latency

1 platinum-
iridium

N/A

Hobbs et al. (1989) 1989 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 stainless
steel

N/A

(Continued on following page)
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TABLE 1 | (Continued) Research literature probing into cardiac nervous system, listed as regions, recording type (single/multi unit), anesthetic agent, studied species,
computational methods used, number of recording electrodes, electrode type, and software used for analysis. The reference numbers correspond to the references in
the manuscript.

Ref # Year Region Recording Anesthesia Species Methods
used

#
Electrodes

Electrode
type

Software

Chandler et al.
(1991)

1991 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 carbon-
filament

N/A

Boczek-Funcke
et al. (1992)

1992 thoracic
sympathetic
neurons

single unit ketamine
hydrochloride,
alpha chloralose

cat firing rate, firing pattern,
cardiac/respiration
rhythmicity

1 platinum
wire
electrodes

N/A

Boczek-Funcke
et al. (1993)

1993 thoracic
preganglionic
neurons

single unit ketamine
hydrochloride,
alpha chloralose

cat firing rate, firing pattern,
axonal conduction
velocity, spontaneous
activity, segmental
location in spinal cord

1 platinum
wire
electrodes

N/A

Zhang et al. (1997) 1997 spinal cord single unit sodium
pentobarbital

rat firing rate, spikes per
stimulus intensity

1 carbon-
filament
glass

N/A

Armour et al. (1998) 1998 left middle
cervical and left
stellate ganglion

single unit thiopental sodium,
alpha chloralose

dog firing pattern, cross
correlation (coherence),
firing pattern

1 tungsten N/A

Chandler et al.
(2000)

2000 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2001) 2001 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Chandler et al.
(2002)

2002 spinal cord single unit ketamine, alpha
chloralose

monkey firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Zhang et al. (2003) 2003 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2003a) 2003 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2003b) 2003 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2003c) 2003 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2004c) 2004 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2004a) 2004 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2004b) 2004 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2006) 2006 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2007) 2007 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

(Continued on following page)
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activity to common cardiac measures were considered.
Functional properties of neurons were examined through the
neural response to a variety of stimuli such as rhythmicity of the
neural firing pattern to functional recordings such as blood
pressure and respiration, mechanical touch, electrical
stimulation, and pharmacological agents.

Foreman et al. (1975), Foreman et al. (1984) was the first to
investigate spinal cord neurons in monkeys using single-unit
platinum wire electrodes through laminectomy. These efforts
were followed by Blair et al. (1981), Blair et al. (1982), Blair
et al. (1984a), Blair et al. (1984b), Ammons et al. (1983a),
Ammons et al. (1983b), Ammons et al. (1984a), Ammons and
Foreman (1984), Ammons et al. (1984b), Ammons et al. (1985a),
Ammons et al. (1985b), Brennan et al. (1987), Girardot et al.
(1987), Bolser et al. (1989), Hobbs et al. (1989), and Chandler
et al. (1991) in cats and monkeys using tungsten, stainless steel,
platinum-iridium, and carbon-filament glass electrodes. The

effects of cardiovascular stressors, noxious stressors, vagal
afferent stimulation, and pharmacological agents on T1-T5
spinal, spinothalamic, and spinoreticular neurons were studied
in separate investigations. These studies laid the groundwork to
understand the mechanisms of cardiac pain, roles of
neurotransmitters, and multi-organ architecture of spinal
neurons (Foreman et al., 2015). Another set of studies focused
on C1-C2 spinal neurons (Zhang et al., 1997; Chandler et al.,
2000; Qin et al., 2001; Chandler et al., 2002; Qin et al., 2003a; Qin
et al., 2003b; Zhang et al., 2003; Qin et al., 2004a; Qin et al.,
2004b), characterization of thoracic spinal neurons receiving
inputs from the heart and lower airways (Qin et al., 2003c;
Qin et al., 2004c; Qin et al., 2006; Qin et al., 2007; Qin et al.,
2008), and multi-organ processing of cardiac nociception
(Goodman-Keiser et al., 2010; Qin et al., 2010; Little et al., 2011).

Using similar electrode technologies and methods, peripheral
investigations were carried out by other groups. Ja¨nig and

TABLE 1 | (Continued) Research literature probing into cardiac nervous system, listed as regions, recording type (single/multi unit), anesthetic agent, studied species,
computational methods used, number of recording electrodes, electrode type, and software used for analysis. The reference numbers correspond to the references in
the manuscript.

Ref # Year Region Recording Anesthesia Species Methods
used

#
Electrodes

Electrode
type

Software

Qin et al. (2008) 2008 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Ardell et al. (2009) 2009 middle cervical
ganglion

single unit thiopental sodium,
alpha chloralose

dog firing pattern 1 tungsten Spike2

Goodman-Keiser
et al. (2010)

2010 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Qin et al. (2010) 2010 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Little et al. (2011) 2011 spinal cord single unit sodium
pentobarbital

rat firing rate, stimulation
latency

1 carbon-
filament
glass

N/A

Beaumont et al.
(2013)

2013 right atrial
ganglionated
plexus

multi unit isoflurane dog template matching,
principal component
analysis, spike rate,
conditional probability

16 platinum-
iridium

Spike2

Salavatian et al.
(2019a)

2019 spinal cord single unit isoflurone, alpha
chloralose

dog spike sorting feature of
software (not specified)

1 tungsten Spike2

Dale et al. (2020) 2020 spinal cord multi unit inhaled isoflurane,
fentanyl, alpha
chloralose

pig firing rate, cross
correlation, conditional
probability

64 platinum-
iridium

Spike2

Yoshie et al. (2020) 2020 stellate ganglion multi unit inhaled isoflurane pig firing rate N/A N/A N/A

Omura et al. (2021) 2021 spinal cord multi unit inhaled isoflurane,
fentanyl, alpha
chloralose,
bupivacaine

pig firing rate 64 platinum-
iridium

iScalDyn

Salavatian et al.
(2019b)

2021 nodose multi unit isoflurane, alpha
chloralose

pig firing rate 16 platinum-
iridium

Spike2,
MATLAB

Sudarshan et al.
(2021)

2021 stellate ganglion multi unit isoflurane,
chloralose

pig unsupervised spike
detection, spike rate

16 platinum-
iridium

Open
source,
Python
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Szulczyk (1980) investigated the functional properties of lumbar
preganglionic sympathetic neurons in cats using single-unit
platinum wire electrodes. The functional properties of the
neurons were classified according to cardiac rhythmicity,
reactions to different stimuli, and axon conduction velocity.
Armour (1983) performed a set of experiments to study
synaptic transmission in middle cervical and stellate ganglia in
dogs after thoracic autonomic ganglia decentralization.
Compound action potential shapes were studied based on
their response to a number of pharmacological agents and
electrical stimulation of an afferent cardiopulmonary nerve. In
subsequent studies, extracellular neural activity of middle cervical
and stellate ganglia neurons was recorded in dogs (Armour, 1985;
Armour, 1986). Action potentials were identified based on pre-
determined signal to noise ratios, action potential duration,
action potential discharge pattern, and firing rates have been
quantified. Neural classifications were performed based on
cardiac cycle rhythmicity, respiration, respiration rhythmicity,
response to mechanical distortion of the superior vena cava,
heart, thoracic aorta, thoracic wall, neck, or foreleg skin, and
response to stimulation of sympathetic and/or cardiopulmonary
nerves. Gagliardi et al. (1988) similarly studied right atrial
ganglionated plexus neural activity in dogs by finding neurons
that showed cardiac rhythmicity, respiratory rhythmicity, and
responded to mechanical stimuli.

Boczek-Funcke et al. (1992) split nerve bundles into fine
filaments upon perineurium incision and utilized 167 single-
unit platinum wire electrodes to classify 167 single
preganglionic neurons in cats, based on three reflex
criteria: cardiac rhythmicity (Group 1 neurons), response
to noxious stimulation of the skin (Group 2 neurons), and
the coupling of neural activity to central inspiratory drive
(phrenic nerve activity, Group 3 neurons). Neurons that
showed lack of cardiac rhythmicity but excitability to
noxious skin stimuli were labelled Group 4 neurons. A
subsequent work by the same group tested whether these
four, functionally distinct groups differed in the
distribution of their segmental origin within the spinal
cord, spontaneous activity, and axonal conduction velocity
(Boczek-Funcke et al., 1993). It was reported that neurons
showing different reflex patterns differed in segmental
location and axonal conduction velocity. A similar stimuli-
response approach was undertaken to evaluate the differential
selectivity of neurons in middle cervical or stellate ganglia
versus intrinsic cardiac ganglia in dogs (Armour et al., 1998).
The evaluated interventions were: temporary discontinuation
of respiration, alteration of respiratory rate, inferior vena cava
occlusion, aortic occlusion, pharmacological agent infusion,
epicardial touch, and carotid sinus stimulation. Firing
patterns and cross correlation of neural firing across
ganglia showed similarity and dissimilarity in reflex
patterns to a wide range of stimuli. Lastly, more recent
multi-probe recordings of neurons used software (Spike 2,
Cambridge Electronic Design) to filter and analyze middle
cervical ganglion (Ardell et al., 2009) and dorsal root ganglion
(Salavatian et al., 2019a) neural recordings. The totality of
evidence led to the conclusion of a thoracic nervous system

acting as a distributive processor with redundant cardio-
regulatory control mechanisms exerted through multiple
nested feedback loops.

With the advent of linear and multi-grid microelectrode
arrays, it became feasible to evaluate neural activities within
and between neurons. Beaumont et al. reported activity from
multiple intrinsic cardiac neurons in the right atrial
ganglionated plexus in dogs using a 16-channel linear array
(Beaumont et al., 2013). Following an artifact removal process
based on right atrial electrogram and stimulator signals, neural
activities were compared in different time windows before/
after interventions by the computation of the firing rate
evolution (Gagliardi et al., 1988). A Skellam distribution
(Hyun-Chool Shin et al., 2010) was employed to evaluate
the differences in firing rate for each intervention while
differential neural to stressors were evaluated via
conditional probability and a chi-squared analysis was used
to compare the response characteristics of the identified
intrinsic cardiac neurons. Nodose and stellate ganglia neural
activity were also recorded in a separate study using 16-
channel microelectrode arrays (Salavatian et al., 2019b;
Yoshie et al., 2020). Spike sorting was performed via
principal component analysis and k-means clustering
analysis. Afterwards, individual neural activity time series
were extracted to study temporal profile, calculate firing
rates, and quantify firing patterns with respect to applied
cardiac stressor times.

In more recent studies, neural recording technology has
used 64-channel neural data distributed over eight “shanks”
using penetrating high-density microarrays (Dale et al., 2020;
Omura et al., 2021). These studies involved recording from the
thoracic spinal cord which serves to integrate cardiac control
through intraspinal reflexes. Apparent from Table 1, single-
unit spinal cord recordings could pinpoint to a limited set of
questions at a single experiment (Foreman et al., 2015),
making knowledge transfer between expensive studies
challenging. High-density multi-shank recordings are
attractive for spinal cord research as these regions include
multi-function neural populations and making it difficult to
pinpoint neural activity related to cardiac control. Dale et al.
(2020) used multi-shank recordings along with a number of
stressors to reveal dorsal horn and sympathetic preganglionic
cardiac neurons in a pig model. Principal component analysis
yielded a total of 1760 identified spinal neurons, and T2
paravertebral ganglion stimulation was used to identify/
activate cardiac sympathetic preganglionic neurons. Firing
rate and correlation analyses were performed for neuron
identification, and percentages of neurons responding to
one or more stimuli were reported. Recently, a similar
experimental setup and computational methods were used
to study the effects of spinal anesthesia (bupivacaine) on
spinal network interactions (Omura et al., 2021). Cardiac
spinal neurons were identified based on their response to a
wide range of interventions and bupivacaine was reported to
have cardioprotective effects as it attenuates short-term
coordination between local afferent-effect cardiac neurons
in spinal cord.
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SPIKE DETECTION AND SPIKE SORTING

Studies to date have utilized event-based analyses or snapshots of
experimental data, which represent only 10% of the experimental
data. Analysis of short duration event regions was possible with
the use of semi-automated methods with conclusions limited to
static analyses. However, development of an understanding of
network interactions and space-time dynamics requires the
continuous analysis of entire recordings separated into
baseline and event epochs. This necessitates an order of
magnitude increase in processing and has driven the
construction of unsupervised spike detection and classification
algorithms of large-scale datasets.

Lewicki (1998) provided the earliest exploration of the
techniques and challenges encountered in spike detection and
sorting from extracellular microelectrode recordings. Early spike
detection was achieved via window discrimination and
procedures are detailed for spike sorting based on principal
component analysis and component clustering. More recent
reviews (Rey et al., 2015; Lefebvre et al., 2016; Hennig et al.,
2019) address common challenges and techniques that are
moving closer to unsupervised algorithms needed for
continuous analysis of large datasets. The algorithms are
necessarily tailored to the context of specific applications and
measurement equipment that present disparate features.

Our recent application is characterized by ensemble neural
activity where individual neurons exhibit firing rates on the order
of 1 Hz without bursting (Sudarshan et al., 2021). Neural activity
detected farther from the multi-channel probe represents the
superposition of attenuated activity. The superposition and
attenuation eventually produce recorded signals that where
individual action potentials cannot be recognized, and this is
termed the “noise floor.” A primary goal in analyzing multi-
channel recordings is to assess network function and this is made
possible by working close to the noise floor and increasing the
number of recorded spikes through several orders of magnitude.
We use an unsupervised approach where spikes are detected at
iterated thresholds based on a competition between the number
of positive and negative spikes detected at each iteration
(Sudarshan et al., 2021). Regions containing spikes detected
within an iteration are masked and rendered undetectable at
later iterations. This approach allowed for detailed assessment of
specificity over space and time of stellate ganglion population
activity to specific cycles in cardiac and pulmonary dynamics
during an experiment.

Following the detection of spikes, a typical spike sorting
procedure involves extracting features from detected spikes
and assigning them to unique clusters where each cluster
would ideally represent activity from a single neuron. Rey
et al. (2015) and Lefebvre et al. (2016) outlined procedures
such as projection on basis functions, principal component
analysis and wavelet analysis that are commonly used for
feature extraction prior to clustering from detected spikes.
Various clustering algorithms such as Gaussian mixtures,
k-means, and density-based clustering were reviewed along
with a template matching procedure for extracting activity
from single neurons from the clusters. The major challenge in

using these clustering methods to isolate the activity of specific
neurons within a population remains the lack of an independent
means to assess cluster validity. This problem is reviewed in
(Foreman et al., 1975) with respect to validating spike sorting
clusters with and without human-based or synthetic ground truth
validations of sorted spikes. It is also explored in (Magland et al.,
2020) where automated spike sorting pipelines are built for the
low-dimensional spike sorting problem and compared to other
approaches.

STUDY DESIGN AND DATA ANALYSIS
CONSIDERATIONS

In this section, we address experimental issues that should be
considered when designing and analyzing neural recording
studies to probe the cardiac nervous system and a hierarchical
closed-loop controller. Table 1 lists these details for cardiac
literature discussed previously.

Single-Unit vs Multi-Unit Recordings
The range of electrode technologies has also greatly diversified the
type of collected neural signals. Single-unit tungsten or platinum
wire single-unit electrodes have dominated the field until 2000s
(Ja¨nig and Szulczyk, 1980; Armour, 1985; Boczek-Funcke et al.,
1992; Armour et al., 1998). In recent years, multi-unit or multi-
channel recordings have appeared in studies due to the
availability of recording technologies (Beaumont et al., 2013;
Dale et al., 2020; Sudarshan et al., 2021). Both single- and
multi-unit electrodes have strengths and weaknesses
depending on the experimental goals.

For single-unit recordings, the target neurons must be isolated
and recording electrodes should be fine-tipped with low-
impedance conductors for high quality recording. Single-unit
recordings may record several isolated neurons with wire
electrodes in separate nerve bundles (Boczek-Funcke et al.,
1992). While large electrode arrays increase the amount of
collected information per unit time, they may not provide
sufficient isolation. The multi-unit signals involve recording of
closest neural populations, rather than the closest single neuron.
In the recent neuroscience literature, a shift in the experimental
focus to interactions of neural populations and their ensemble
behaviors (Yuste, 2015; Zamani Esfahlani et al., 2020) has led to
the nearly exclusive use of multi-unit recordings.

Study reproducibility requires reporting details of electrode
design, statistical analyses should consider the independence of
data and the addition of electrode/neuron identity as covariates.
Data collected from a multi-unit electrode array have more
stringent methodological constraints compared to single-unit
data analysis. Multi-unit recordings cannot be classified as
independent if unit isolation was unassessed whereas multiple
single-unit recordings may be considered independent datasets
assuming isolated neurons are being recorded.

Reliance on Animal Models and Anesthesia
Open heart surgeries conducted in cardiac nervous system
research studies require the use of anesthetic agents, a list of
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agents have been listed in Table 1. In large animal models such as
dogs and pigs, isoflurane inhalation followed by alpha-chloralose
have been dominantly employed. Ideally, the agent should not
restrict the scientific interpretation while providing stable
experimental conditions showing an absence of depression of
cardiovascular or autonomic activity which is a disadvantage in
cardiac neural recordings.

The use of open chest preparations along with the application of
anesthesia in terminal animal experiments inevitably biases both
study results, interpretations, and any potential extension to
humans. Yet, when experiments are tightly controlled, chronic
animal model studies have been proven informative to study the
nature of interactions among neural populations and their evolution
from normal to pathological states. Collection of neural data from
human cardiac nervous system is a more difficult and constrained
task as the experiment with humans cannot be regarded as terminal.
Translational failure may be explained by methodological flaws and
inadequate data in animal studies. To avoid translational failure,
publications should clearly indicate the study details. Systematic
reviews andmeta-analyses play substantial role in the selection of the
most promising interpretations that could be extended to humans.

Sample Sizes and Statistical Power
There has been considerable concern surrounding reproducibility of
small biomedical research datasets and contamination of literature
with false positive reports due to publication pressure and lack of
venues that encourage publication of negative results (Ioannidis,
2005; Button et al., 2013). This might be partly due to lack of
planning in experimental design and reliance on the analysis of
smaller studies compared to large clinical trials that involve
dedicated personnel and a more thorough analysis. It is essential
for investigators to describe number of animals, specifics of neural
recording channels, neural type where relevant, along with power
analyses for statistical significance and effect size for practical
relevance. Effect size, a standardized measure that quantifies the
size of difference or association between two groups, should be
provided in addition to statistical significances to facilitate meta-
analysis and reproducibility (Sullivan and Feinn, 2012).

Data and Code Sharing
Combined resources surpass the capacity of individual research
laboratories or institutional efforts (Ascoli et al., 2017). To date,
some effort has been made to enable data reusability such as
NeuroMorpho.Org (Ascoli et al., 2007), Neurodata Without
Borders (Teeters et al., 2015), and PhysioNet (Goldberger et al.,
2000). An instrumental effort within the context of cardiac nervous
system has been the National Institutes of Health (NIH) Common
Fund’s Stimulating Peripheral Activity to Relieve Conditions
(SPARC) platform that encourages raw data sharing with proper
labeling and a listing of computational methods/models (Osanlouy
et al., 2021). In addition, computational techniques such as signal
processing, machine learning, statistical analyses are central in data
analysis and interpretation of results. Methods sections of research
papers outline essential processing flows and mathematic/statistical
information, but the complete linkage between raw data and the
published results requires access to small scripts for statistical
manipulations and to much larger routines used to process the

raw data to a useable form. Public access to research codes, complete
data pipelines used to construct all results is necessary for
reproducibility, transparency of data/analysis assumptions, and
the further development of software (Barnes, 2010; Ince et al., 2012).

CONCLUDING REMARKS

We are in an exciting period of study of the cardiac nervous system
with the availability of high-density recording technologies and
advances in open-source computational pipelines and data-
analytic methods suitable for closed-loop systems. The
neuroscience literature offers a wide range of novel analytical
tools and interventions mostly related to open-loop brain
recording studies. Such experimental designs have separated
inputs and outputs (Yuste, 2015), which do not extend to cardiac
studies where heart in open-loop mode would have no afferent
feedback and is not experimentally realizable or meaningful. The
presence of afferent signals in closed-loopmode implies that efferent
cardiac inputs are returned via the afferent pathway from the heart
and further affects the efferent input to the heart. In this sense, inputs
and outputs are unseparated and this has necessitated the
development of metrics suitable for the analysis of the dynamical
state of closed-loop networked control.

The requirement to analyze continuous recordings instead of
focusing on stimulus-evoked regions is driving the development of
unsupervised algorithms for spike detection and classification due to
a large increase in data. These analyses are leading to the discovery a
highly nuanced interpretation of the neural network status in normal
versus diseased states that is unavailable from event-based analyses.

Moreover, reproducibility requirements are more difficult to
meet for multi-unit experimental designs where changes in probe
placement, animal’s autonomic status, surgical preparation,
experimenter abilities, and genetic differences will lead to greater
variability in experimental results. Designing elegant investigations
thatmeet these reproducibility constraints, data, andmethod sharing
supported by histological studies giving improved anatomical
information are all required to further develop neurocardiology
and improve clinical interventions.

AUTHOR CONTRIBUTIONS

NG, GK, JA, and OA conceptualized and planned the manuscript.
NG, ST, and DL organized the literature. NG wrote the first draft
of the manuscript. NG, KB, and GK wrote sections of the
manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

This work was funded by the National Institutes of Health, Office
of The Director DP2 OD024323-01 (OA), and U01EB025138
(GK), and National Heart Lung and Blood Institute HL159001
(OA). NG was funded by the NSF Engineering Fellows
Postdoctoral Fellowship Award ID #2127509.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8357618

Gurel et al. Studying Cardiac Neural Network Dynamics

109

http://NeuroMorpho.Org
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


REFERENCES

Ajijola, O. A. (2016). Sudden Cardiac Death: We Are Not There yet. Trends
Cardiovasc. Med. 26 (1), 34–35. doi:10.1016/j.tcm.2015.04.009

Ammons, W. S., Blair, R.W., and Foreman, R. D. (1984). RapheMagnus Inhibition
of Primate T1-T4 Spinothalamic Cells with Cardiopulmonary Visceral Input.
PAIN 20 (3), 247–260. doi:10.1016/0304-3959(84)90014-9

Ammons, W. S., Blair, R. W., and Foreman, R. D. (1984). Greater Splanchnic
Excitation of Primate T1-T5 Spinothalamic Neurons. J. Neurophysiol. 51 (3),
592–603. doi:10.1152/jn.1984.51.3.592

Ammons, W. S., Blair, R. W., and Foreman, R. D. (1983). Vagal Afferent Inhibition
of Primate Thoracic Spinothalamic Neurons. J. Neurophysiol. 50 (4), 926–940.
doi:10.1152/jn.1983.50.4.926

Ammons, W. S., Blair, R. W., and Foreman, R. D. (1983). Vagal Afferent Inhibition
of Spinothalamic Cell Responses to Sympathetic Afferents and Bradykinin in
the Monkey. Circ. Res. 53 (5), 603–612. doi:10.1161/01.RES.53.5.603

Ammons, W. S., and Foreman, R. D. (1984). Cardiovascular and T2-T4 Dorsal
Horn Cell Responses to Gallbladder Distention in the Cat. Brain Res. 321 (2),
267–277. doi:10.1016/0006-8993(84)90179-3

Ammons,W. S., Girardot, M. N., and Foreman, R. D. (1985). Effects of Intracardiac
Bradykinin on T2-T5 Medial Spinothalamic Cells. Am. J. Physiology-
Regulatory, Integr. Comp. Physiol. 249 (2), R147–R152. doi:10.1152/ajpregu.
1985.249.2.R147

Ammons, W. S., Girardot, M. N., and Foreman, R. D. (1985). T2-T5 Spinothalamic
Neurons Projecting to Medial Thalamus with Viscerosomatic Input.
J. Neurophysiol. 54 (1), 73–89. doi:10.1152/jn.1985.54.1.73

Ardell, J. L., Andresen, M. C., Armour, J. A., Billman, G. E., Chen, P.-S., Foreman,
R. D., et al. (2016). Translational Neurocardiology: Preclinical Models and
Cardioneural Integrative Aspects. J. Physiol. 594 (14), 3877–3909. doi:10.1113/
JP271869

Ardell, J. L., Butler, C. K., Smith, F. M., Hopkins, D. A., and Armour, J. A. (1991).
Activity of In VivoAtrial and Ventricular Neurons in Chronically Decentralized
Canine Hearts. Am. J. Physiology-Heart Circulatory Physiol. 260 (3),
H713–H721. doi:10.1152/ajpheart.1991.260.3.H713

Ardell, J. L., Cardinal, R., Vermeulen, M., and Armour, J. A. (2009). Dorsal Spinal
Cord Stimulation Obtunds the Capacity of Intrathoracic Extracardiac Neurons
to Transduce Myocardial Ischemia. Am. J. Physiology-Regulatory, Integr. Comp.
Physiol. 297 (2), R470–R477. doi:10.1152/ajpregu.90821.2008

Armour, J. A. (1985). Activity of In Situ Middle Cervical Ganglion Neurons in
Dogs, Using Extracellular Recording Techniques. Can. J. Physiol. Pharmacol. 63
(6), 704–716. doi:10.1139/y85-116

Armour, J. A. (1986). Activity of In Situ Stellate Ganglion Neurons of Dogs
Recorded Extracellularly. Can. J. Physiol. Pharmacol. 64 (2), 101–111. doi:10.
1139/y86-016

Armour, J. A. (2004). Cardiac Neuronal Hierarchy in Health and Disease. Am.
J. Physiology-Regulatory, Integr. Comp. Physiol. 287 (2), R262–R271. doi:10.
1152/ajpregu.00183.2004

Armour, J. A., Collier, K., Kember, G., and Ardell, J. L. (1998). Differential
Selectivity of Cardiac Neurons in Separate Intrathoracic Autonomic Ganglia.
Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 274 (4), R939–R949.
doi:10.1152/ajpregu.1998.274.4.R939

Armour, J. A. (1983). Synaptic Transmission in the Chronically Decentralized
Middle Cervical and Stellate Ganglia of the Dog. Can. J. Physiol. Pharmacol. 61
(10), 1149–1155. doi:10.1139/y83-171

Ascoli, G. A., Donohue, D. E., and Halavi, M. (2007). NeuroMorpho.Org: A
Central Resource for Neuronal Morphologies. J. Neurosci. 27 (35), 9247–9251.
doi:10.1523/JNEUROSCI.2055-07.2007

Ascoli, G. A., Maraver, P., Nanda, S., Polavaram, S., and Armañanzas, R. (2017).
Win-win Data Sharing in Neuroscience. Nat. Methods 14 (2), 112–116. doi:10.
1038/nmeth.4152

Barnes, N. (2010). Publish Your Computer Code: it Is Good Enough. Nature 467
(7317), 753. doi:10.1038/467753a

Beaumont, E., Salavatian, S., Southerland, E. M., Vinet, A., Jacquemet, V.,
Armour, J. A., et al. (2013). Network Interactions within the Canine
Intrinsic Cardiac Nervous System: Implications for Reflex Control of
Regional Cardiac Function. J. Physiol. 591 (18), 4515–4533. doi:10.1113/
jphysiol.2013.259382

Blair, R. W., Ammons, W. S., and Foreman, R. D. (1984). Responses of Thoracic
Spinothalamic and Spinoreticular Cells to Coronary Artery Occlusion.
J. Neurophysiol. 51 (4), 636–648. doi:10.1152/jn.1984.51.4.636

Blair, R. W., Weber, R. N., and Foreman, R. D. (1981). Characteristics of Primate
Spinothalamic Tract Neurons Receiving Viscerosomatic Convergent Inputs in
T3-T5 Segments. J. Neurophysiol. 46 (4), 797–811. doi:10.1152/jn.1981.46.4.797

Blair, R. W., Weber, R. N., and Foreman, R. D. (1984). Responses of Thoracic
Spinoreticular and Spinothalamic Cells to Intracardiac Bradykinin. Am.
J. Physiology-Heart Circulatory Physiol. 246 (4), H500–H507. doi:10.1152/
ajpheart.1984.246.4.H500

Blair, R. W., Weber, R. N., and Foreman, R. D. (1982). Responses of Thoracic
Spinothalamic Neurons to Intracardiac Injection of Bradykinin in the Monkey.
Circ. Res. 51 (1), 83–94. doi:10.1161/01.RES.51.1.83

Boczek-Funcke, A., Dembowsky, K., Häbler, H.-J., Jänig, W., and Michaelis, M.
(1993). Spontaneous Activity, Conduction Velocity and Segmental Origin of
Different Classes of Thoracic Preganglionic Neurons Projecting into the Cat
Cervical Sympathetic Trunk. J. Auton. Nervous Syst. 43 (3), 189–200. doi:10.
1016/0165-1838(93)90325-O

Boczek-Funcke, A., Dembowsky, K., Häbler, H. J., Jänig, W., McAllen, R. M., and
Michaelis, M. (1992). Classification of Preganglionic Neurones Projecting into
the Cat Cervical Sympathetic Trunk. J. Physiol. 453, 319–339. doi:10.1113/
jphysiol.1992.sp019231

Bolser, D. C., Chandler, M. J., Garrison, D. W., and Foreman, R. D. (1989). Effects
of Intracardiac Bradykinin and Capsaicin on Spinal and Spinoreticular
Neurons. Am. J. Physiology-Heart Circulatory Physiol. 257 (5),
H1543–H1550. doi:10.1152/ajpheart.1989.257.5.H1543

Brennan, T. J., Oh, U. T., Girardot, M.-N., Steve Ammons, W., and Foreman, R. D.
(1987). Inhibition of Cardiopulmonary Input to Thoracic Spinothalamic Tract
Cells by Stimulation of the Subcoeruleus-Parabrachial Region in the Primate.
J. Auton. Nervous Syst. 18 (1), 61–72. doi:10.1016/0165-1838(87)90135-4

Button, K. S., Ioannidis, J. P. A., Mokrysz, C., Nosek, B. A., Flint, J., Robinson, E. S.
J., et al. (2013). Power Failure: Why Small Sample Size Undermines the
Reliability of Neuroscience. Nat. Rev. Neurosci. 14 (5), 365–376. doi:10.
1038/nrn3475

Chandler, M. J., Hobbs, S. F., Bolser, D. C., and Foreman, R. D. (1991). Effects of
Vagal Afferent Stimulation on Cervical Spinothalamic Tract Neurons in
Monkeys. PAIN 44 (1), 81–87. doi:10.1016/0304-3959(91)90152-n

Chandler, M. J., Zhang, J., Qin, C., and Foreman, R. D. (2002). Spinal Inhibitory
Effects of Cardiopulmonary Afferent Inputs in Monkeys: Neuronal Processing
in High Cervical Segments. J. Neurophysiol. 87 (3), 1290–1302. doi:10.1152/jn.
00079.2001

Chandler, M. J., Zhang, J., Qin, C., Yuan, Y., and Foreman, R. D. (2000).
Intrapericardiac Injections of Algogenic Chemicals Excite Primate C1-C2
Spinothalamic Tract Neurons. Am. J. Physiology-Regulatory, Integr. Comp.
Physiol. 279 (2), R560–R568. doi:10.1152/ajpregu.2000.279.2.R560

Dale, E. A., Kipke, J., Kubo, Y., Sunshine, M. D., Castro, P. A., Ardell, J. L., et al.
(2020). Spinal Cord Neural Network Interactions: Implications for Sympathetic
Control of the Porcine Heart. Am. J. Physiology-Heart Circulatory Physiol. 318
(4), H830–H839. doi:10.1152/ajpheart.00635.2019

Foreman, R. D., Applebaum, A. E., Beall, J. E., Trevino, D. L., and Willis, W. D.
(1975). Responses of Primate Spinothalamic Tract Neurons to Electrical
Stimulation of Hindlimb Peripheral Nerves. J. Neurophysiol. 38 (1),
132–145. doi:10.1152/jn.1975.38.1.132

Foreman, R. D., Blair, R. W., and Neal Weber, R. (1984). Viscerosomatic
Convergence onto T2-T4 Spinoreticular, Spinoreticular-Spinothalamic, and
Spinothalamic Tract Neurons in the Cat. Exp. Neurol. 85 (3), 597–619. doi:10.
1016/0014-4886(84)90034-7

Foreman, R. D., Garrett, K. M., and Blair, R. W. (2015). Mechanisms of Cardiac
Pain. Compr. Physiol. 61, 929–960. doi:10.1002/cphy.c14003210.1002/cphy.
c140032

Foreman, R. D., and Qin, C. (2009). Neuromodulation of Cardiac Pain and
Cerebral Vasculature: Neural Mechanisms. Ccjm 76 (4), S75–S79. doi:10.
3949/ccjm.76.s2.15

Fuchs, F. D., and Whelton, P. K. (2020). High Blood Pressure and Cardiovascular
Disease. Hypertension 75 (2), 285–292. doi:10.1161/HYPERTENSIONAHA.
119.14240

Gagliardi, M., Randall, W. C., Bieger, D., Wurster, R. D., Hopkins, D. A., and
Armour, J. A. (1988). Activity of In Vivo Canine Cardiac Plexus Neurons. Am.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8357619

Gurel et al. Studying Cardiac Neural Network Dynamics

110

https://doi.org/10.1016/j.tcm.2015.04.009
https://doi.org/10.1016/0304-3959(84)90014-9
https://doi.org/10.1152/jn.1984.51.3.592
https://doi.org/10.1152/jn.1983.50.4.926
https://doi.org/10.1161/01.RES.53.5.603
https://doi.org/10.1016/0006-8993(84)90179-3
https://doi.org/10.1152/ajpregu.1985.249.2.R147
https://doi.org/10.1152/ajpregu.1985.249.2.R147
https://doi.org/10.1152/jn.1985.54.1.73
https://doi.org/10.1113/JP271869
https://doi.org/10.1113/JP271869
https://doi.org/10.1152/ajpheart.1991.260.3.H713
https://doi.org/10.1152/ajpregu.90821.2008
https://doi.org/10.1139/y85-116
https://doi.org/10.1139/y86-016
https://doi.org/10.1139/y86-016
https://doi.org/10.1152/ajpregu.00183.2004
https://doi.org/10.1152/ajpregu.00183.2004
https://doi.org/10.1152/ajpregu.1998.274.4.R939
https://doi.org/10.1139/y83-171
https://doi.org/10.1523/JNEUROSCI.2055-07.2007
https://doi.org/10.1038/nmeth.4152
https://doi.org/10.1038/nmeth.4152
https://doi.org/10.1038/467753a
https://doi.org/10.1113/jphysiol.2013.259382
https://doi.org/10.1113/jphysiol.2013.259382
https://doi.org/10.1152/jn.1984.51.4.636
https://doi.org/10.1152/jn.1981.46.4.797
https://doi.org/10.1152/ajpheart.1984.246.4.H500
https://doi.org/10.1152/ajpheart.1984.246.4.H500
https://doi.org/10.1161/01.RES.51.1.83
https://doi.org/10.1016/0165-1838(93)90325-O
https://doi.org/10.1016/0165-1838(93)90325-O
https://doi.org/10.1113/jphysiol.1992.sp019231
https://doi.org/10.1113/jphysiol.1992.sp019231
https://doi.org/10.1152/ajpheart.1989.257.5.H1543
https://doi.org/10.1016/0165-1838(87)90135-4
https://doi.org/10.1038/nrn3475
https://doi.org/10.1038/nrn3475
https://doi.org/10.1016/0304-3959(91)90152-n
https://doi.org/10.1152/jn.00079.2001
https://doi.org/10.1152/jn.00079.2001
https://doi.org/10.1152/ajpregu.2000.279.2.R560
https://doi.org/10.1152/ajpheart.00635.2019
https://doi.org/10.1152/jn.1975.38.1.132
https://doi.org/10.1016/0014-4886(84)90034-7
https://doi.org/10.1016/0014-4886(84)90034-7
https://doi.org/10.1002/cphy.c14003210.1002/cphy.c140032
https://doi.org/10.1002/cphy.c14003210.1002/cphy.c140032
https://doi.org/10.3949/ccjm.76.s2.15
https://doi.org/10.3949/ccjm.76.s2.15
https://doi.org/10.1161/HYPERTENSIONAHA.119.14240
https://doi.org/10.1161/HYPERTENSIONAHA.119.14240
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


J. Physiology-Heart Circulatory Physiol. 255 (4), H789–H800. doi:10.1152/
ajpheart.1988.255.4.H789

Girardot, M.-N., Brennan, T. J., Martindale, M. E., and Foreman, R. D. (1987).
Effects of Stimulating the Subcoeruleus-Parabrachial Region on the Non-
noxious and Noxious Responses of T1-T5 Spinothalamic Tract Neurons in
the Primate. Brain Res. 409 (1), 19–30. doi:10.1016/0006-8993(87)90737-2

Goldberger, A. L., Amaral, L. A. N., Glass, L., Hausdorff, J. M., Ivanov, P. C., Mark,
R. G., et al. (2000). PhysioBank, PhysioToolkit, and PhysioNet. Circulation 101
(23), e215–e220. doi:10.1161/01.CIR.101.23.e215

Goodman-Keiser, M. D., Qin, C., Thompson, A. M., and Foreman, R. D. (2010).
Upper Thoracic Postsynaptic Dorsal Column Neurons Conduct Cardiac
Mechanoreceptive Information, but Not Cardiac Chemical Nociception in
Rats. Brain Res. 1366, 71–84. doi:10.1016/j.brainres.2010.09.058

Grassi, G., D’Arrigo, G., Pisano, A., Bolignano, D., Mallamaci, F., Dell’Oro, R., et al.
(2019). Sympathetic Neural Overdrive in Congestive Heart Failure and its
Correlates: Systematic Reviews and Meta-Analysis. J. Hypertens. 37 (9),
1746–1756. doi:10.1097/HJH.0000000000002093

Hanna, P., Dacey, M. J., Brennan, J., Moss, A., Robbins, S., Achanta, S., et al. (2021).
Innervation and Neuronal Control of the Mammalian Sinoatrial Node a
Comprehensive Atlas. Circ. Res. 128 (9), 1279–1296. doi:10.1161/
CIRCRESAHA.120.318458

Hennig, M. H., Hurwitz, C., and Sorbaro, M. (2019). “Scaling Spike Detection and
Sorting for Next-Generation Electrophysiology,” in In Vitro Neuronal
Networks: From Culturing Methods to Neuro-Technological Applications.
Editors M. Chiappalone, V. Pasquale, and M. Frega (Cham: Springer
International Publishing), 171–184. doi:10.1007/978-3-030-11135-9_7

Hirooka, Y. (2010). Brain Perivascular Macrophages and Central Sympathetic
Activation after Myocardial Infarction. Hypertension 55 (3), 610–611. doi:10.
1161/HYPERTENSIONAHA.109.145128

Hobbs, S. F., Oh, U. T., Chandler, M. J., and Foreman, R. D. (1989). Cardiac and
Abdominal Vagal Afferent Inhibition of Primate T9-S1 Spinothalamic Cells.
Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 257 (4), R889–R895.
doi:10.1152/ajpregu.1989.257.4.R889

Huikuri, H. V., and Stein, P. K. (2013). Heart Rate Variability in Risk Stratification
of Cardiac Patients. Prog. Cardiovasc. Dis. 56 (2), 153–159. doi:10.1016/j.pcad.
2013.07.003

Hyun-Chool Shin, H., Aggarwal, V., Acharya, S., Schieber, M. H., and Thakor, N.
V. (2010). Neural Decoding of Finger Movements Using Skellam-Based
Maximum-Likelihood Decoding. IEEE Trans. Biomed. Eng. 57 (3), 754–760.
doi:10.1109/TBME.2009.2020791

Ince, D. C., Hatton, L., and Graham-Cumming, J. (2012). The Case for Open
Computer Programs. Nature 482 (7386), 485–488. doi:10.1038/nature10836

Ioannidis, J. P. A. (2005). Why Most Published Research Findings Are False. Plos
Med. 2 (8), e124. doi:10.1371/journal.pmed.0020124

Ja¨nig, W., and Szulczyk, P. (1980). Functional Properties of Lumbar Preganglionic
Neurones. Brain Res. 186 (1), 115–131. doi:10.1016/0006-8993(80)90259-0

Jones, C. M., Quinn, M. S., and Minisi, A. J. (2008). Reflex Control of Sympathetic
Outflow and Depressed Baroreflex Sensitivity Following Myocardial Infarction.
Auton. Neurosci. 141 (1), 46–53. doi:10.1016/j.autneu.2008.05.001

Kember, G., Armour, J. A., and Zamir, M. (2013). Neural Control Hierarchy of the
Heart Has Not Evolved to deal with Myocardial Ischemia. Physiol. Genomics 45
(15), 638–644. doi:10.1152/physiolgenomics.00027.2013

Leenen, F. H. H. (2007). Brain Mechanisms Contributing to Sympathetic
Hyperactivity and Heart Failure. Circ. Res. 101 (3), 221–223. doi:10.1161/
CIRCRESAHA.107.158261

Lefebvre, B., Yger, P., and Marre, O. (2016). Recent Progress in Multi-Electrode
Spike Sorting Methods. J. Physiology-Paris 110 (4), 327–335. Part A. doi:10.
1016/j.jphysparis.2017.02.005

Lewicki, M. S. (1998). A Review of Methods for Spike Sorting: the Detection and
Classification of Neural Action Potentials. Netw. Comput. Neural Syst. 9 (4),
R53–R78. doi:10.1088/0954-898x_9_4_001

Little, J. M., Qin, C., Farber, J. P., and Foreman, R. D. (2011). Spinal Cord
Processing of Cardiac Nociception: Are There Sex Differences between Male
and Proestrous Female Rats? Brain Res. 1413, 24–31. doi:10.1016/j.brainres.
2011.07.036

Magland, J., Jun, J. J., Lovero, E., Morley, A. J., Hurwitz, C. L., Buccino, A. P., et al.
(2020). SpikeForest, Reproducible Web-Facing Ground-Truth Validation of
Automated Neural Spike Sorters. eLife 9, e55167. doi:10.7554/eLife.55167

Mitrani, R. D., and Myerburg, R. J. (2016). Ten Advances Defining Sudden Cardiac
Death. Trends Cardiovasc. Med. 26 (1), 23–33. doi:10.1016/j.tcm.2015.03.017

Moss, A., Robbins, S., Achanta, S., Kuttippurathu, L., Turick, S., Nieves, S., et al.
(2021). A Single Cell Transcriptomics Map of Paracrine Networks in the
Intrinsic Cardiac Nervous System. iScience 24 (7), 102713. doi:10.1016/j.isci.
2021.102713

Omura, Y., Kipke, J. P., Salavatian, S., Afyouni, A. S., Wooten, C., Herkenham, R.
F., et al. (2021). Spinal Anesthesia Reduces Myocardial Ischemia-Triggered
Ventricular Arrhythmias by Suppressing Spinal Cord Neuronal Network
Interactions in Pigs. Anesthesiology 134 (3), 405–420. doi:10.1097/ALN.
0000000000003662

Osanlouy, M., Bandrowski, A., de Bono, B., Brooks, D., Cassarà, A. M., Christie, R.,
et al. (2021). The SPARCDRC: Building a Resource for the Autonomic Nervous
System Community. Front. Physiol. 12, 929. doi:10.3389/fphys.2021.693735

Pan, H., Hibino, M., Kobeissi, E., and Aune, D. (2020). Blood Pressure,
Hypertension and the Risk of Sudden Cardiac Death: a Systematic Review
andMeta-Analysis of Cohort Studies. Eur. J. Epidemiol. 35 (5), 443–454. doi:10.
1007/s10654-019-00593-4

Qin, C., Chandler, M. J., and Foreman, R. D. (2004). Esophagocardiac
Convergence onto Thoracic Spinal Neurons: Comparison of Cervical
and Thoracic Esophagus. Brain Res. 1008 (2), 193–197. doi:10.1016/j.
brainres.2003.12.056

Qin, C., Chandler, M. J., Jou, C. J., and Foreman, R. D. (2004). Responses and
Afferent Pathways of C1-C2 Spinal Neurons to Cervical and Thoracic
Esophageal Stimulation in Rats. J. Neurophysiol. 91 (5), 2227–2235. doi:10.
1152/jn.00971.2003

Qin, C., Chandler, M. J., Miller, K. E., and Foreman, R. D. (2003). Chemical
Activation of Cardiac Receptors Affects Activity of Superficial and Deeper
T3-T4 Spinal Neurons in Rats. Brain Res. 959 (1), 77–85. doi:10.1016/
S0006-8993(02)03728-9

Qin, C., Chandler, M. J., Miller, K. E., and Foreman, R. D. (2001). Responses
and Afferent Pathways of Superficial and Deeper C1-C2 Spinal Cells to
Intrapericardial Algogenic Chemicals in Rats. J. Neurophysiol. 85 (4),
1522–1532. doi:10.1152/jn.2001.85.4.1522

Qin, C., Farber, J. P., and Foreman, R. D. (2008). Intraesophageal Chemicals
Enhance Responsiveness of Upper Thoracic Spinal Neurons to Mechanical
Stimulation of Esophagus in Rats. Am. J. Physiology-Gastrointestinal Liver
Physiol. 294 (3), G708–G716. doi:10.1152/ajpgi.00477.2007

Qin, C., Farber, J. P., Miller, K. E., and Foreman, R. D. (2006). Responses of
Thoracic Spinal Neurons to Activation and Desensitization of Cardiac
TRPV1-Containing Afferents in Rats. Am. J. Physiology-Regulatory, Integr.
Comp. Physiol. 291 (6), R1700–R1707. doi:10.1152/ajpregu.00231.2006

Qin, C., Foreman, R. D., and Farber, J. P. (2007). Characterization of Thoracic
Spinal Neurons with Noxious Convergent Inputs from Heart and Lower
Airways in Rats. Brain Res. 1141, 84–91. doi:10.1016/j.brainres.2007.01.015

Qin, C., Greenwood-Van Meerveld, B., and Foreman, R. D. (2003). Spinal
Neuronal Responses to Urinary Bladder Stimulation in Rats with
Corticosterone or Aldosterone onto the Amygdala. J. Neurophysiol. 90
(4), 2180–2189. doi:10.1152/jn.00298.2003

Qin, C., Greenwood-Van Meerveld, B., Myers, D. A., and Foreman, R. D.
(2003). Corticosterone Acts Directly at the Amygdala to Alter Spinal
Neuronal Activity in Response to Colorectal Distension. J. Neurophysiol.
89 (3), 1343–1352. doi:10.1152/jn.00834.2002

Qin, C., Kranenburg, A., and Foreman, R. D. (2004). Descending Modulation
of Thoracic Visceroreceptive Transmission by C1-C2 Spinal Neurons.
Auton. Neurosci. 114 (1), 11–16. doi:10.1016/j.autneu.2004.05.009

Qin, C., Malykhina, A. P., Thompson, A. M., Farber, J. P., and Foreman, R. D.
(2010). Cross-organ Sensitization of Thoracic Spinal Neurons Receiving
Noxious Cardiac Input in Rats with Gastroesophageal Reflux. Am.
J. Physiology-Gastrointestinal Liver Physiol. 298 (6), G934–G942. doi:10.
1152/ajpgi.00312.2009

Rajendran, P. S., Challis, R. C., Fowlkes, C. C., Hanna, P., Tompkins, J. D.,
Jordan, M. C., et al. (2019). Identification of Peripheral Neural Circuits that
Regulate Heart Rate Using Optogenetic and Viral Vector Strategies. Nat.
Commun. 10 (1), 1944. doi:10.1038/s41467-019-09770-1

Rey, H. G., Pedreira, C., and Quian Quiroga, R. (2015). Past, Present and
Future of Spike Sorting Techniques. Brain Res. Bull. 119, 106–117. doi:10.
1016/j.brainresbull.2015.04.007

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 83576110

Gurel et al. Studying Cardiac Neural Network Dynamics

111

https://doi.org/10.1152/ajpheart.1988.255.4.H789
https://doi.org/10.1152/ajpheart.1988.255.4.H789
https://doi.org/10.1016/0006-8993(87)90737-2
https://doi.org/10.1161/01.CIR.101.23.e215
https://doi.org/10.1016/j.brainres.2010.09.058
https://doi.org/10.1097/HJH.0000000000002093
https://doi.org/10.1161/CIRCRESAHA.120.318458
https://doi.org/10.1161/CIRCRESAHA.120.318458
https://doi.org/10.1007/978-3-030-11135-9_7
https://doi.org/10.1161/HYPERTENSIONAHA.109.145128
https://doi.org/10.1161/HYPERTENSIONAHA.109.145128
https://doi.org/10.1152/ajpregu.1989.257.4.R889
https://doi.org/10.1016/j.pcad.2013.07.003
https://doi.org/10.1016/j.pcad.2013.07.003
https://doi.org/10.1109/TBME.2009.2020791
https://doi.org/10.1038/nature10836
https://doi.org/10.1371/journal.pmed.0020124
https://doi.org/10.1016/0006-8993(80)90259-0
https://doi.org/10.1016/j.autneu.2008.05.001
https://doi.org/10.1152/physiolgenomics.00027.2013
https://doi.org/10.1161/CIRCRESAHA.107.158261
https://doi.org/10.1161/CIRCRESAHA.107.158261
https://doi.org/10.1016/j.jphysparis.2017.02.005
https://doi.org/10.1016/j.jphysparis.2017.02.005
https://doi.org/10.1088/0954-898x_9_4_001
https://doi.org/10.1016/j.brainres.2011.07.036
https://doi.org/10.1016/j.brainres.2011.07.036
https://doi.org/10.7554/eLife.55167
https://doi.org/10.1016/j.tcm.2015.03.017
https://doi.org/10.1016/j.isci.2021.102713
https://doi.org/10.1016/j.isci.2021.102713
https://doi.org/10.1097/ALN.0000000000003662
https://doi.org/10.1097/ALN.0000000000003662
https://doi.org/10.3389/fphys.2021.693735
https://doi.org/10.1007/s10654-019-00593-4
https://doi.org/10.1007/s10654-019-00593-4
https://doi.org/10.1016/j.brainres.2003.12.056
https://doi.org/10.1016/j.brainres.2003.12.056
https://doi.org/10.1152/jn.00971.2003
https://doi.org/10.1152/jn.00971.2003
https://doi.org/10.1016/S0006-8993(02)03728-9
https://doi.org/10.1016/S0006-8993(02)03728-9
https://doi.org/10.1152/jn.2001.85.4.1522
https://doi.org/10.1152/ajpgi.00477.2007
https://doi.org/10.1152/ajpregu.00231.2006
https://doi.org/10.1016/j.brainres.2007.01.015
https://doi.org/10.1152/jn.00298.2003
https://doi.org/10.1152/jn.00834.2002
https://doi.org/10.1016/j.autneu.2004.05.009
https://doi.org/10.1152/ajpgi.00312.2009
https://doi.org/10.1152/ajpgi.00312.2009
https://doi.org/10.1038/s41467-019-09770-1
https://doi.org/10.1016/j.brainresbull.2015.04.007
https://doi.org/10.1016/j.brainresbull.2015.04.007
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Salavatian, S., Ardell, S. M., Hammer, M., Gibbons, D., Armour, J. A., and Ardell,
J. L. (2019). Thoracic Spinal Cord Neuromodulation Obtunds Dorsal Root
Ganglion Afferent Neuronal Transduction of the Ischemic Ventricle. Am.
J. Physiology-Heart Circulatory Physiol. 317 (5), H1134–H1141. doi:10.1152/
ajpheart.00257.2019

Salavatian, S., Yamaguchi, N., Hoang, J., Lin, N., Patel, S., Ardell, J. L., et al. (2019).
Premature Ventricular Contractions Activate Vagal Afferents and Alter
Autonomic Tone: Implications for Premature Ventricular Contraction-
Induced Cardiomyopathy. Am. J. Physiology-Heart Circulatory Physiol. 317
(3), H607–H616. doi:10.1152/ajpheart.00286.2019

Scherbakov, N., and Doehner, W. (2018). Heart-brain Interactions in Heart
Failure. Card. Fail. Rev. 4 (2), 87–91. doi:10.15420/cfr.2018.14.2

Sessa, F., Anna, V., Messina, G., Cibelli, G., Monda, V., Marsala, G., et al. (2018).
Heart Rate Variability as Predictive Factor for Sudden Cardiac Death. Aging 10
(2), 166–177. doi:10.18632/aging.101386

Shivkumar, K., Ajijola, O. A., Anand, I., Armour, J. A., Chen, P.-S., Esler, M., et al.
(2016). Clinical Neurocardiology Defining the Value of Neuroscience-Based
Cardiovascular Therapeutics. J. Physiol. 594 (14), 3911–3954. doi:10.1113/
JP271870

Smith, F. M., McGuirt, A. S., Hoover, D. B., Armour, J. A., and Ardell, J. L. (2001).
Chronic Decentralization of the Heart Differentially Remodels Canine Intrinsic
Cardiac Neuron Muscarinic Receptors. Am. J. Physiology-Heart Circulatory
Physiol. 281 (5), H1919–H1930. doi:10.1152/ajpheart.2001.281.5.H1919

Smith, F. M., McGuirt, A. S., Leger, J., Armour, J. A., and Ardell, J. L. (2001). Effects
of Chronic Cardiac Decentralization on Functional Properties of Canine
Intracardiac Neurons In Vitro. Am. J. Physiology-Regulatory, Integr. Comp.
Physiol. 281 (5), R1474–R1482. doi:10.1152/ajpregu.2001.281.5.R1474

Sudarshan, K. B., Hori, Y., Swid, M. A., Karavos, A. C., Wooten, C., Armour, J. A.,
et al. (2021). A Novel Metric Linking Stellate Ganglion Neuronal Population
Dynamics to Cardiopulmonary Physiology.Am. J. Physiology-Heart Circulatory
Physiol. 321, H369–H381. doi:10.1152/ajpheart.00138.2021

Sullivan, G. M., and Feinn, R. (2012). Using Effect Size-Or Why the P Value Is Not
Enough. J. Grad Med. Educ. 4 (3), 279–282. doi:10.4300/JGME-D-12-00156.1

Teeters, J. L., Godfrey, K., Young, R., Dang, C., Friedsam, C., Wark, B., et al.
(2015). Neurodata without Borders: Creating a Common Data Format for
Neurophysiology. Neuron 88 (4), 629–634. doi:10.1016/j.neuron.2015.
10.025

Yoshie, K., Rajendran, P. S., Massoud, L., Mistry, J., Swid, M. A., Wu, X., et al.
(2020). Cardiac TRPV1 Afferent Signaling Promotes Arrhythmogenic

Ventricular Remodeling after Myocardial Infarction. JCI Insight 5 (3),
02–132020. doi:10.1172/jci.insight.124477

Yuste, R. (2015). From the Neuron Doctrine to Neural Networks. Nat. Rev.
Neurosci. 16 (8), 487–497. doi:10.1038/nrn3962

Zamani Esfahlani, F., Jo, Y., Faskowitz, J., Byrge, L., Kennedy, D. P., Sporns, O.,
et al. (2020). High-amplitude Cofluctuations in Cortical Activity Drive
Functional Connectivity. Proc. Natl. Acad. Sci. U.S.A. 117 (45),
28393–28401. doi:10.1073/pnas.2005531117

Zhang, D., Shen, X., and Qi, X. (2016). Resting Heart Rate and All-Cause and
Cardiovascular Mortality in the General Population: aMeta-Analysis. Cmaj 188
(3), E53–E63. doi:10.1503/cmaj.150535

Zhang, J., Chandler, M. J., and Foreman, R. D. (2003). Cardiopulmonary
Sympathetic and Vagal Afferents Excite C1-C2 Propriospinal Cells in Rats.
Brain Res. 969 (1), 53–58. doi:10.1016/S0006-8993(03)02277-7

Zhang, J., Chandler, M. J., Miller, K. E., and Foreman, R. D. (1997).
Cardiopulmonary Sympathetic Afferent Input Does Not Require Dorsal
Column Pathways to Excite C1-C3 Spinal Cells in Rats. Brain Res. 771 (1),
25–30. doi:10.1016/S0006-8993(97)00607-0

Conflict of Interest: University of California, Los Angeles has patents relating to
cardiac neural diagnostics and therapeutics. OA is a co-founder of NeuCures, Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gurel, Sudarshan, Tam, Ly, Armour, Kember and Ajijola. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 83576111

Gurel et al. Studying Cardiac Neural Network Dynamics

112

https://doi.org/10.1152/ajpheart.00257.2019
https://doi.org/10.1152/ajpheart.00257.2019
https://doi.org/10.1152/ajpheart.00286.2019
https://doi.org/10.15420/cfr.2018.14.2
https://doi.org/10.18632/aging.101386
https://doi.org/10.1113/JP271870
https://doi.org/10.1113/JP271870
https://doi.org/10.1152/ajpheart.2001.281.5.H1919
https://doi.org/10.1152/ajpregu.2001.281.5.R1474
https://doi.org/10.1152/ajpheart.00138.2021
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.1016/j.neuron.2015.10.025
https://doi.org/10.1016/j.neuron.2015.10.025
https://doi.org/10.1172/jci.insight.124477
https://doi.org/10.1038/nrn3962
https://doi.org/10.1073/pnas.2005531117
https://doi.org/10.1503/cmaj.150535
https://doi.org/10.1016/S0006-8993(03)02277-7
https://doi.org/10.1016/S0006-8993(97)00607-0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Dyssynchronous Left Ventricular
Activation is Insufficient for the
Breakdown of Wringing Rotation
Tobias Gerach1*, Stephanie Appel1, Jacek Wilczek2,3, Krzysztof S. Golba2,3,
Tomasz Jadczyk4,5 and Axel Loewe1

1Institute of Biomedical Engineering, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany, 2Department of
Electrocardiology, Upper-Silesian Heart Center, Katowice, Poland, 3Department of Electrocardiology and Heart Failure, Medical
University of Silesia, Katowice, Poland, 4Division of Cardiology and Structural Heart Diseases, Medical University of Silesia,
Katowice, Poland, 5Interventional Cardiac Electrophysiology Group, International Clinical Research Center, St. Anne’s University
Hospital, Brno, Czech Republic

Cardiac resynchronization therapy is a valuable tool to restore left ventricular function in
patients experiencing dyssynchronous ventricular activation. However, the non-responder
rate is still as high as 40%. Recent studies suggest that left ventricular torsion or specifically
the lack thereof might be a good predictor for the response of cardiac resynchronization
therapy. Since left ventricular torsion is governed by the muscle fiber orientation and the
heterogeneous electromechanical activation of the myocardium, understanding the
relation between these components and the ability to measure them is vital. To
analyze if locally altered electromechanical activation in heart failure patients affects left
ventricular torsion, we conducted a simulation study on 27 personalized left ventricular
models. Electroanatomical maps and late gadolinium enhanced magnetic resonance
imaging data informed our in-silico model cohort. The angle of rotation was evaluated
in every material point of the model and averaged values were used to classify the rotation
as clockwise or counterclockwise in each segment and sector of the left ventricle. 88% of
the patient models (n = 24) were classified as a wringing rotation and 12% (n = 3) as a rigid-
body-type rotation. Comparison to classification based on in vivo rotational NOGA XP
maps showed no correlation. Thus, isolated changes of the electromechanical activation
sequence in the left ventricle are not sufficient to reproduce the rotation pattern changes
observed in vivo and suggest that further patho-mechanisms are involved.

Keywords: cardiacmechanics, finite element simulation, electromechanical mapping, wringing, torsion, Lagrangian
particle tracking, NOGA XP

1 INTRODUCTION

In the healthy human heart, left ventricular (LV) ejection and filling is supported by the twisting
and untwisting of the ventricle during systole and diastole, respectively. This twisting or
wringing motion is determined by several anatomical and physiological features such as age,
contractility, structure of the myocardium, and muscle fiber orientation (Omar et al., 2015).
Furthermore, the electrical activation pattern of the LV is heterogeneous due to the His-Purkinje
system and the anisotropic conduction of the electrical potential (Sengupta et al., 2007).
Consequently, the activation pattern of the LV follows an endocardial to epicardial
direction. Combined with the counter-directional helical arrangement of the endo- and
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epicardial muscle fibers, this results in a clockwise and
counterclockwise rotation of the basal and apical segments,
respectively.

In pathological cases, this wringing motion of the LV can be
disrupted by dyssynchronous mechancial activation resulting in a
reduced LV ejection fraction (EF) (Rüssel and Götte, 2011).
Dyssynchrony may originate from different sources such as an
abnormal electrical activation in patients with left bundle branch
block (LBBB) or post-ischemic remodeling and geometric
alterations in heart failure patients (Sillanmäki et al., 2018;
Paoletti Perini et al., 2016). Multiple studies confirmed
changes in LV rotational behavior in heart failure patients
using MRI tagging and speckle tracking echocardiography
(Popescu et al., 2009; van Dalen et al., 2008a; Sade et al., 2008;
Rüssel et al., 2009a). Setser et al. (2003) specifically observed
rigid-body type (RBT) rotation in patients with end-stage heart
failure, meaning apical and basal segments were rotating in the
same direction. Cardiac resynchronization therapy (CRT) with
an implanted device is often used in patients showing ventricular
dyssynchrony in an attempt to restore LV EF. However, around
30–40% of patients do not respond to this kind of intervention
(Daubert et al., 2012). One reason might be a bad choice for the
pacing site (Leclercq et al., 2019). Therefore, it is important to
optimize CRT parameters for each patient and LV rotation has
become increasingly important for this purpose (Rüssel et al.,
2009b).

Jadczyk et al. (2021) investigated electromechanical
coupling and scar tissue burden with respect to rotational
patterns observed in patients showing heart failure with
reduced ejection fraction (HFrEF) and LBBB. In their
cohort of 30 patients, they found six cases showing normal
wringing rotation and 24 cases showing RBT rotation. They
concluded that remodeling changes the physiological
gradient in electromechanical activation, which causes
regional delays in mechanical activation and thus
dyssynchronous contraction of the LV. In contrast,
following a physiological propagation of electrical and
mechanical activation, an intact electromechanical
coupling (with constant electromechanical delay) will
result in a wringing motion. However, due to the small
number of study participants the results by Jadczyk et al.
(2021) should be considered with caution. To elucidate the
role of the different contributing mechanisms suggested by
Jadczyk et al. (2021), we performed an in silico study under
controlled conditions informed by their in vivo
electromechanical mapping data. Specifically, we
hypothesized that the altered electrical activation pattern is
sufficient to change wringing rotation to RBT.
Spatiotemporal electromechanical parameters including
local activation time (LAT), local rotational
electromechanical delay (LEMD), and total rotational
electro-mechanical delay (TEMD) were combined with
local scar burden derived from late-gadolinium-enhanced
cardiac magnetic resonance imaging (LGE-MRI) and
incorporated into the LV model. LV rotational patterns are
analyzed and classified into two groups defined as normal
wringing rotation and RBT. Finally, the classification based

on the simulation results is compared to the clinical
classification.

2 MATERIALS AND METHODS

2.1 Anatomical Finite Element Model
As a representation of the LV, we used a truncated ellipsoid with
varying wall thickness. The wall thickness changes from 7 mm at
the base to 3.5 mm at the apex.With a sphericity index of 1.58, the
ellipsoid has a similar shape as the left ventricles of the patient
cohort in Jadczyk et al. (2021). The meshes were created in Gmsh
(Geuzaine and Remacle, 2009) using a fully parameterized
workflow. Spatial discretization was done using the finite
element method with a total of 9,237 quadratic tetrahedral
elements (P2) for the LV with 53,019 degrees of freedom.
Based on spatial convergence results presented in a previous
study (Gerach et al., 2021, Supplement Section 2.3.2) on a similar
LV geometry, this should be sufficient to reduce numerical errors
to a minimum.

We applied a rule-based method based on Bayer et al. (2012)1

to generate the local fiber and sheet architecture Q = {f0, s0, n0}
of the myocardium with fiber angles of 60°at the endocardium
and -60°at the epicardium (Figure 1) in agreement with
observations from diffusion tensor MRI of human hearts
(Lombaert et al., 2012). Furthermore, we computed
ventricular coordinates according to Schuler et al. (2021) and
used them to separate the ventricle into the 17 segments
classified by the American Heart Association (AHA;
Cerqueira et al., 2002). The nine segments used by the
NOGA XP system (Biosense Webster, Irvine, CA,
United States) were defined equally. The NOGA XP
segmentation consists of four basal segments (basoseptal,
basolateral, posterobasal, anterobasal), four mid-ventricular
segments (midseptal, midlateral, midposterior, midanterior),
and one apical segment.

2.2 Electromechanical Computational
Model
The kinematics of the LV are determined by solving the
governing equation for the balance of linear momentum:

ρ0z
2
tu − ∇ · F S u, Ta( )( ) � 0 in Ω0 × 0, T( ), (1)

F S u, Ta( )N � −kepig u( )N on Γepi0 × 0, T( ), (2)
F S u, Ta( )N � −pLV t( )JF−TN on Γendo0 × 0, T( ), (3)

ztv t( ) � C t, v, z, pLV t( )( ), (4)
V0D

LV t( ) � V3D
LV t( ), (5)

where we denote F = I + ∇ u as the deformation gradient tensor
with the displacement of the myocardium u, J = det(F) as the
Jacobian, and ρ0 as the density in the reference configuration.

1This implementation of the algorithm was used: https://doi.org/10.5281/zenodo.
4606575
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Furthermore, we introduce the right Cauchy-Green tensor C =
FTF. The second Piola-Kirchhoff stress tensor S = S (u, Ta)
incorporates both, the passive and active mechanics of the
myocardium using the relationship

S u, Ta( ) � 2
zΨ C( )
zC

+ Ta t, λf( ) f0 ⊗ f0
f0 · Cf0. (6)

Passive stress in cardiac tissue is modeled using a hyperelastic
strain-energy function proposed by Usyk et al. (2000):

Ψ C( ) � κ

2
log J( )2 + μ

2
exp Q( ) − 1( ),

Q � bffE
2
ff + bssE

2
ss + bnnE

2
nn + bfs E2

fs + E2
sf( )

+ bfn E2
fn + E2

nf( ) + bns E2
ns + E2

sn( ), (7)

with the directional components of the Green-
Lagrange strain tensor E � 1

2 (C − I), bulk modulus κ, shear
modulus μ, and dimensionless orthotropic scaling factors bij,
i, j ∈ f, s, n. Active stress due to the contraction of the
cardiac muscle acts along the myocyte orientation f0
with the scalar value of the contractile force Ta = Ta (t, λf).
The simplified model by Niederer et al. (2011) is
used to describe the temporal development of force
generation:

Ta t, λf( ) � Tpeakϕ λ( )tanh2 ts
τc

( )tanh2 tdur − ts
τr

( ) for 0< ts < tdur,

(8)
ϕ λf( ) � max tanh ld λf − λ0( )( ), 0{ }, τc

� τc0 + ldup 1 − ϕ λf( )( ), ts � t − ta − temd, (9)
where λf is the fiber stretch, and ta is the time of mechanical
activation determined from electroanatomical mapping as
detailed in Section 2.3. All parameters for the passive and
active mechanics are given in Table 1.
The boundary condition in Eq. (3) is imposed on the
endocardium Γendo0 to account for the pressure pLV(t) applied
by the blood inside the LV. pLV(t) is determined by a 0D
circulation model C(t, v, z, pLV(t)) and the coupling
condition in Eq. (5) ensures volume consistency, which has
to be satisfied at each time step t ∈ (0, T). Additionally, the
interaction between the LV epicardium Γepi0 and the surrounding
tissue (Pfaller et al., 2018; Strocchi et al., 2020) is considered by
the boundary condition given in Eq. (2). The contact handling
algorithm proposed by Fritz et al., (2014) is used in this study.
This ensures a more realistic movement of the ventricle along
the long axis of the heart with improved mitral valve
displacement during systole. Since the LV is under constant
stress due to the flow of blood, we have to find a suitable initial
stress distribution. Therefore, we first find a stress-free state of

FIGURE 1 | (A) Myocyte orientation in the LV colorized with the corresponding helix angle. (B) Long axis cut through the LV with contours showing the wall
thickness. Additionally, lengths for the calculation of the sphericity index are shown. (C) 17 AHA segments. (D) nine NOGA XP segments.

TABLE 1 | Input parameters for the electromechanical computational model.

Parameter Value Unit Description

Passive biomechanics
ϱ0 1,082 kg/m3 tissue density
κ 1 MPa bulk modulus
μ 651.12 Pa shear modulus
bff 11 - fiber strain scaling
bss 4.4 - radial strain scaling
bnn 2.2 - cross-fiber in-plain strain scaling
bfs 7.7 - shear strain in fiber-sheet plane scaling
bfn 6.6 - shear strain in fiber-normal plane scaling
bns 3.3 - shear strain in sheet-normal plane scaling
Active biomechanics
λ0 0.7 - minimum fiber stretch
temd 0.0 s electromechanical delay
Tpeak 50 kPa peak isometric tension
tdur 0.42 s duration of active contraction
τc0 0.14 s base time constant of contraction
ld 5.0 - degree of length dependence
ldup 0.5 s length dependence of upstroke time
τr 0.05 s time constant of relaxation
tcycle 0.8 s length of heart cycle
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the LV by solving an inverse elasto-static problem as described
in Marx et al. (2021). Then, the stress-free configuration is
inflated with a pressure pLV = 8 mmHg by solving the static
problem

∇ · F S u, Ta � 0( )( ) � 0 in Ω, (10)
F S u, Ta � 0( )N � −pLV t( )JF−TN on Γendo, (11)

to find the displacement u. Finally, this displacement is used as an
initial condition u0 for the problem described in Eqs 1–5.

The mathematical model described here is a reduction of the
four-chamber model presented in Gerach et al. (2021) to enable
the simulation of only the LV as available from the clinical data.
Nevertheless, the methods for the numerical approximation of
Eqs. (1)–(5) are equivalent to the previously published four-
chamber model, which is why we omit a detailed description at
this point and refer the interested reader to our previous work for
further details.

2.3 Clinical Data Integration
Jadczyk et al. (2021) performed an intra-cardiac mapping study
on 30 heart failure patients with reduced ejection fraction due to
an ischemic etiology. The mean age of the population was 65.4 ±
6.1 years with a higher number of male participants (n = 21).
Mean left ventricular ejection fraction, end-diastolic volume, and
end-systolic volume were 30 ± 6%, 240.5 ± 65.8ml and 178.4 ±
49.4ml, respectively. All individuals presented sinus rhythm and
LBBB morphology on 12-lead ECG with a mean QRS duration of
168 ± 17ms. For the enrollment of patients, the LBBB criteria of
Strauss et al. (2011) including QRS duration and morphology
were used. LGE-MRI showed intensities of 11.6 ± 5.2%, 6.3 ±
4.5%, and 5.4 ± 3.2% in apical, medial, and basal segments,

respectively. Patients were on optimal medical therapy in
accordance to the European Society of Cardiology guidelines.
There was no statistically significant difference between groups.
For further information, we kindly refer the reader to the original
publication (Jadczyk et al., 2021).

Jadczyk et al. (2021) acquired LV end-diastolic and end-
systolic volume using transthoracic echocardiography, local
scar burden using LGE-MRI, and electromechanical mapping
using the NOGA XP system, which allows simultaneous
measurement of local electrical activity and mechanical
motion. Using the catheter, local activation time (LAT) was
measured as the time that passed since the first electrical
activation in the LV. The time between the LAT and the
measured peak systolic rotation of the point is defined as the
local electromechanical delay (LEMD). Together, both of these
values give the total electromechanical delay (TEMD) as shown in
Figure 2.

The measurements from each patient were incorporated into
the LV geometry presented in Section 2.1 by assigning the LGE-
MRI data via the 17 AHA segments and LAT, LEMD, and TEMD
via the nine segments of the NOGA XP system. To better
differentiate between the potential influence of both, altered
mechanical activation and scar burden, we first simulate all
cases with only the measurements from the NOGA XP system
and add local scar burden from LGE-MRI in a second run.
Jadczyk et al. (2021) defined the LEMD parameter as the time
interval between the local electrical activation of the segment and
its peak of systolic rotation, not the onset of mechanical
activation. This is an accepted approach in clinical studies of
human LVmechanics (Paoletti Perini et al., 2016). Since LEMD is
the only available parameter that relates to the mechanical
activation including electromechanical delay, the onset of

FIGURE 2 | (A) 3D model of the left ventricle showing the relation between local activation time (LAT) and local electromechanical delay. (B) Electromechanical
parameters of the left ventricle and how they relate to endocardial voltage and rotation. The orange star indicates the first electrical activation in the LV. The yellow star
indicates measured electrical activity at another location in the LV. As the tissue at this position starts to contract, the LV begins to rotate. The time when peak rotation is
reached, is symbolized by a black star.
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mechanical activation is set as ta = LAT + LEMD in each segment
and assigned to the center of the endocardial surface that belongs
to the corresponding segment. To avoid sharp transitions
between the segments due to the low resolution of the
available LEMD data, all values are interpolated over the
whole endocardium using Laplacian minimization
(Oostendorp et al., 1989). The resulting endocardial activation
is then mapped to the volumetric myocardium using nearest
neighbor interpolation and propagated transmurally with a
transverse conduction velocity of CVs0 � 0.4m/s (Augustin
et al., 2016). This adds an activation delay to all points X
based on the distance from the endocardium D(X):

ta X( ) � ta X ∈ Γendo0( ) + D X( )
CVs0

, (12)

resulting in amaximal transmural delay of epicardial activation of
17.5 ms at the base where the wall thickness is 7 mm.

Local scar burden was incorporated by the percentage of
enhanced area determined from LGE-MRI measurements on a
segment-by-segment basis. It is assumed that the myocardium in
enhanced areas was subject to remodeling processes and thus
shows a decreased contractility. To reflect this in our model, the
maximal contractility Tpeak was reduced by the same amount as
the percentage of the measured LGE intensity in the respective
segment.

2.4 Evaluation Metrics
The main focus of this study is to determine different rotation
patterns in the LV emerging from locally altered
electromechanical delay. Therefore, we need to calculate the
rotation angle as well as rotation direction of points located
on the endocardial wall with respect to the heart’s long axis.
Notice that only endocardial points are evaluated since the
clinical data was measured with an intracardiac mapping
device. In our idealized LV model, the long axis corresponds
to the z-axis of the global coordinate system in basal-apical
direction. Hence, we extract all endocardial points r �
X ∈ Γendo0 in each segment, project them onto the (x, y) plane,
and use the relationship

cos α � rED · rES
|rED| · |rES| (13)

to calculate the angular displacement α from end-diastole (ED) to
end-systole (ES). The direction of rotation was determined
through

det rED, rES( ) (14)
with values > 0 indicating counterclockwise rotation and values
< 0 indicating clockwise rotation. ED and ES states are
determined from the pressure-volume relationship pLV(VLV)
resulting from the 0D circulation model C. Additionally, we
use Lagrangian particle tracking to visualize three dimensional
trajectories of points located on the endocardium. Finally, the
simulations are classified into one of two categories based on their
rotational behavior: 1) wringing rotation denoted as Group A
when basal segments show clockwise rotation and apical

segments show counterclockwise rotation; 2) rigid-body-type
(RBT) rotation denoted as Group B when the segments show
either predominantly clockwise or predominantly
counterclockwise rotation. The latter is realized by using a
threshold of ±3° to decide whether a segment is rotating
clockwise or counterclockwise, respectively. If nine or more
segments show the same rotation pattern, the case is assigned
to Group B.

3 RESULTS

We studied how locally altered electromechanical activation
determines the diverse LV rotation patterns observed in
HFrEF patients diagnosed with LBBB using in-silico models of
the LV in a total of 31 cases. 30 of them were informed by patient
specific measurements of LAT and LEMD using the measured
data reported in Jadczyk et al. (2021) with the NOGA XP system
as well as scar burden using the percentage of enhanced area from
LGE-MRI. Additionally, we simulated a Control case without
variations in LEMD and without scar tissue. For three of the
clinical cases, simulations failed with the parameter set given in
Table 1. Thus, simulation results are reported for 27 clinical cases.
Since the rotational analysis of the simulations with and without
local scar burden showed only minor differences and the
classification was the same, results are reported for the cases
including local scar burden unless otherwise stated.

Based on Eqs 13, 14, we calculated the angle of rotation for all
endocardial points and evaluated sectorial (basal, medial, apical)
as well as segmental (17 AHA segments) mean values in each
time step. Figure 3 shows the dynamic rotational behavior of the
LV in the basal and apical segments (left panel) as well as the
sectorial mean angle of rotation during end-systole (right
panel).

The results for the Control case are shown at the top. In the
first 100 ms, the LV experienced a short untwist meaning that
apical segments rotated clockwise with up to −3° and basal
segments rotated counterclockwise with up to 1°. Right after
this first phase, apical and basal segments start to rotate in the
opposite direction until end-systole is reached (at about 410 ms).
The mean angle of rotation was 18°, 5°, and −6° for the apical,
medial, and basal sectors, respectively. At the bottom of Figure 3,
the results for Case 18 are shown. Here, we could not observe a
clear phase of untwisting. However, apical segments show
opposite directions of rotation throughout the simulated
heartbeat. First, anterior and septal segments showed up to
−10° of clockwise rotation while lateral and inferior segments
rotated counterclockwise with up to 12°. Towards end-systole
however, the direction of rotation switches to the exact opposite
behavior, leading to a predominantly clockwise rotation of basal
and apical segments. This is reflected in the sectorial mean angle
of end-systolic rotation as well. The apical sector showed
significantly lower rotation compared to the Control case,
whereas the medial sector switched from counterclockwise to
clockwise rotation. Basal segments showed slightly lower angles
of rotation compared to Control. In the Lagrangian particle
tracking of the Control case (Figure 4), the wringing rotation
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could be clearly observed. Apical segments distinctly showed
counterclockwise rotation up until end-systole. Additionally, we
observed a translational movement towards the lateral side of the
LV. In the medial and basal segments, the contraction was much
more symmetrical and the myocardium in these segments rotated
predominantly in a clockwise manner. However, the rotation is
not as dominant as the shortening in the long axis in these
segments.

Compared to the Control case, Case 18 showed a markedly
different contraction pattern (Figure 5). Most notably, the
symmetry of the homogeneous contraction pattern is lost.
Inferior-lateral segments in the basal and medial sectors
displayed less wall thickening, yet more shortening in the long
axis compared to the Control case. Apical segments underwent a
significant translation towards the anterior-lateral side of the LV
with a more pronounced clockwise rotation. Due to the higher

FIGURE 3 | Rotational dynamics of the basal and apical segments during one whole heart beat (left panel) and sectorial mean end-systolic rotation angle (right
panel). The Control case is shown on the top and represents wringing rotation. Case 18 is shown on the bottom and was classified as RBT rotation.

FIGURE 4 | Three-dimensional trajectories (red lines) of selected points on the endocardium in the basal, medial, and apical sectors for the Control case. The
endocardial surface during end-systole is shown with rotational values depicted on the faces of the mesh. Solid black dots represent the initial positions. Bullseye plots
show the segmential mean values of the angle of rotation, electromechanical (EM) delay, and LGE intensity.
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LGE intensities in basal septal and basal inferior segments, the LV
shows less wall thickening and less longitudinal shortening
compared to the Control case.

Two examples of the difference in the evaluated angle of
rotation are given in Figure 6 in case we include or exclude
local scar burden in the simulations. Case 15 (patient with the
overall highest intensity values in the LGE-MRI data) showed
slightly smaller rotation angles in some segments when local scar

burden is incorporated into the model. With up to 5°, the change
in the angle of rotation is largest in apical and medial segments.
However, no change in the direction of rotation was observed. For
Case 18, we observed similar changes in the magnitude of peak
rotation. Angular differences occured mostly in segments with
increased LGE intensity.

Lastly, the results of the binary classification for each of the 17
AHA segments in the Control case and the 27 clinically informed
simulations are shown in Figure 7. Each segment was classified by
its mean angle of rotation during end-systole. The color red depicts
clockwise rotation and blue counterclockwise rotation. Cases with
the majority of segments (≥9) rotating clockwise were classified as
RBT rotation (Group B), which was the case for three cases (6, 10,
18). No case was classified in Group B with a predominantly
counterclockwise rotation, since the basal segments rotated
clockwise in the majority of cases. One repeating pattern in
those three cases is that the lateral-inferior side of the LV was
predominantly rotating in clockwise direction, while the anterior-
septal side was dominated by counterclockwise rotation. All other
cases were classified as wringing rotation (Group A). Based on the
clinical recordings directly, Jadczyk et al. (2021) classified 20% of the
patients in Group A (n = 6) and 80% in Group B (n = 24).
Furthermore, 73% (n = 22) of patients in Group B showed clockwise
RBT rotation and predominantly counterlockwise RBT rotationwas
observed in 7% (n = 2). Compared to the clinical classification, the
in silico model results yielded matching classifications for Group A
in 50% (n = 3) of the cases and in 0% of the cases for Group B.

4 DISCUSSION

We presented results of a total of 27 mechanical simulations of an
idealized LV that were informed by electroanatomical maps

FIGURE 5 | Three-dimensional trajectories (red lines) of selected points on the endocardium in the basal, medial, and apical sectors for Case 18. The endocardial
surface during end-systole is shown with rotational values depicted on the faces of the mesh. Solid black dots represent the initial positions. Bullseye plots show the
segmential mean values of the angle of rotation, electromechanical (EM) delay, and LGE intensity.

FIGURE 6 | Angle of rotation for Cases 15 and 18 shown in bullseye
perspective for simulations with and without local scar burden.
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recorded with the NOGA XP system and additional LGE-MRI
data. Results of one additional simulation without a patient
specific input served as a control case. We evaluated the angle
of rotation of each point on the endocardium and accumulated
mean values on a segmental (17 AHA segments) and sectorial
(basal, medial, apical) basis. Based on the segmental mean values,
we determined the direction of rotation to be either clockwise
(negative rotation values) or counterclockwise (positive rotation
values). Finally, each simulation was classified as wringing type
rotation (Group A) or RBT rotation (Group B) and compared to
the clinically assessed classification.

The Control case was parameterized to yield a physiological
contraction pattern that could be used as a comparison since all
other cases involve data from patients suffering from HFrEF and
LBBB. Hence, we presumed the electrical activation to be

synchronized such that the subendocardial mechanical
contraction is homogeneous throughout the LV and spreading
transmurally towards the epicardium. The evaluated rotation
pattern concurs with observations made in healthy individuals
quantitatively and qualitatively (Stöhr et al., 2016; Lehmonen
et al., 2020). First, we observed a brief untwisting (clockwise
rotation of the apex and counterclockwise rotation of the base) of
the LV during isovolumetric contraction. This has been observed
in clinical measurements as well (Sengupta et al., 2008; Omar
et al., 2015) and is linked to the initial contraction of the
subendocardial layer followed by the contraction of the
subepicardial layer. During ejection, the LV starts to twist
normally (counterclockwise rotation of the apex and clockwise
rotation of the base). Kocabay et al. (2014) reported mean
rotational values of −6.9° for the base and 13° for the apex in

FIGURE 7 | Segment based analysis of end-systolic rotation around the long axis of the LV. A binary classification was used in each segment to determine
clockwise (red) or counterclockwise (blue) rotation.
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247 healthy volunteers using two-dimensional speckle-tracking
echocardiography. With up to −6°, the Control case in this study
matches these data well at the base. However, the up to 20° of
rotation at the apex is larger. This can be explained by numerous
factors, e.g. it is known that preload, afterload, contractility and
age have an influence on the twist angle (Sengupta et al., 2008;
Omar et al., 2015). Another significant factor is the choice of the
apical imaging plane, since rotation values can vary widely
depending on where the rotation is measured (van Dalen
et al., 2008b; Stöhr et al., 2016). Based on these facts, we think
that the Control case successfully represents physiological
contraction in humans.

Electrical activation and consequently mechanical contraction
of the LV in the pathological cases was determined by patient
specific measurements of electroanatomical maps. LAT and
LEMD were directly integrated into the LV model using the
segments defined by the NOGA XP catheter system. LGE-MRI
intensity was used as a surrogate for scar tissue in the LV.
Typically, scar tissue undergoes a remodeling process that
involves build-up of collagen in the myocardium (Jugdutt
et al., 1996), which can result in a reorganization of the
underlying fiber structure. Thus, an acknowledged way of
modeling scar tissue is to impose an isotropic fiber structure
with increased stiffness in the constitutive model (Niederer et al.,
2011). Since we only had access to the LGE intensity as a
percentage in each of the 17 AHA segments and we used the
same geometrical model for all cases, it was not possible to easily
implement it this way. Instead, we decided to reduce the active
tension in the respective segment by the same percentage as the
LGE intensity was increased with respect to the mean blood pool
value (image intensity ratio, IIR). Thus, for IIR = 1.2 (20% above
the mean blood pool intensity), the active tension was reduced by
20% to 0.8 × the reference value. This approach is motivated by
the fact that in case of unchanged contractility, a stiffer
myocardium would result in less deformation. However, this is
a simplification due to the nonlinear nature of the constitutive law
given in Eq. 7. Furthermore, we effectively smooth the effect of
local scar tissue over the entire segment. Other than the altered
electromechanical delay captured by the LEMD values from
electroanatomical mapping and the aforementioned LGE
intensity to capture the effect of scar tissue, no further patho-
mechanisms were considered in the simulations. Hence, the
emerging rotation patterns in the pathological cases originate
from these changes only.

The classification into Group A (wringing rotation) and
Group B (RBT rotation) was based on the evaluation of the
mean angle of rotation in the 17 AHA segments. It clearly showed
that most cases were classified into Group A. With the exception
of 3 cases, all cases were classified different than in the
classification based directly on the clinical rotation data, which
means we cannot confirm the hypothesis postulated in Jadczyk
et al. (2021) with the in silico model presented in this study.
However, we identified 3 cases with predominantly clockwise
rotation. Additionally to the basal segments, the medial and
apical inferior-lateral side of the LV started to rotate clockwise
instead of counterclockwise. Noticeably, this was accompanied by
a significant translational movement of the apical region towards

the anterior-lateral side of the LV. This can potentially skew the
results when Eqs 13, 14 are used to determine the angle and
direction of rotation around a fixed axis (Carreras et al., 2011),
since a translation can be mistaken as a rotation. Nonetheless, the
rotational dynamics shown in Figure 3 of Case 18 show a similar
pattern compared to a HFrEF case in Omar et al. (2015). There,
apical rotation is reduced and undergoes both, a counterclockwise
and then clockwise rotation.

Furthermore, the following limitations apply to our study:

1. LEMD was defined as the time interval between the local
electrical activation of the segment and its peak systolic
rotation, not the onset of mechanical activation. If we
assume a similar length of active contraction in each
segment, this should not pose a problem and LEMD can be
interpreted as a local delay. However, different contractility
can be expected especially in segments that show enhanced
regions in LGE-MRI due to scar tissue and the associated
tissue remodeling. This is especially important, since we
observe a significantly longer time interval between
electrical activation and peak systolic rotation in our
simulations (489 ± 45 ms compared to the 369 ± 59 ms in
the clinical measurements).

2. The presented in silico model neglects the influence of the atria
and the right ventricle on rotation of the LV. Atrial data was not
available for these patients at all and for the right ventricle no
electroanatomical mapping data was available. Therefore, we
decided to use the same LV geometrical model for all patients
to isolate the effect of electromechanical activation on rotation.
Especially the absence of the right ventricle might be crucial to
why we can not observe clear rigid body rotation in the in silico
model. The patients in the clinical cohort all presented with
LBBB, meaning that the right ventricle contracted first. This
might result in a lateral displacement of the septum.
Consequently, an initial fraction of the active force generated
by the LV contraction is spent on reversing this displacement
instead of storing the entire energy in torque which ultimately
results in less rotation. In our model this is not considered, which
is why we might not be able to observe rigid body rotation.

3. A reason for the small differences in simulations in which scar
burden was considered could be the simple way of transferring
LGE intensity directly into a decrease in contractility. Although it
is a straightforward approach and easy to implement, scar tissue
is more complex and typically accompanied by other
pathomechanisms in addition to a reduction in contractility.
For example, fiber orientation in the LV of patients with dilated
cardiomyopathy is typically reorganized Eggen et al. (2009).
Furthermore, the stiffness of the myocardium increases and
electrical conductivity decreases due to extracellular matrix
remodeling Bollen et al. (2017). A detailed investigation of the
effect of these additional mechanisms requires personalized LV
anatomical models including information on pathological
changes and was beyond the scope of this study, which
focuses on the effect of dyssynchronous activation.

In conclusion, we combined a state-of-the-art model of
heart mechanics and in vivo data of 30 patients to analyze
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rotational dynamics in the LV. The main aim of this study
was to investigate the specific hypothesis that dyssynchrony
alone affects the kinetics of the LV in patients with HFrEF and
LBBB in a way that rotational behavior is qualitatively
changed. If this was the case, we would have been able
to reproduce the mechanical behavior observed in the
NOGA XP cardiac mapping system in vivo. The fact that
this hypothesis was falsified shows that it is not the
electromechanical activation sequence alone that
determines rotational behavior suggesting that additional
mechanisms are involved. Implications are that further
research is required to fully understand the determinants
of rotational behavior and that these further (and currently
unknown) mechanisms are likely also important to be
addressed therapeutically.
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Fraction of the T-Tubular Membrane
as an Important Parameter in Cardiac
Cellular Electrophysiology: A NewWay
of Estimation
Olga Švecová, Markéta Bébarová*, Milena Šimurdová and Jiří Šimurda

Department of Physiology, Faculty of Medicine, Masaryk University, Brno, Czechia

The transverse-axial tubular system (t-tubules) plays an essential role in excitation-
contraction coupling in cardiomyocytes. Its remodelling is associated with various
cardiac diseases. Numerous attempts were made to analyse characteristics essential
for proper understanding of the t-tubules and their impact on cardiac cell function in health
and disease. The currently available methodical approaches related to the fraction of the
t-tubular membrane area produce diverse data. The widely used detubulation techniques
cause irreversible cell impairment, thus, distinct cell samples have to be used for estimation
of t-tubular parameters in untreated and detubulated cells. Our proposed alternative
method is reversible and allows repetitive estimation of the fraction of t-tubular membrane
(ft) in cardiomyocytes using short-term perfusion of the measured cell with a low-
conductive isotonic sucrose solution. It results in a substantial increase in the electrical
resistance of t-tubular lumen, thus, electrically separating the surface and t-tubular
membranes. Using the whole-cell patch-clamp measurement and the new approach in
enzymatically isolated rat atrial and ventricular myocytes, a set of data was measured and
evaluated. The analysis of the electrical equivalent circuit resulted in the establishment of
criteria for excluding measurements in which perfusion with a low conductivity solution did
not affect the entire cell surface. As expected, the final average ft in ventricular myocytes
(0.337 ± 0.017) was significantly higher than that in atrial myocytes (0.144 ± 0.015). The
parameter ft could be estimated repetitively in a particular cell (0.345 ± 0.021 and 0.347 ±
0.023 in ventricular myocytes during the first and second sucrose perfusion, respectively).
The newmethod is fast, simple, and leaves themeasured cell intact. It can be applied in the
course of experiments for which it is useful to estimate both the surface and t-tubular
capacitance/area in a particular cell.
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Abbreviations: All symbols refer to the measurement in sucrose solution unless otherwise stated: Cm, Total membrane
capacitance; Ct, Capacitance of t-tubular membrane; CTyr, Total membrane capacitance measured in Tyrode solution; Cs,
Capacitance of surface membrane; ft, Fraction of t-tubular membrane; IK1,tail, Inward rectifier potassium tail current; J,
Membrane current; J1, J2, Magnitudes of exponential components of the capacitive current; J∞,1, J∞,2, Steady-state currents at the
membrane voltageU1 andU2; kc, Correction factor related to Ct; Ra, Access resistance; Ra_suc, Ra_Tyr, Access resistance in sucrose
and Tyrode solution; Rel, Microelectrode resistance; Rex, Resistance of the extracellular medium; R1, R2, Auxiliary directly
quantifiable resistances; Rms, Rmt, Resistances of surface and t-tubular membrane; Rt, Total resistance of t-tubular lumen; τ1, τ2,
Time constants of exponential components of the capacitive current; U, Membrane voltage; U1, U2, Imposed levels of
membrane voltage; Us, Ut, Membrane voltage on the surface and t-tubular membrane; Ums, Umt, Resting voltage of the surface
and t-tubular membranes.
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INTRODUCTION

The transverse-axial tubular system (t-tubules) plays an essential
role in excitation-contraction coupling of skeletal and cardiac
myocytes by spreading depolarization from the surface
membrane to the vicinity of the terminal cisternae of the
sarcoplasmic reticulum, the source of Ca2+ that trigger cellular
contraction (for a recent review, see Setterberg et al., 2021).

The contribution of the t-tubules to cardiac cell function is
crucially dependent on their characteristics, both structural and
functional (Orchard et al., 2009; Pásek et al., 2012; Hrabcová et al.,
2013; Hong and Shaw 2017; Smith et al., 2018). The t-tubular
network is extremely dynamic and its remodelling, i.e., disruption
or even loss of the t-tubules, has been demonstrated in a variety of
cardiac diseases including ischemia, heart failure, and hypertension
(e.g., Louch et al.,2004; Heinzel et al., 2008; Dibb et al., 2009;
Ibrahim et al., 2011; Crossman et al., 2011;Wagner et al., 2012; Guo
et al., 2013; Bryant et al., 2015; Crossman et al., 2017; Dibb et al.,
2021). These changes in the t-tubules considerably affect the
electrical and mechanical function of cardiomyocytes and
contribute to further progression of the cardiac pathology.

Much effort has been made to analyse the t-tubular
characteristics in cardiomyocytes. The first attempt to
investigate the distribution of ionic channels between the
surface and t-tubular membranes was based on the diffusion
delay between the extracellular solution in the t-tubules and the
bulk space after a rapid change in ionic concentrations (Shepherd
and McDonough 1998). Over the last 10 years, substantially
improved imaging methods have contributed significantly to a
better understanding of the t-tubules properties in
cardiomyocytes of healthy as well as failing/ischemic hearts
(e.g., Crossman et al., 2011; Wagner et al., 2012; Guo et al.,
2013; Guo and Song 2014; Rog-Zielinska et al., 2021). Recently,
Uchida and Lopatin (2018) described changes in diffusion
accessibility of cardiac t-tubules caused by hypoosmotic shock
in cardiac myocytes. Using fluorescent dextran trapping and
diffusion assay and computer modelling, they concluded that
the t-tubular diameter irregularity (affected by constrictions and
dilatations of t-tubules) was the major contributor to the
diffusional and electrical properties of t-tubules.

The widespread detubulation techniques (e.g., Kawai et al., 1999;
Brette et al., 2002; Komukai et al., 2002; Brette et al., 2006) make it
possible to estimate the fraction of t-tubular membrane capacitance
and other t-tubular characteristics such as ionic current densities
using the formamide-induced osmotic shock and consequent rapid
changes of cell volume and disconnection of t-tubules from the
surface membrane. A certain disadvantage of the detubulation
technique is the cell impairment by the irreversible process of
physical detachment of the t-tubules which disables the paired
statistical testing. The hard-to-determine fraction of the t-tubules
that resist detubulation can impair measurement accuracy as well
(Pásek et al., 2008a). Recently, a new method of detubulation using
antidepressant imipramine has emerged that allows complete
detubulation to be achieved (Bourcier et al., 2019).

We propose an alternative method for the evaluation of
t-tubular characteristics namely the basic parameter—the
fraction of t-tubular membrane capacitance/area. The
theoretical basis of another version of this method has been
preliminarily published as a preprint (Šimurda et al., 2021). The
method is reversible and allows repeated measurements in the
same cell under control conditions (Tyrode solution) and in the
presence of isotonic sucrose solution. The substantial increase in
electrical resistance of the t-tubular lumen allows for the electrical
separation of the surface and t-tubular membranes in isolated
atrial and ventricular myocytes.

MATERIALS AND METHODS

Cell Isolation
Cardiomyocytes were isolated from atria and right ventricles of
adult male Wistar rats (300 ± 20 g and 250 ± 50 g, respectively)
anaesthetised by intramuscular administration of a mixture of
tiletamine and zolazepam (65 mg kg−1; Zoletil® 100 inj., Virbac,
France), and xylazine (20 mg kg−1; Xylapan® inj., Spofa, Czech
Republic). The experiments were carried out with respect to
recommendations of the European Community Guide for the
Care and Use of Laboratory Animals; the experimental protocol
was approved by the Local Committee for Animal Treatment at
Masaryk University, Faculty of Medicine, and by the Ministry of
Education, Youth and Sports (permission No. MSMT-29203/
2012-30 and MSMT-33846/2017-3).

The dissociation procedure to obtain atrial and ventricular
cardiomyocytes suitable for patch-clamp measurements was
described in detail in our previous papers (e.g., Bébarová et al.,
2005; Bébarová et al., 2016). In brief, the heart was retrogradely
perfused via aorta with 0.9 mM CaCl2 Tyrode solution (3–5 min)
and then with nominally Ca-free Tyrode solution (~4.5 min). To
isolate ventricular myocytes, the perfusion continued with the
first digestion step (2.75 min), i.e., with nominally Ca-free Tyrode
solution containing collagenase (type S, 0.2 mg/ml, Yakult
Pharmaceuticals), protease (type XIV, Sigma-Aldrich;
0.053 mg/ml), and EGTA (Sigma-Aldrich; 34 μM). To isolate
atrial myocytes, the first digestion step (3 min), was performed
using Tyrode solution containing 0.6 μM CaCl2, collagenase
(Roche A, 1 mg/ml, Roche Diagnostics GmbH), and protease
(type XIV, Sigma-Aldrich; 0.053 mg/ml). In the second
digestion step, the protease was omitted during the isolation of
both atrial (14–24 min; median: 17 min) and ventricular
myocytes (10–16 min; median: 13 min). The enzyme solution
was then washed out in two steps by perfusion with the low
calcium Tyrode solutions (0.09 and 0.18 mM CaCl2). All
solutions were oxygenated with 100% O2 at 37°C.

Subsequently, the right and left auricles or the right ventricular
free wall were dissected and minced in 0.18mM CaCl2 Tyrode
solution. After filtration through a nylon mesh, both atrial and
ventricular isolated myocytes were exposed to gradually increasing
external Ca2+ concentration (up to 0.9 mMwithin approx. 20 min).
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Solutions and Chemicals
Tyrode solution with the following composition was used both
during the dissociation procedure and to perfuse myocytes during
the measurements (in mM): NaCl 135, KCl 5.4, MgCl2 0.9,
HEPES 10, NaH2PO4 0.33, and glucose 10 (pH was adjusted
to 7.4 with NaOH). During measurements, 0.9 mM CaCl2 was
added to the solution and CoCl2 (2 mM) was used for inhibition
of ICa. CoCl2 (Sigma-Aldrich) was prepared as 1 M stock solution
in the deionized water. Sucrose (≥99.5%, Sigma-Aldrich) was
dissolved in the deionized water to prepare the isotonic sucrose
solution (0.3 M; osmolality 300 ± 5 mOsm/kg); 5 μM CaCl2 was
added to maintain the membrane integrity and minimum
conductivity. We have regularly checked the specific
conductivity of the used distilled water (about 0.5–1.5 μS/cm).
The final conductivity of the sucrose solution was ~3.5 ± 0.2 μS/
cm. The solutions were applied in close vicinity of the measured
cell via a rapid perfusion system.

A sucrose solution containing 10, 25, and 100 μM BaCl2
(10 mM stock solution, BaCl2 dissolved in deionized water)
was used to check the Ba2+-sensitive component of the
membrane current during sucrose application.

To partially detubulate ventricular myocytes, the isolated cells
were treated for 15 min with 75, 150, and 225 μM imipramine
(according to Bourcier et al., 2019, but lower concentrations were
used in our study to prevent the complete detubulation) and then
they were centrifuged and the imipramine was washed using the
control Tyrode solution.

The patch electrode filling solution contained (in mM):
L-aspartic acid 130, KCl 25, MgCl2 1, K2ATP 5, EGTA 1,
HEPES 5, GTP 0.1, and Na2-phosphocreatine 3 (pH 7.25
adjusted with KOH).

Electrophysiological Measurements and
Evaluation
Single rod-shaped cells with well visible striations were used for
recordings of the membrane current applying the whole-cell
patch-clamp technique in the voltage-clamp mode. The patch
pipettes were pulled from borosilicate glass capillary tubes and
heat polished on a programmable horizontal puller (Zeitz-
Instrumente, Germany). The resistance of the filled glass
electrodes was below 1.5 MΩ to keep the access resistance as
low as possible. For the generation of experimental protocols and
data acquisition, the Axopatch 200B equipment and pCLAMP 9.2
software (Molecular Devices) were used. The measured ionic
currents were digitally sampled at 200 kHz and stored on the
hard disc. Experiments were performed at room temperature
(23 ± 1°C). Experimental protocols are described in the Results.

Mathematical Simulations
All calculations according to the formulas given in the Results
section and in the Supplementary Material were performed using
the computational software MATLAB v.7.2 (MathWorks, Inc.).

Statistical Analysis
Evaluation of the data was performed using the computational
software MATLAB R2020a (MathWorks, Inc.) except for the curve

fitting that was performed using Clampfit 10.7 software (Molecular
Devices). The results are presented as means ± S.E.M from n cells
(Origin, version 2015, OriginLab Corporation, and GraphPad
Prism, version 7.05, GraphPad Software, Inc.). The normality of
the data distribution was tested using the Shapiro-Wilk test or
Kolmogorov-Smirnov test (if n < 8). Paired and unpaired t-tests,
and repeated measures ANOVA with the Bonferroni´s post-test
were used to consider the statistical significance of the observed
differences; p < 0.05 was considered statistically significant.

RESULTS

A New Method for Repetitive Estimation of
the Fraction of T-Tubular Membrane
The schematic diagram in Figure 1A represents the electrical
equivalent circuit of a cardiac myocyte connected to a
microelectrode. The surface membrane (capacitance Cs,

FIGURE 1 | Principle of the new method. (A) Scheme of the electrical
equivalent circuit of cardiomyocyte; Rel—microelectrode resistance;
Rex—extracellular resistance; Cs, Rms, Ums, and Ct, Rmt, Umt—membrane
capacitance, membrane resistance, reversal voltage of the surface and
t-tubular membranes, respectively; Rt—resistance of t-tubular lumen. The
membrane resistances can be considered constant in the subthreshold range
of membrane voltage. U, Us, and Ut—the imposed voltage, surface
membrane voltage, and t-tubular membrane voltage, respectively. J—the
membrane current. (B) The imposed impulse of membrane voltage (upper
panel) and representative current traces in the Tyrode (Tyr) and sucrose (Suc)
solution including mono- and bi-exponential fits (red lines), respectively
(middle and bottom panel).
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resistance Rms, and reversal voltage Ums) is separated from the
t-tubular membrane (Ct, Rmt, and Umt) by longitudinal resistance
of the t-tubular lumen (Rt). The access resistance Ra = Rel + Rex is
composed of the microelectrode resistance Rel and resistance of
extracellular medium Rex. The simple lumped equivalent circuit
including the t-tubular system (similar to that applied for the
same purpose by Cheng et al., 2011) was used. A model with
distributed parameters of the t-tubular system of cardiomyocytes
would be difficult to use for practical measurements (see the
Discussion for more details).

The key idea of the proposed method is to achieve a significant
increase in the electrical resistance of the t-tubular lumen Rt to
electrically separate the surface and t-tubular membrane in
whole-cell patch-clamp experiments. The low specific
resistance of physiological solutions is associated with a low
value of Rt which causes tight electrical coupling between the
surface and t-tubular systems. Consequently, only the total
membrane capacitance (marked CTyr in the following text) can
be measured. Analysis of the electrical equivalent scheme
describing cardiomyocyte in the whole-cell arrangement under
conditions of a multiple increase in the resistance Rt allowed us to
calculate the surface and t-tubular membrane capacitances (Cs

and Ct) separately as well as to estimate the fraction of t-tubular
membrane ft = Ct/(Cs + Ct). A sufficient increase in Rt was
achieved by short-term perfusion of the measured cell with a
low-conductive isotonic sucrose solution. The analysis was based
on the resolution of two components in responses of membrane
current to the imposed subthreshold voltage steps as shown in
Figure 1B and in detail in Supplementary Figure S1. In the
following, the symbols indicated in Figure 1A will refer
exclusively to the values measured in the isotonic sucrose
solution. Cm will indicate the total membrane capacitance
estimated in the sucrose solution (Cm = Cs + Ct) to distinguish
it from CTyr, measured in Tyrode solution.

To get an idea of the processes that take place after the
application of the sucrose solution, we recorded the time
course of the current at the holding voltage −80 mV
(Figure 2A). The current was reversed and surprisingly
even increased in absolute value although the access
resistance Ra increased substantially in the low conductivity
medium, evidently due to an increased driving force. The
membrane current is likely carried preferentially by K+ and
Cl− ions across the cell membrane. Considering the Nernst
equations, the reversal voltages of all positive ions should
acquire high negative values in contrast to a high positive
value for Cl−. As a result, both K+ and Cl− can flow out of the
cell and help to maintain the electroneutrality of the media.
The entry of ions from the sarcoplasm into the t-tubules can be
expected to restrict the increase of Rt. The evidence of a
substantial role of the inward rectifying potassium current
IK1 is given in the Discussion.

The broader theoretical basis of the new approach was
preliminarily published as a preprint (Šimurda et al., 2021)
which shows that the determination of Ct is associated with a
certain inaccuracy, the limit of which can be calculated from the
measured data. In the present work, a new way is followed to
overcome the problem of Ct estimation. It is described in the

Supplementary Material together with an outline of the
derivation of calculation formulas. In the following text, the
computational relationships used to determine the basic
parameters of the electrical equivalent scheme (i.e., Cs and Ct)
supplemented by the calculation of ft as an indicator of the area
fraction occupied by the t-tubules will be listed.

The response of the capacitive current to subthreshold steps of
membrane voltage (from the holding level U1 = −80 mV to
optional U2) in the sucrose solution was approximated by a
sum of two exponential functions and a constant
(Supplementary Figure S1) in the Clampfit software
(Molecular Devices). The resulting magnitudes of the
exponential components (J1 and J2), corresponding time
constants (τ1 and τ2), and steady-state current at the level U2

(J∞,2) were supplemented by the value of the steady-state current
at the holding voltage (J∞,1). The values of Ct, Cs, ft, and the access
resistance Ra could be calculated from the six parameters J1, J2, τ1,
τ2, J∞,1, and J∞,2 using the following relationships derived in the
Supplementary Material:

Cs � τs
Ra
,where τs � (J1 + J2 − J∞,1 + J∞,2) τ1τ2

τ1J2 + τ2J1
(1)

and the access resistanceRa � U2 − U1

J1 + J2 − J∞,1 + J∞,2
. (2)

Ct is determined with an accuracy of ±4% in ventricular and ±5%
in atrial cardiomyocytes (see the Supplementary Material for
detailed explanation).

Ct ~
τ1J2 + τ2J1
J1 + J2

kc
R1
,  where R1 � Ra

b − 1
,   and b � τ21J2 + τ22J1

τ1J2 + τ2J1

τs
τ1τ2

.

(3)
The coefficient kc was introduced as a correction for the mean
error caused by the exchange of membrane resistances Rmt for
Rms in the approximate calculation of Ct as justified in the
Supplementary Material (Eq. S18 and the accompanying text)
and the value of kc was set to 0.97 for ventricular and to 0.91 for
atrial cardiomyocytes. The total membrane capacitance Cm and
the fraction of t-tubular membrane ft are expressed as

Cm � Cs + Ct, ft � Ct

Cm
. (4)

The experimental protocol consisted of a sequence of 300
rectangular voltage steps, 5 or 10 mV, 20 ms from the holding
voltage of −80 mV applied at 25 Hz (a single step shown in
Figure 1B, upper panel). This protocol was applied repeatedly if
needed (max. 3 times). The representative current responses to a
single voltage step in the Tyrode solution (Tyr) and in the isotonic
sucrose solution (Suc) are illustrated in Figure 1B, middle and
bottom panels, together with the mono-exponential fit in Tyr and
bi-exponential fit in Suc (the red dashed lines). For details of
evaluation of this representative cell, please see Supplementary
Figure S1.

To obtain steady-state values of the evaluated parameters, the
last 50 current responses before the sucrose wash-out were
averaged and evaluated. No significant differences were
observed among average values evaluated at three independent
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intervals at the end of sucrose application if the protocol was
repeated until the steady-state current was reached (Figure 2B;
n = 5, p > 0.05). However, the evaluated parameters were not
significantly different even if being evaluated in ~10 s from the
start of the sucrose application which implies that reaching the
steady-state of membrane current during sucrose application is
not necessary to obtain steady-state values of the evaluated
parameters (not illustrated).

Accuracy of the Parameters Estimated
Using the New Method
The accuracy of the method is critically dependent on the
conditions ensuring that the entire cell surface is washed with
sucrose solution or Tyrode solution during rinsing. The stream
washing the cell must be carefully directed which is indicated by
the ratio of access resistances measured in Tyrode and sucrose
solution. For cells that have not been lifted from the bottom of the

chamber, there is a risk that a part of the surface is not exposed to
the solution. However, the violation of the conditions of correct
measurement can be revealed from the parameters obtained by
the bi-exponential approximation of the capacitive current.
Incomplete solution exchange strongly affects the ratio of
magnitudes and time constants of both components of the
analysed part of the capacitive current. The component with
the shorter time constant must be sufficiently expressed. Besides
the ratio of the time constants and amplitudes of both capacitive
current components, an additional quantity indicating an
unacceptably low resistance of t-tubular lumens was the ratio
of the resistance R1 defined in Eq. 3 and the resistance R2 that can
be computed as

R2 � Ra

Rms||(Rmt + Rt) � Ra
J1 + J2

J∞ 2 − J∞ 1
. (5)

To decide whether a given measurement is acceptable and can be
included in the overall evaluation, we applied the following criteria:

FIGURE 2 | Time course of the sucrose effect. (A) Changes of the membrane current at −80 mV during application and subsequent wash-out of isotonic sucrose
solution in a representative cell (middle panel, the time axis is interrupted at the interval when the voltage-ramp protocol was applied; left and right panels—details of 4 s of
the recording shown in the middle panel at the time of start and end of sucrose application, respectively). (B) Average values of basic parameters evaluated in the
presence of sucrose at the steady-state in three independent intervals I, II, and III at the end of sucrose application (n = 5, p > 0.05 within the same parameter; for the
approximate position of the intervals I, II, and III, please see arrows in part (A).

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 8372395

Švecová et al. New Method Estimating T-Tubular Fraction

128

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Ra suc − Ra Tyr > 3MΩ, (6a)
J2/J1 > 0.16, τ2/τ1 > 0.1, and R1/R2 > 0.1. (6b)

Ra_suc, and Ra_Tyr are access resistances in sucrose and Tyrode
solution, τ1 and J1 refer to the component with the longer time
constant, and τ2 and J2 to the component with the shorter time
constant. In the following figures, only data from measurements
fulfilling these criteria are included. For average values of Ra_suc,
and Ra_Tyr in all selected cells, please see Supplementary Figure
S2. Data selection based on the aforementioned criteria resulted
in a decreased variability and, thus, in considerably increased
accuracy of the resulting ft values (Supplementary Figure S3).

Comparison of the Average Values in Atrial
and Ventricular Cardiomyocytes
Ct, Cs, and Cm in the measured rat ventricular myocytes that
passed the selection procedure described above were 47.3 ± 3.9,
92.7 ± 5.9, and 141.2 ± 8.6 pF on average, respectively (Figure 3A;
n = 21). In rat atrial cardiomyocytes, Ct, Cs, and Cm were 8.4 ± 0.9,
50.4 ± 3.3, and 59.7 ± 3.6 pF on average, respectively, using the
same selection criteria (Figure 3B; n = 7). It implies that ft was
significantly lower in rat atrial myocytes than that in rat
ventricular myocytes (0.144 ± 0.015 vs. 0.337 ± 0.017;
Figure 3C; p < 0.001) as may be expected considering the
literary data and the substantially less developed t-tubular
system in the atria. Cm evaluated from the data recorded
during the sucrose application was significantly lower (by 23
and 18% in rat ventricular and atrial myocytes, respectively) than
that evaluated in the control Tyrode solution CTyr (183.1 ± 9.9 pF
in rat ventricular myocytes and 72.8 ± 4.2 pF in rat atrial
myocytes; the respective Cm values—see above; p < 0.001 and
0.01 in rat ventricular and atrial myocytes, respectively; for a
possible explanation, see the Discussion).

The value of ft did not significantly correlate with CTyr (an
indicator of the cell size) in both ventricular and atrial myocytes
(Figure 4; for details, see the Discussion).

Repetitive Estimation of the Parameters in a
Single Cell
To test the most promising advantage of the new method, we tried
to apply the sucrose solution twice in the same cell (both sucrose
applications were separated by a wash-out period in Tyrode
solution sufficient to recover control conditions; for
representative examples of rat ventricular and atrial myocytes,
Figure 5A). The average value of ft was not different during the first
and the second sucrose application (0.345 ± 0.021 and 0.347 ±
0.023, respectively; n = 14, p > 0.05; Figure 5B). Hence, our new
methodmay be used several times in the same cell, enabling testing
of dynamic changes of t-tubular parameters.

DISCUSSION

A new method for estimation of the fraction of t-tubular
membrane (ft) in cardiomyocytes was developed, described,

FIGURE 3 | TATS characteristics evaluated using the newly developed
method. (A,B) Average CTyr, Cm, Cs, and Ct in ventricular (A) and atrial (B)
cardiomyocytes. Values of all parameters in ventricular cells were significantly
different at p < 0.001 (n = 21). In atrial cells, all parameters also
significantly differed, but at various P (p < 0.05–0.001; n = 7). (C) The value of ft
was significantly lower in atrial vs. ventricular cardiomyocytes; ***—statistical
significance at p < 0.001.
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and experimentally proved in this study. Short-term
perfusion with isotonic sucrose solution enabled to
electrically separate the surface and t-tubular membranes.
The most important advantage of this new method is its
reversibility which allows repetitive measurements of ft in
the same cell.

Verification of the Method and Justification
of the Model
To verify our method, we investigated the effect of detubulation
induced by imipramine (Bourcier et al., 2019). We first confirmed
the detubulation effect of imipramine by measuring the inward
rectifier potassium tail current (IK1,tail) in Tyrode solution in both
control ventricularmyocytes and in ventricularmyocytes pre-treated
with 225 μM imipramine in which IK1,tail was strongly suppressed, as
expected (Supplementary Figure S4A). As can be seen in Figure 6,
the t-tubular membrane fraction ft determined by our method was
significantly reduced in partially detubulated ventricular
cardiomyocytes in a concentration-dependent manner. At the
complete detubulation, the determination of ft fails because the
method is based on the analysis of two clearly distinguishable
exponential components [indicated by conditions (6b)].

A number of quantitative models have been published so far
aimed at describing the electrical properties of the tubular system
in skeletal muscle cells (Adrian et al., 1969; Eisenberg et al., 1972;
Mathias et al., 1977; Penderson et al., 2011). These models with
distributed parameters follow the results of cable theory. They are
usually formulated in such a general way that they can also be
applied to cardiac cells, but hardly for practical measurement of
tubular membrane capacitance. Mathias et al. (1977) developed
and described in detail a model (called mesh model) based on an
analysis of a random network of miniature cables connecting
nodes. The whole system is described by a combination of
differential and difference equations. Depending on the ratio
between the length constant λ and the radius a of the cell
(approximately cylindrical), the solution of the system can be
divided into several areas. Assuming λ >> a, a lumped
approximation of the tubular system is justified in a form
corresponding to our simple model, created by the luminal
resistance of the tubular system in series with a parallel
combination of membrane resistance and capacitance.
According to the recent study of Scardigli et al. (2017), tubular
length constant λ = 290 ± 90 μm and a ~ 13 μm in rat ventricular
myocytes resulting in λ/a ~ 22. This ratio may be however altered
under conditions of sucrose solution. Both resistances
determining λ will be increased, however, the actual change
can only be roughly estimated. Even if, in the extreme case,

FIGURE 4 | Correlation between ft and CTyr in ventricular (A) and atrial (B) rat cardiomyocytes. No correlation can be observed in our data (p > 0.05 in both
ventricular and atrial myocytes).

FIGURE 5 | Repeated sucrose application allows evaluation of t-tubular
characteristics several times in a particular cell. (A) Representative examples
of two sucrose applications in a row in ventricular (upper graph) and atrial
(lower graph) cardiomyocytes. The perfusion time with sucrose solution
did not exceed 50 s. (B) The evaluated ft was not different during subsequent
sucrose applications (ventricular myocytes, n = 14, p > 0.05).
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the luminal resistance per unit length of the tubule increased
100 times more than the resistance of the membrane, the
condition λ > r would still be maintained. Lumped models of
electrical properties of cardiomyocytes, including the tubular
system, have already been used in other studies (Pásek et al.,
2006; Pásek et al., 2008c; Cheng et al., 2011).

Origin of the Membrane Current in Sucrose
Considering the minute content of ions in the isotonic sucrose
solution (supplemented only with 5 μM CaCl2, the conductivity
of ~3.5 μS/cm), the origin of the membrane current in sucrose is
not entirely clear. Themost likely candidate of the flowing current
is inward rectifier potassium current IK1 which can be partially
opposed by a negative chloride current with a high positive
equilibrium voltage. We tested the effect of a specific IK1
inhibitor Ba2+ in three selected concentrations 10, 25, and
100 μM. The membrane current in sucrose was inhibited by
34, 46, and 67%, respectively (Figure 7). It implies that IK1 is
the predominant component of the membrane current, especially
around the holding voltage −80 mV. We tried to further support
this result by measuring the effect of Ba2+ on IK1,tail induced by
transient accumulation of t-tubular potassium ions (Cheng et al.,
2011; Moench et al., 2013). However, this intention failed because
IK1,tail was suppressed during application of the sucrose solution
(Supplementary Figure S4B), very likely due to a high negative
reversal voltage (see below) which prevented appearance of the
inward current.

In sucrose, the resting membrane voltage considerably dropped
to about −140 mV (Figure 7B), thus, the driving force of the ionic
current was markedly enhanced. This can explain the large sucrose-
induced outward current in Figure 2A. The shift of the resting
voltage in sucrose solution corresponds well with the observations
of Bouchard et al. (2004) who indicated a substantial shift of reversal
voltage and decrease of slope conductance at low extracellular K+

concentrations. Figure 7 provides yet further evidence supporting
the idea that IK1 is a major component of the ionic current in
sucrose solution. Due to the effect of Ba2+, the negative reversal
voltage dropped significantly to a level around −100 mV, as can be
seen clearly from the current response to the descending part of the
imposed voltage ramp.

The Fraction of T-Tubular Membrane ft
Estimated by Various Techniques
Marked differences can be observed in ft values evaluated using
various techniques in ventricular myocytes, even in those from
healthy hearts. Using the diffusion technique and measurements
of whole-cell capacitance and cell dimensions, Shepherd and
McDonough (1998) suggested ft of 0.56 in guinea-pig
ventricular myocytes, which is consistent with data acquired
by imaging techniques in rat, guinea-pig, and human
ventricular myocytes (over 0.5; Amsellem et al., 1995; Soeller
and Cannell 1999; Ohler et al., 2009).

In contrast, studies using the often-used detubulation
techniques report lower values of ft in rat ventricular
myocytes. Most data were obtained using hyperosmotic shock
(e.g., ft = 0.264 in Kawai et al., 1999, 0.29 in Brette and Orchard
2006, 0.32 in Brette et al., 2006, 0.315 in Bryant et al., 2015); later
studies report values obtained from hypoosmotic shock (0.27 in
Moench et al., 2013) or from the effect of imipramine (~0.4 in
Bourcier et al., 2019). The value ft = 0.337 ± 0.017 estimated by
our new method (Figure 3C) fits well with the range of values
obtained so far by detubulation approaches. Considering all these
data and despite attempts to explain the differences (Pásek et al.,
2008b), the true value of ft in ventricular myocytes is still unclear,
estimated somewhere between ~0.25 and 0.55.

The published data on t-tubular characteristics in atrial
myocytes are even more diverse and rarer than that in
ventricular cells. The t-tubules were identified by imaging
techniques in atrial myocytes of various species including rat
and human (e.g., Dibb et al., 2009; Wakili et al., 2010; Richards
et al., 2011; Frisk et al., 2014; Glukhov et al., 2015; Yue et al.,
2017). Yue et al. (2017) found out that identifiable t-tubules may
be detected in more than 80% of isolated mouse atrial myocytes.
However, only a minority of atrial myocytes contain well-
organized t-tubules in small rodents, e.g., in the rat (~10%,
Frisk et al., 2014). As expected, the value ft estimated by our
new method was significantly lower in rat atrial myocytes in
comparison to that in rat ventricular myocytes (Figure 3C).
Considering almost zero t-tubular area estimated by Caldwell
et al. (2014) in the rat atria (using di-4-ANEPPS membrane
staining), we were surprised by our relatively high atrial ft value
(0.144 ± 0.015). Our results agreed rather with the data published
by Yue et al. (2017) who estimated the t-tubular area between 0
and 24% in mouse atrial myocytes (~10% on average in male mice
using di-4-ANEPPS membrane staining). To our knowledge, the
only study using formamide detubulation in atrial cells (Brette et al.,
2002) suggests a value of ft ~ 0.06. The heterogeneity of the tubular
system in the atria is apparently enormous (Frisk et al., 2014).

In addition to various measurement techniques,
interspecies differences and heterogeneity of t-tubular

FIGURE 6 | Partial detubulation revealed by the new technique.
Comparison of the fraction of the t-tubular membrane ft in control ventricular
myocytes (n = 21) and in ventricular myocytes partially detubulated using 75,
150, and 225 μM imipramine (n = 5, 8, and 8, respectively); *, **, and
***—statistical significance at p < 0.05, 0.01, and 0.001, respectively.
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density in both ventricular and atrial myocytes are likely the
main cause of the different results (Richards et al., 2011;
Caldwell et al., 2014; Frisk et al., 2014; Yue et al., 2017).

Does the Content of T-Tubules Correlate
With Cell Size?
In our data, we did not observe a significant correlation between ft
and size of the cells (estimated as CTyr) in both rat ventricular and
atrial myocytes (Figure 4). Regarding ventricular myocytes, this
finding is not surprising because previous studies documented
overall well-developed t-tubules in the investigated ventricular
myocytes of various species including rat (e.g., Soeller and
Cannell 1999; Dibb et al., 2009; Richards et al., 2011;
Jayasinghe et al., 2012; Frisk et al., 2014). Therefore, no
correlation between the cell size and t-tubular content may be
expected and was not observed in previous studies (e.g., Richards
et al., 2011; Frisk et al., 2014).

Controversial information may be found regarding t-tubular
content in atrial cells of various sizes. Frisk et al. (2014) showed
that the size of rat atrial myocytes without and with either
disorganized or organized t-tubules did not differ (Figure 3D
in Frisk et al., 2014) which agrees well with our data (Figure 4B).
In contrast, the proportion of rat atrial myocytes with the
t-tubules was higher in the wider cells in the study by
Smyrnias et al. (2010); imaging identification of t-tubules).
Similarly, the t-tubular content correlated with the cell width
in mouse atrial myocytes (Yue et al., 2017; imaging identification
of t-tubules). We missed this correlation in our data (Figure 4B)
which may be related to the fact that we likely unintentionally
selected only wider cells for our patch-clamp measurements.

More developed t-tubules could be found in wider myocytes
isolated from the atria of big mammals, such as dog, horse, cow,
and sheep (Wakili et al., 2010; Richards et al., 2011). As discussed
by Richards et al. (2011), the difference between atrial myocytes
of small rodents (rat) and big mammals may be related to the
lower width of atrial myocytes of small rodents (the width of
about 10 μm in rat, e.g., Dibb et al., 2009; Walden et al., 2009) and
to the necessity of more developed t-tubules in wider

cardiomyocytes to ensure the synchronized rise of Ca2+ in the
whole cardiomyocyte and, thus, its synchronized contraction
(reviewed by Dibb et al., 2013).

Advantages and Limitations of the New
Method
As mentioned above, the most important advantage of the new
method is its reversibility. It allows to directly compare
parameters of the total cell membrane measured in the
control Tyrode solution and the t-tubular membrane
measured in the sucrose solution in the same cell. Thus,
paired comparison of the differences may be done which is
the preferable way of evaluation whenever it is possible. Since
the estimated ft did not differ during the first and second sucrose
application in the same cells (Figure 5), the method may be used
even for analysis of short-term changes in structure and
function of the t-tubular system, induced by e.g., a transient
hypoosmotic state (Moench et al., 2013) which may be relevant
for the clinical practice (e.g., Kanda et al., 2004; Silveira et al.,
2018). Both the paired statistical testing and analysis of short-
term changes of the t-tubules are impossible when the usually
used detubulation method is applied. We also plan to extend the
use of the method to the estimation of other parameters
characterizing the t-tubular membrane, such as the fraction
of various ionic currents in the t-tubules because literary data
are sparse and diverse in some cases.

A certain limitation of the method is the fact that the set of
parameters obtained by the bi-exponential approximation of
the capacitive current recorded in the sucrose solution does
not allow an accurate calculation of all elements of the
electrical equivalent circuit (Figure 1A). In our preliminary
study (Šimurda et al., 2021), this problem was solved by an
additional assumption of direct proportionality between the
ratio of membrane conductivities and the ratio of membrane
capacitances measured in t-tubular and surface membranes. In
this work, we introduced a simpler way to estimate the
t-tubular membrane capacitance Ct ± SD with the accuracy
limited by the given theory. In ventricular and atrial

FIGURE 7 | Effect of Ba2+ on themembrane current in the presence of sucrose. (A) Time course of changes of the membrane current at −80 mV in a representative
cell during consecutive application of sucrose alone and in combination with 10, 25, and 100 μM Ba2+. (B) Changes of the membrane current during a ramp stimulation
(lower panel; for the stimulation protocol, see the upper panel). (C) Average inhibition of the membrane current at −80 mV in sucrose at 10, 25, and 100 μMBa2+ (n = 3).

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 8372399

Švecová et al. New Method Estimating T-Tubular Fraction

132

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


cardiomyocytes, the value of SD was 4% and 5%, respectively,
as justified in the Supplementary Material.

The accurate measurements require a reliable washing of the
entire cell surface with the selected solution. A violation of this
condition is reflected in the set of parameters obtained by the bi-
exponential approximation of the capacitive current. The
condition (Eq. 6a) is to guarantee that the source of the
perfusion solution is not too far from the measured cell. The
remaining conditions (Eq. 6b) indicate that all parts of the cell are
sufficiently washed. Unfortunately, many measured data were
discarded (Supplementary Figure S3). Considering the fact that
many measurements were discarded due to violation of
conditions (Eq. 6b), we expect that the number of well-
measured cells may be increased by lifting the measured cell
slightly. It well agrees with the findings recently published by
Uchida and Lopatin (2018) who emphasize the necessity of lifting
the measured cell up to ensure proper t-tubular diffusion with the
applied solution. It is a risky procedure, but it may help improve
the diffusion of sucrose into the t-tubular system and, thus,
increase the yield of our newly proposed method.

Another limitation may result from the fact that sucrose
application seems to affect the estimated value of the cell
membrane capacitance. Cm evaluated in the sucrose solution
was significantly lower than CTyr evaluated in the Tyrode
solution (Figures 3A,B). It is in agreement with the study by
Vaughan et al. (1972) on skeletal muscle fibers. They showed that
the cell membrane capacitance may be reduced if the cell is
exposed to a solution with low content of ions. Anyway, the value
of ft should not be affected by this side effect of sucrose
application if the surface and t-tubular membranes are affected
evenly by sucrose. In addition, the actual values of Cs and Ct can
be estimated by multiplying by the CTyr/Cm coefficient.

CONCLUSION

We have developed a new approach to the determination of the
fraction of t-tubular membrane based on the perfusion of the
measured cell with a low-conductivity isotonic solution. Its
advantage over existing methods is the possibility of repeated
measurements on the same cardiomyocyte and thus paired
statistical testing. In the next work, we assume its extension to
the measurement of t-tubular ionic current fractions. The method
can be useful for studying short-term changes in the t-tubular
system.
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Multiple Laser Doppler Flowmetry
Probes Increase the Reproducibility of
Skin Blood Flow Measurements
J. Carter Luck1, Allen R. Kunselman2, Michael D. Herr1, Cheryl A. Blaha1,
Lawrence I. Sinoway1 and Jian Cui1*

1Penn State Health Heart and Vascular Institute, Pennsylvania State University College of Medicine, Hershey, PA, United States,
2Department of Public Health Sciences, Pennsylvania State University College of Medicine, Hershey, PA, United States

Cutaneous microcirculatory perfusion is commonly measured using laser Doppler flowmetry
(LDF) probes, which provide a continuous, non-invasive quantification of skin blood flow
(SkBF). However, inhomogeneities in the skin’s microvasculature density contribute to a
decrease in reproducibility whenever an LDF probe is removed and replaced, as is the case
during pre- and post-intervention or between-day measurements. Therefore, this study aimed
to determine whether increasing the total number of individual LDF probes in a localized area
improves the reproducibility of themeasurement. Seven laser Doppler probes were secured in
a custom-made acrylic holder designed to attach to the skin’s surface easily. SkBF, local skin
temperature (Tsk), and blood pressure (BP) were assessed in 11 participants (6M, 5 F, 42 ±
15 years). SkBF and Tsk weremeasured from the dorsal forearm (arm trial) for 5min. Next, the
multi-laser device was moved to the lateral side of the calf (leg trial), and measurements were
obtained for 5min. Each arm and leg trial was cyclically repeated three times, and all trials were
separated by intermissions lasting 10–15min. The average SkBF and the cutaneous vascular
conductance (CVC) from all possible LDF probe combinations were not statistically different
across the three arm and leg trials. Two-way mixed-effects models with absolute agreement
were used to compute the intraclass correlation coefficient (ICC) for CVC, and the minimum
ICC increased with the addition of LDF probes. The ICC of the average CVC from seven LDF
probes was 0.96 between the arm trials and 0.91 between the leg trials, which suggests that
there is excellent reliability and little difference between trials following the removal and
replacement of the device. Moreover, all individual ICC values from ≥3 LDF probe
combinations were greater than 0.70 (i.e., good reliability). These data suggest that SkBF
measurements with multiple laser Doppler probes in a custom-made holder have excellent
reproducibility after replacing the probeswithin the sameparticipant. Therefore, this application
could providemore reproducible assessments between repeatedmeasurements (e.g., before
and after exercise or clinical procedures) where the LDF probes must be removed and
replaced within the same location.
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INTRODUCTION

Laser light has been frequently used in various biomedical
applications since its initial development in the 1960s
(Maiman, 1960; Townes, 2007). For decades, researchers have
used laser light scattering, reflection, and absorption principles
and properties to quantify various physiologic parameters. The
optical technique of laser-Doppler flowmetry (LDF) utilizes
frequency-shifted laser light signals, which are reflected from
red blood cells (erythrocytes), to quantify an index of
microcirculatory perfusion in a static tissue (Holloway and
Watkins, 1977; Nilsson et al., 1980a; Nilsson et al., 1980b). In
human and animal experiments, these LDF probes may be
applied to the skin to obtain measurements of skin blood flux
(SkBF). The assessment of SkBF via LDF probes has provided
critically useful information to further our understanding of
thermoregulation and microvascular function/dysfunction.
However, the LDF technique is not free from limitations, and
the assessment of SkBF has been continuously criticized. Namely,
it is highly susceptible to motion artifacts, and there is
considerably large site-to-site and day-to-day signal
heterogeneity. Thus, the inability to remove and replace the
LDF probe significantly hinders the ability to obtain
observations pre- and post-intervention without the use of
normalization techniques (e.g., local vascular occlusion for the
prepose of establishing a physiological zero or converting the raw
data to a percent change from a thermoneutral baseline
(33–34°C), or converting the raw data to a percentage of
“maximal” SkBF at the site). Therefore, a more broadly
applied method that could achieve greater reproducibility
between measurements would benefit physiology researchers.

The LDF measurement is based on the Doppler principle,
where laser light is applied to an otherwise static tissue at a
specific wavelength (i.e., monochromatic). Due to the light-
scattering and absorption properties from endogenous
chromophores (e.g., erythrocytes) and other tissue
components, reflected laser light becomes frequency-shifted by
moving erythrocytes but remains relatively unshifted as it passes
through static tissue. The broadening of the laser light, dependent
on the velocity of the moving erythrocytes, is subsequently
detected by photodetectors and processed by a computer. To
date, LDF probes have been applied to various vascularized tissue
beds (e.g., skin, muscle, liver, brain, bone, and tooth pulp) in both
experiments in humans (Davis et al., 2006; Davis et al., 2008;
Ghouth et al., 2018) and animals (Arvidsson et al., 1988; Lombard
and Roman, 1990; Hanne et al., 2019; Allen et al., 2020). The exact
sampling depth of an LDF probe is difficult to determine. It
requires the identification of the individual blood vessel and
erythrocyte that has interacted with the light from the LDF
probe, which is both site, velocity, and time-dependent.
Moreover, increased concentrations of hemoglobin molecules
can shield deeper hemoglobin molecules from irradiation.
Thus, the strongest signal originates from the erythrocytes
closest to the light source, and the signal strength weakens
with greater penetration depths. Therefore, it is generally
expected that LDF penetration is shallower in tissues with
relatively high hemoglobin concentrations, as is the case in

skeletal muscle tissue. Whereas in cutaneous measurement, the
penetration depth is expected to be slightly deeper. Using a
Monte-Carlo model to simulate the diffusion of photons
through biological tissue, it is roughly estimated that the
sampling depth in cutaneous tissue is between 1.0 and
1.5 mm2, yielding a sample volume of roughly ~1 mm3 (Low
et al., 2020). Thus, given the anatomical structure of the
cutaneous microvasculature, it is generally believed that the
LDF signal is generated by arterioles, capillaries, and post-
capillary venules of the upper horizontal plexus of the dermis
(Braverman et al., 1990). Due to the skin’s large surface area and
its superficially located capillary loops (Braverman, 2000), it
serves as a readily accessible vascular bed for the investigation
of microvascular function (Holowatz et al., 2008).

Similar to LDF measurement, various techniques have been
employed to track changes in microvascular perfusion, namely,
venous occlusion plethysmography, scanning laser-Doppler
imaging, laser-Doppler speckle contrast imaging, and optical
coherence tomography (Chaseling et al., 2020; Low et al.,
2020). Several other methods have been used to investigate
blood flow and vascular function in various regions (e.g.,
Doppler ultrasonography, flow-mediated dilation, pulse wave
velocity, and carotid intima thickness). However, these
techniques are primarily isolated to the large conduit arteries
and thus, do not fully capture the downstream effects in the
microvascular circulation. Other optical techniques such as near-
infrared spectroscopy and pulse oximetry provide more detailed
information about the interaction between oxygen and
hemoglobin. However, due to the high temporal resolution,
user independence, and affordability, LDF remains one of the
most commonly used tools to monitor SkBF.

Although the skin is generally regarded as an excellent
interrogation site for LDF probes, due to its non-invasive
accessibility, SkBF measures are incredibly susceptible to
motion artifacts and any slight movement or relocation of the
LDF probe (Tenland et al., 1983). This is because the skin’s
microvascular structure and density are not evenly distributed
from site to site (Braverman et al., 1990; Braverman et al., 1992;
Braverman and Schechner, 1991). Indeed, several studies have
repeatedly demonstrated topographical zones of high and low
SkBF using sequential LDFmeasurements from a localized region
(Braverman and Schechner, 1991; Wårdell et al., 1994). Thus, due
to the small area measured by a single-point LDF probe, it has
been demonstrated that the technique’s reproducibility may be
limited as LDF signals vary with slight movements of the probe
(Tenland et al., 1983; Braverman et al., 1990; Wårdell et al., 1994;
Puissant et al., 2013). Therefore, the LDF measurement is
typically used to quantify temporal changes in SkBF in
response to pharmacological and thermal stimuli (Low et al.,
2020) in experiments where the device is secured in place for the
duration of the experiment. Studies utilizing the average resting
(i.e., non-normalized) SkBF values as the primary outcome
measure or experimental designs where the LDF probe must
be removed and replaced (e.g., between-day, pre- and post-
exercise, or clinical procedure) have often been considered
unreliable. To further improve reproducibility, the influence of
spatial inhomogeneities must be reduced. One previous study has
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used signal averaging techniques of serial measurements in a
localized area to improve day-to-day reproducibility (Wårdell
et al., 1994). Another group has used an integrated LDF with
multiple emitting fibers and two photodetectors showing that this
approach improves the coefficient of variation when the device is
moved to adjacent positions, 5 mm apart (Salerud and Nilsson,
1986). Based on these prior observations, the present study
sought to use a custom-made integrated LDF probe holder
(consisting of seven LDF probes) to test the hypothesis that
the reproducibility of the LDF signal increases with the
addition of individual LDF probes after the device has been
removed and replaced within participants in the same
location. The development of a method capable of decreasing
the spatial inhomogeneities and reproducing measures of SkBF
pre- and post-intervention could greatly expand the application
of LDF assessments.

MATERIALS AND METHODS

Study Population
Eleven individuals (six men, five women) were invited to
participate in the study. The participant characteristics are
shown in Table 1. All participants were in good health with no
history of cardiovascular, pulmonary, metabolic, or renal
disease, and none were taking medications during the study.
Each participant had the purposes and risks of the protocol
explained to them before written informed consent was
obtained. The experimental protocol was approved by the
Institutional Review Board of the Penn State Milton S.
Hershey Medical Center and conformed with the World
Medical Association’s Declaration of Helsinki.

Measurements
As described in prior reports (Cui et al., 2013; Cui et al., 2021),
blood pressure (BP) was measured with an automated
sphygmomanometer from the brachial artery (SureSigns VS3,
Philips, Philip Medical System). Two sets of laser-Doppler
flowmetry systems (MoorLab, Moor Instruments Ltd., Devon,
United Kingdom) with a total of seven optical probes were used
to measure SkBF. Four of the seven probes were type MP1/7-V2,
which had eight glass collecting fibers in a 2 mm ring with one
central glass delivery fiber (i.e., a separation distance of 1 mm).
Three of the seven probes were type MP12-V2, which had one
glass collecting fiber and one glass delivery fiber with 0.5 mm

separation of the fibers. Signal penetration depth is multifaceted.
It is dependent on the optical properties of the sample tissue and
the concentration of erythrocytes in the tissue. Tissues with
higher concentrations of erythrocytes will result in a slightly
shallower measurement depth. In general, it can be roughly
estimated that the LDF signals come from a depth of ~75% of
the separation distance between the delivery and collecting
fibers. Thus, the MP1/7-V2 probes are assumed to penetrate
slightly further than the MP12-V2 probes. Additionally, the
increased number of encircling collecting fibers in the MP1/7-
V2 probes will yield a larger sample volume compared to the
single-point MP12-V2 probes. All seven probes transmitted
light from solid-state laser diodes at ~780 nm. Each of the
probes was calibrated using a calibration kit (CAL, Moor
Instruments Ltd., Devon, United Kingdom) before being used
in this study.

A custom-made holder was used to mount the seven probes in
a circular and equidistant configuration (Figure 1A). Briefly, the
mount was made from a 45 mm plastic disc with a height of
11.5 mm. At 11.25 mm from the center of the circle, three small
holes (1.25 mm diameter) were drilled at locations 0°, 90°, and
180°, relative to the unit circle. These three holes housed the three
MP12-V2 blunt needle end delivery probes. Next, at 7.0 mm from
the center of the circle, four larger tapered holes (10.25 mm
down-tapered to 8.05 mm diameter) were drilled at locations 45°,
135°, 225°, and 315°, relative to the unit circle. These four tapered
holes were specifically drilled to fit the contort of the MP1/7-V2
right angle probe, which has a 3 mm diameter cable. Thus a 4 mm
wide by 5 mm high rectangular notch was cut to allow the cable
and the right-angle probe to sit flush with the bottom of the
holder. Lastly, three small 1.5 mm notches were made along the
outside of the holder and used as visual landmarks while
replacing the holder on the participant’s skin. Furthermore, an
ink marker was used to mark the skin at the location of each
notch. LDF probe-to-probe separation distances were consistent
(Figure 1B), and LDF probes were placed no closer than 8.4 mm
apart. The probe holder was attached to the skin using double-
sided adhesive discs (PAD, Moor Instruments Ltd., Devon,
United Kingdom) and hypoallergenic tape (Transpore, 3M, St.
Paul, MN, United States). To monitor the local skin temperature
(Tsk), a thermocouple (TC-2000 thermocouple meters, Sable
systems) attached to the skin was placed directly under the
probe holder (Figure 1).

Experimental Protocols
The procedures were conducted with the participant in the
supine position in a room with an ambient temperature of
~23°C. Three trials were performed with intermissions, during
which participants were released from the testing table for
10–15 min. The seven probes were placed in the plastic holder.
A thin thermocouple (Type T) was also placed under the probe
holder. The probe holder was then placed on the participant’s
dorsal forearm, approximately at the middle position between
the wrist and elbow along the line between the lateral
epicondyle of the humerus and the lateral side of the styloid
process of radius (Figure 1C). The position of the probe holder
was marked using a semi-permanent marker. After

TABLE 1 | Participant characteristics.

Value

Sex, n (men/women) 6/5
Age, yr 42 ± 15
Height, cm 171.1 ± 7.2
Weight, kg 72.5 ± 8.1
BMI, kg/m2 24.7 ± 1.2

Values are means ± SD. BMI, body mass index.
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instrumentation, participants were asked to rest quietly during
an acclimation period prior to the data collection while all
signals of the SkBF, Tsk, and BP were monitored. The
acclimation period was at least 5 min or until all signals
were stable. Thereafter, SkBF and Tsk were recorded for
3 min, while BP was measured once from the contralateral
arm (Arm Trial). Then, the probe holder and all of the probes
were removed from the forearm. Thereafter, the probe holder
and the probes were placed on the lateral aspect of the leg,
which was approximately at the midpoint on the line between
the tip of the head of the fibula to the tip of the lateral malleolus
(Figure 1D). The position of the probe holder on the leg was
also marked using a semi-permanent marker. Then, all signals
were monitored for at least 5 min for an acclimation period.
Thereafter, SkBF and Tsk were recorded for 3 min, while BP
was measured once from the arm (Leg Trial). After the probe
holder and all of the probes were removed from the leg, the
participant was dis-instrumented and released from the testing
table. Participants stayed in the laboratory for 10–15 min
before lying back down on the testing table. Trials 2 and 3:
The probe holder was carefully replaced on the same positions
according to the markers left on the skin. The measurements
on the forearm and then leg, as well as the intervals between
the trials, were repeated. The order of the Arm Trial and Leg
Trial was randomized amongst the participants, while the
order was kept in the three trials in each individual.
Because the cardiovascular variables (BP, HR, etc.) and

thermoregulatory variables (e.g., body and skin
temperatures) can change from day-to-day, these factors
will directly affect SkBF. To decrease the possible influences
from these factors, the three trials were performed in one
laboratory visit.

Data Analysis
Data were sampled at 200 Hz via a data acquisition system
(PowerLab, ADInstruments, Castle Hill, NSW, Australia). The
mean values of the 3-min recordings of SkBF and Tsk were
used as the measurement for the trial. Cutaneous vascular
conductance (CVC) was calculated from the ratio of the SkBF
to mean arterial pressure (MAP). The SkBF and CVC from
each individual probe were calculated at first. The absolute
values of BP, Tsk, SkBF, and CVC were used to examine the
effects of the intervention (i.e., replacing the probes), and
comparisons between the three trials were examined using
repeated measures one-way ANOVA. When appropriate,
Tukey post-hoc analyses were employed.

In this test-retest reliability study, the intraclass correlation
coefficient (ICC) of the CVC was used as the primary index for
the reliability of the measurement. In the present study, ICC
estimates and their 95% confidence intervals were calculated
using SPSS statistical software (Version 27, SPSS Inc.) based on
a mean-rating (k = 3), absolute-agreement, two-way mixed-
effects model (Shrout and Fleiss, 1979). The calculation of ICC
for the CVC from each individual probe were performed at

FIGURE 1 | A schematic representation of the custom-made laser Doppler flowmetry (LDF) probe holder (A) is shown. Four MP1/7-V2 right angle probes were
placed into tapered holes (1, 2, 3, and 4). Three MP12-V2 blunt needle end delivery probes were inserted into three small holes (5, 6, and 7). A thin thermocouple (type T)
used to measure skin temperature (Tsk) was placed between the bottom of the probe holder and the surface of the skin. LDF probe-to-probe separation distances in
millimeters are plotted (B). The location of the probe holder during the Arm Trial (C) and Leg Trial (D) are shown.
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first. To test the effects of multiple probes, the mean values of
each combination of the CVC from these probes were
calculated (e.g., 35 combinations for each three probes).
Then, the ICC for the mean CVC from all possible
combinations (i.e., 2–7) of the probes were calculated with
ICC values ≥0.70 being considered acceptable for research
(Matheson G. J., 2019).

Statistical power analysis for ICC was performed using a
publicly accessible add-in (Real Statistics Using Excel. www.
real-statistics.com, Charles Zaiontz) for Microsoft Excel
(Microsoft Corporation, Redmond, WA, United States).

The five-number summary of the distribution
(i.e., minimum, Q1, median, Q3, maximum) of ICC values
from the combinations of the probes were calculated and are
presented with box and whiskers plots using Sigmaplot
software (Version 14, Systat Software Inc.). All values are
reported as means ± SD. p values of <0.05 were considered
statistically significant.

RESULTS

The mean SkBF, Tsk, CVC, BPs, and HR during the three arm
trials and three leg trials are shown in Table 2. MAP decreased
along the three arm trials (Trial 1 vs Trial 3, p < 0.05) and did not
change significantly along the leg trials. HR decreased along the
three arm trials and did not change significantly along the leg
trials.

Tsk remained constant across all three arm trials and three leg
trials. The averaged SkBF and CVC from all probes did not
change significantly along the three arm trials or three leg trials
(Table 3). The SkBF and CVC from each individual probe during
the three arm trials and three leg trials are shown in Table 3. The
SkBF and CVC from each individual probe did not change
significantly along the three arm trials or three leg trials.

The ICC values from the individual probes and the ICC values
from the combinations of the probes in the arm trials and in the
leg trials are presented with box and whiskers plots in Figure 2

TABLE 2 | Absolute hemodynamic and skin microvascular responses.

Arm Leg

Trial 1 Trial 2 Trial 3 p-value Trial 1 Trial 2 Trial 3 p-value

Systolic arterial pressure, mmHg 119 ± 16 115 ± 17 113 ± 15* 0.002 116 ± 17 113 ± 13 110 ± 14* 0.002
Diastolic arterial pressure, mmHg 75 ± 17 74 ± 14 71 ± 15 0.051 74 ± 14 71 ± 14* 69 ± 14* 0.002
Mean arterial pressure, mmHg 90 ± 15 87 ± 14 84 ± 14* 0.002 87 ± 13 86 ± 13 83 ± 13 0.078
Heart rate, bpm 67 ± 16 65 ± 14 62 ± 14* 0.018 62 ± 17 61 ± 15 62 ± 13 0.782
Tsk, °C 29.6 ± 1.7 29.5 ± 3.1 30 ± 3.1 0.904 31.2 ± 0.7 30.9 ± 1.7 29.6 ± 3.6 0.118

Values are means ± SD. Values represent the 3-min resting period prior to replacing the laser Doppler flowmeter probes. The probes were alternated from the arm to the leg every 3 min, a
total of three times (trial 1, 2, and 3). Tsk, skin temperature. P, p-value of one-way repeated measures ANOVA; *Post-hoc, p < 0.05 vs Trial 1.

TABLE 3 | Individual probe measures of skin blood flux and cutaneous vascular conductance.

Arm Leg

Trial 1 Trial 2 Trial 3 p-value Trial 1 Trial 2 Trial 3 p-value

Mean SkBF, p.u. 25.5 ± 9.6 24.3 ± 9.2 23.2 ± 6.7 0.830 28.1 ± 9 28.1 ± 8.8 26.9 ± 9 0.819
Probe 1, p.u. 22.6 ± 17.1 22.5 ± 20.4 19.2 ± 10.9 0.860 23 ± 13 21.8 ± 12.6 18.8 ± 7.8 0.676
Probe 2, p.u. 16.1 ± 7.6 18 ± 9.8 18.9 ± 12.2 0.799 24.6 ± 13.3 24.1 ± 13.8 17.9 ± 7.3 0.351
Probe 3, p.u. 90.8 ± 43.8 77.9 ± 27.5 70.8 ± 19 0.342 99.9 ± 33.7 96.6 ± 26 99.6 ± 48.8 0.974
Probe 4, p.u. 15.6 ± 3.8 19.7 ± 7.9 17 ± 6.6 0.332 20.2 ± 11.8 21.7 ± 9.7 22.5 ± 12.8 0.887
Probe 5, p.u. 10.2 ± 2.4 9.3 ± 2.5 9 ± 2.2 0.432 8.9 ± 2.3 9 ± 2.2 8.9 ± 2.4 0.990
Probe 6, p.u. 13.9 ± 9.7 14.4 ± 14.3 18.2 ± 19.7 0.766 11.2 ± 6.4 13.4 ± 8.4 9.8 ± 7.6 0.525
Probe 7, p.u. 8.9 ± 5.3 8.4 ± 6.2 9.3 ± 7.1 0.947 9 ± 6.3 10.1 ± 6 10.7 ± 6.6 0.830
Mean CVC, p.u.・mmHg-1 28.7 ± 9.3 28.5 ± 10 27.9 ± 7.1 0.811 32.9 ± 10.9 33.5 ± 12.4 32.6 ± 10.2 0.930
Probe 1, p.u.・mmHg−1 24.8 ± 4.8 25.7 ± 6.2 22.7 ± 3.2 0.904 26.5 ± 4.4 25.5 ± 4.3 23.4 ± 3.5 0.858
Probe 2, p.u.・mmHg−1 18.3 ± 2.5 20.9 ± 2.9 22.5 ± 3.8 0.636 29 ± 4.8 29.1 ± 5.5 22.1 ± 2.8 0.466
Probe 3, p.u.・mmHg−1 102.1 ± 12.6 92.5 ± 10.8 87.1 ± 9.2 0.622 116.5 ± 11.8 115.4 ± 11.4 118.8 ± 14.1 0.981
Probe 4, p.u.・mmHg−1 17.9 ± 1.6 22.8 ± 2.4 20.3 ± 2.1 0.250 23.1 ± 3.8 25.3 ± 3.4 26.8 ± 4.1 0.793
Probe 5, p.u.・mmHg−1 12 ± 1.4 11.1 ± 1.1 11.1 ± 1.1 0.839 10.7 ± 1.2 10.8 ± 1 11 ± 1.2 0.980
Probe 6, p.u.・mmHg−1 15.4 ± 3.1 16.8 ± 4.8 20.2 ± 5.8 0.762 13.2 ± 2.5 15.9 ± 3.1 12.6 ± 3.3 0.706
Probe 7, p.u.・mmHg−1 10.3 ± 1.8 9.8 ± 2.1 11.2 ± 2.4 0.903 11 ± 2.6 12.4 ± 2.8 13.4 ± 2.7 0.823

Mean SkBF, the average skin blood flux value from all seven LDF probes from the device; p.u., perfusion units; Mean CVC, the average cutaneous vascular conductance value from all
seven LDF probes; Probe 1, 2, 3, ..., 7, are the average from all 11 participants for each individual LDF probes are shown. Values are means ± SD. P, p-value of one-way repeated
measures ANOVA.
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and Figure 3, respectively. The five-number summary of the
distribution (i.e., minimum, Q1, median, Q3, maximum) of ICC
values in the box and whiskers plots are shown in Table 4. The
minimum ICC values (i.e., the lowest detected ICC), generally
improved with the addition of probes in both the arm, and leg.
Specifically, the lowest ICC with a single probe was only 0.598,
while the lowest ICC with seven probes was 0.906, which
indicates that using more probes improves the reproducibility

of the CVC measurements. All data points from the arm trials
using five or more probes and the leg trials with four or more
probes had an ICC >0.75, which is considered indicative of good
reliability between measurements (Bobak et al., 2018).

For the ICC for each of the seven single probes in the arm, the
mean statistical power was 0.993 with a range of 0.989–0.997 (n =
7). For the ICC for each of the seven single probes in leg, the mean
statistical power was 0.993 with a range of 0.990–0.994 (n = 7).
For the averaged measurements of seven probes, the mean
statistical powers were 0.991 for the arm measurements and
0.994 for the leg measurements.

DISCUSSION

The present study aimed to assess the test-retest reliability of
SkBF/CVC measurements with multiple LDF probes in one
holder. We found that test-retest reliability of CVC
measurements increased with the addition of up to seven LDF
probes in an integrated probe holder, which verified our
hypothesis. These data suggest that SkBF measurements
obtained with multiple LDF probes in a localized area have
high reliability after removing and replacing the probes on the
same participants. To our knowledge, this is the first study to
provide evidence that the absolute values of SkBF/CVC after
replacing the probes in the same participants can be used for
analysis without the use of a normalization technique.

Integrated Laser Dopper Flux Probe Design
As illustrated in Figures 1A,B, the integrated LDF probe holder
increases total sample volume by ~ seven-fold. The increase in
sample volume is important, as previous studies have shown that

FIGURE 2 | Boxplots for the ICC between CVC values during the Arm
Trials with the various probe combinations. X axis: the number of probes for
the combinations. The calculated “Minimum” and “Maximum” values are
indicated by open circles. The data below Minimum or above Maximum
were outliers.

FIGURE 3 | Boxplots for the ICC between CVC values during the Leg
Trials with the various probe combinations. X axis: the number of probes for
the combinations. The calculated “Minimum” and “Maximum” values are
indicated by open circles. The data below Minimum or above Maximum
were outliers.

TABLE 4 | The five-number summary of the distribution of ICC values.

Probes
(n = )

Combinations
(n = )

Min Q1 Median Q3 Max

Arm Trial

1 7 0.809 0.827 0.867 0.938 0.956
2 21 0.751 0.883 0.897 0.921 0.966
3 35 0.740 0.898 0.915 0.929 0.959
4 35 0.801 0.917 0.931 0.941 0.951
5 21 0.825 0.935 0.941 0.947 0.957
6 7 0.946 0.948 0.955 0.958 0.965
7 1 0.958 0.958 0.958 0.958 0.958

Leg Trial

1 7 0.598 0.841 0.897 0.945 0.952
2 21 0.651 0.780 0.926 0.938 0.978
3 35 0.733 0.809 0.923 0.951 0.980
4 35 0.781 0.834 0.873 0.949 0.971
5 21 0.816 0.859 0.885 0.950 0.972
6 7 0.870 0.876 0.896 0.902 0.914
7 1 0.906 0.906 0.906 0.906 0.906

Data correspond to the five-number summary of the distribution (i.e. minimum, Q1,
median, Q3, maximum) of ICC values which have been presented graphicly in the box
and whiskers plots shown in Figures 2, 3.
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spatial inhomogeneities in microvascular density very in
relatively small areas in the skin (Braverman et al., 1990;
Braverman et al., 1992; Braverman, 1997, Braverman and
Schechner, 1991). Thus, the contribution of spatial
inhomogeneities should be reduced by simple averaging of the
SkBF signals from each LDF probe. Two different types of LDF
probes were used in this study to increase the total sample
volume. The rationale for using a mixture of probes was
related to available space within the custom probe holder,
which was cut from a 45 mm diameter acrylic rod. With the
addition of three smaller-diameter MP12-V2 probes, the probe-
to-probe separation distance was reduced while increasing the
number of probes from four to seven. The present data show that
by this addition of probes within the same general area, signal
reliability improves (Figures 2, 3). However, it is important to
note that the sampling depth between the two types of probes is
slightly different. Although, determining the exact penetration
depth requires the identification of the individual blood vessel
and red blood cell that has interacted with the light from the LDF
probe(s), which is both site, perfusion, and time-dependent.
Thus, it is impossible to know the exact penetration depth.
However, using Monte-Carlo modeling techniques for the
diffusion of photons, it is estimated that the sampling depth in
cutaneous tissue is 1.0–1.5 mm (Low et al., 2020). It is also
speculated that that more superficial hemoglobin molecules
could shield deeper hemoglobin molecules from irradiation.
Thus, the strongest signal could likely originate from the
superficial dermis vasculature (i.e., erythrocytes more
superficial in relation to the device), and the signal strength
weakens with greater penetration depths. In the present study,
the data suggest that only four of the deeper-penetrating MP1/7-
V2 probes are sufficient. As indicated by the majority of ICC
values >0.75, which is considered indicative of good reliability
between measurements (Bobak et al., 2018). However, the
addition of the three MP12-V2 probes did indeed further
improve reliability. Another potential issue is the physical
displacement of the device following intermission periods
between trials. The LDF probes were secured within the probe
holder during measurement periods and were not moved within
the probe holder itself. Additionally, an ink marker was used to
outline the device and used to identify the probe location. Indeed,
the present study did not appear to produce any inter-operator
variability as the device was assembled, removed, and replaced by
several members of the study team.

With the current integrated probe holder design, it is
important to consider the possibility of probe-to-probe light
contamination with the custom probe holder. We placed the
probes in a configuration where probe light sources were no
closer than 8.4 mm (Figure 1B). We selected these probe
distances as they did not produce any detectible change in
the absolute SkBF signal whilst the probes were individually
turned on and off repeatedly. Thus, we believe that the LDF
probes were placed at a sufficient separation distance to avoid
probe-to-probe light contamination. Although, it must be
stated that while we did not observe any change in the
SkBF signals using these probe-to-probe separation
distances, closer separation distances than 8.4 mm were not

explicitly tested. Therefore, it remains unclear if closer
separation distances produce noticeable changes in the LDF
signal that can be attributed to light contamination from an
adjacent probe. Studies by Braverman and collogues showed
the randomly dispersed ascending arterioles, which supply the
horizontal vascular network of capillaries, were at 1.5–1.7 mm
intervals in the derma (Braverman et al., 1990). Thus, we
believe that the ascending arterioles within the sample
volumes of each of the seven individual LDF probes were
most likely different.

Laser Doppler Flux and Cutaneous Vascular
Conductance Responses
LDF SkBF value is a relative unit of perfusion (p.u.), commonly
termed “red blood cell flux” or simply “flux,” which is defined
by the manufacturer using a phantom. Specifically, flux is the
product of measured red blood cell concentration and velocity;
thus, flux is proportional to the velocity and concentration of
erythrocytes in a local tissue and is largely impacted by changes
in cutaneous vasoconstriction and dilation. SkBF signals can
be isolated to capillaries with a diameter of roughly 10 microns
which are located in the papillary dermis 1–2 mm below the
epidermal surface (Braverman, 1997). In the present study, no
statistical differences were observed between the individual or
mean SkBF values (Table 2). Thus, it is reasonable to assume
that the addition of probes within the integrated probe holder
contributed to the signal stability across trials at the same
measurement location within each participant.

Similarly, with the SkBF values, the CVC values were not
significantly different between trials in either the arm or leg
(Table 2). The CVC was calculated as flux/mean arterial
pressure. Obtaining a stable and reproducible CVC value
was of particular interest in the present study due to its
potential application in future studies. Indeed, in most
thermoregulation studies, the main interest is on the
cutaneous vascular tone (i.e., vasoconstriction and/or
dilation) and less commonly focused on cutaneous blood
flow itself. The BP is the main driving force for the blood
flow. To decrease the effects of BP in the data, the current
investigation reports CVC values, as the calculation is often
used to represent the cutaneous vascular tone. In the present
study, the BP decreased over time. It can be assumed that this
decrease in BP is largely due to the experimental conditions in
that all participants were monitored in a quiet room for over
1 h without any strong physical activity or emotional stimuli.
As discussed above, the influences of this BP change should be
decreased by using CVC. Temperature change (cooling or
heating) can directly cause cutaneous vasoconstriction or
vasodilation, which will alter CVC. In the present study,
there were no changes in the skin temperature at the sites
in the three trials (Table 1). Moreover, we could also suppose
that other environmental factors such as room temperature
and humidity were maintained during the study. Thus, the
changes in CVC values in the present study should not be a
physiological response to these factors (BP or
temperature, etc.).
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ICC of Intraindividual and Intra-site
Measurements Between Three Trials
This study utilized the assessment of ICC to reflect measurement
reliability between trials where the LDF probes were removed and
replaced within participants and on the same skin sites (e.g., the
forearm and leg). Reliability reflects the extent to which
measurements can be replicated in a sample of participants.
Mathematically, reliability represents a ratio of true variance
over true variance plus error variance (Ebel, 1951). The
evaluation of reliability is fundamental to research and clinical
assessment because true values can only be estimated. The
assessment of ICC during repeated tests is widely used to
determine the reliability of a measurement (Carrasco et al.,
2014). Although there are several models to calculate ICC,
ICC reflects both degree of correlation and agreement between
measurements from the same participant (i.e., class). The ICC
value ranges between 0 and 1, with values closer to 1 representing
stronger reliability. It has been suggested that ICC values less than
0.5 indicate poor reliability, values between 0.5 and 0.75 indicate
moderate reliability, values between 0.75 and 0.9 indicate good
reliability, and values greater than 0.90 indicate excellent
reliability (Koo and Li, 2016).

The readings from LDF probes can be significantly altered when
the site is slightly moved (Braverman et al., 1990). Therefore, the
reliability of SkBF and CVC measurements with single-point LDF
is low, as several prior studies have shown (Roustit et al., 2010). It
has been shown previously that when a single-point probe is
reapplied to the same skin sites within-participants, the
reproducibility is greatly improved (Yvonne-Tee et al., 2005).
Likewise, when multiple probes in proximity are averaged, the
coefficient of variation is reduced (Salerud and Nilsson, 1986).
Thus, we speculate that increasing the total measurement area
through the addition of multiple LDF probes would help to buffer
the influences from inhomogeneities in the skin microvasculature
and provide a more reproducible measure of CVC between
measurement trials in the same participants.

In our study, the SkBF (and thus CVC) measurements were
recorded from 14 individual sites (i.e., seven in the arm and seven
in the leg). The ICC of CVC was calculated from the individual
sites and the possible combinations in each trial. To ensure the
reliability of the measurement, we think that the minimum value
from the box and whiskers plots should be predominately
considered. For the data from each single probe/site, the
minimum ICC values were ~0.60 and 0.81 at leg and arm,
respectively, which indicate a moderate to good reliability.
However, considering that the application of LDF will not be
limited to the forearm, the SkBF/CVCmeasurement with a single
probe has only moderate reliability. When multiple probes (>3)
were used, the ICC values increased with the number of the
probes (Figures 2, 3). We speculate that the relatively reduced
ICC for 1 – 2 probes could be due to the measured area being
small. With the increase in the number of probes, the total
measured area increased, which in turn increased the ICC.
Although there was one outlier data point, the Minimum ICC
of CVC with four probes was greater than 0.7, which indicates are
good to excellent reliability (Cicchetti, 1994).

Limitations
In the present study, there are several limitations that must be
considered when interpreting these data or implementing the
proposed approach for physiology research studies. First, the
intermission period, which was fixed at 10–15 min, could be
initially viewed as a limitation of the study since it is unclear if
the measures are reproducible with longer intermissions.
However, this period was necessary to establish that any
observed changes in skin blood flow, if any, were from the
approach itself and not a result of “real” SkBF changes that are
known to fluctuate throughout the day. The possible changes in
BP, central blood volume, skin and central temperature, and
environmental factors such as humidity from days to weeks will
actually alter SkBF. In the current study, the SkBF/CVC
remained stable between all three trials in both the arm and
leg. Thus, it is unlikely that these factors significantly
contributed to the measurements. Second, without the use of
a normalization procedure, it remains difficult to compare
between various sites and individuals using the absolute
SkBF and CVC values in human studies. Indeed, a prior
study has shown that the absolute resting CVC values within
participants were poor between days but improved with the
application of heat strain (Gemae et al., 2021). Thus, caution is
advised when interpreting SkBF data where comparisons
between individuals or locations are made. Third, we
acknowledge that the number of the individual subjects was
not large (n = 11) as those in prior test-retests reliability studies
(Koo and Li, 2016). However, the data of the measured CVC in
the three trials were quite stable, which led to high ICCs.
Importantly, the ICC power calculations for both the arm
and leg trials in both individual and averaged CVC
conditions were sufficiently high. Thus, the total sample size
in the present study was sufficient. Fourth, given the present
sample size for males (n = 6) and females (n = 5) or for age
range (n = 6 for <40 years old, n = 5 for >40 years old), the
current study was unable to compare between biological sex or
various age groups. Thus, this highlights a significant area for
future investigations with more subjects. Lastly, as is the case in
many physiology experiments, there may be a potential
limitation of the measurement device itself as manufacturing
discrepancies cause variation in the absolute values from probe
to probe. It cannot be overlooked that in the present study, LDF
probe 3, on average, provided higher readings across all
participants than that of the other probes. This is likely due
to slight differences in the manufacturing of each probe.
Although each probe was calibrated using the
manufacturer’s calibration procedure, there may still be
discrepancies between probes and connections to the light
source, which is housed in a separate device. Cupping
connectors that join each fiberoptic cable may also have
slight variations contributing to the variable readings.
However, as these readings were reproducible across all
trials (i.e., there were no significant changes in the absolute
values between trials), the relatively high reading from probe
three did not appear to detract from the original findings of
this study.
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Application of Integrated Laser Doppler
Flux Probes in Research
The current study shows the addition of ≥4 LDF probes in an
integrated probe holder device is sufficient for physiology
research in humans. Prior to the development of this
approach, our laboratory and others had been significantly
limited by the LDF measurement in experiments where it is
not realistic to measure SkBF continuously. Until now, protocols
where the lasers had to be physically removed from the
participant to complete other interventions significantly
confounded the comparison of the SkBF measurement. With
this new approach, various experimental designs, previously
confounded by the limitation of a relatively small sample
volume, may be better reliably investigated. For instance, this
approach can be used in the protocols using whole-body heating
with water immersion, acute exercise, or exercise training over a
period of days or weeks. Moreover, the data from the multiple
probes could present an “averaged” condition, effectively
minimizing the effects of skin inhomogeneities. In turn, the
study measuring reactive changes in blood flow, we speculate
that the proposed application may also accurately track
“averaged” reactive changes in SkBF and CVC. Importantly,
the ability to remove and replace the LDF device allows for
greater application from research in the clinical setting. As
patients are routinely transferred between locations for certain
diagnostic tests and procedures, the proposed approach could
allow for a more reliable pre- and post-assessment of SkBF and
CVC. Moreover, it is speculated that this approach could be
applied to monitor the skin microcirculatory function in certain
disease progressions (e.g., diabetes or peripheral artery disease)
within the patients, as well as track the effects of medical therapy
or surgical interventions (i.e., revascularization or skin graft) over
time. It is also reasonable to speculate that this approach could be
applied to animal research as well. In animal models, more
invasive techniques allow for the assessment of flux from
various tissues, including but not limited to the skeletal
muscle. However, due to the size of the animal model, a
different arrangement of probes and thus a revised integrated
probe holder may be necessary to facilitate a smaller sampling
area. Moreover, considering that the total sizes of the organs (e.g.,
skin in one limb) in small animals (e.g., mice or rats) are small, the
relative area measured by multiply LDF probes can be relatively
much larger (e.g., over 30%). Under this condition, it is possible
that measurements could be used for inter-individual and inter-
site comparisons, while further studies are needed to confirm this.
Thus, the approach may have even greater applicability in these
experiments as well.

In conclusion, the present study showed that increasing the
number of individual LDF probes in a custom-made holder
increases the reliability of the LDF measurement during test
retests. These results suggest that CVC measurements,
obtained using multiple laser Doppler probes (number ≥4),
have a sufficiently high degree of reproducibility after
replacing the probes within the same participant. Thus, we
suggest the values from multiple laser Doppler probes in a
holder can be used in the intraindividual analysis for certain
experiments where the LDF probes must be removed and
replaced in the same participants (Anderson and Parrish, 1981).
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Understanding hypoxia/hyperoxia exposure requires either a high-altitude research facility
or a chamber in which gas concentrations are precisely and reproducibly controlled.
Hypoxia-induced conditions such as hypoxic-ischemic encephalopathy (HIE), obstructive
or central apneas, and ischemic stroke present unique challenges for the development of
models with acute or chronic hypoxia exposure. Many murine models exist to study these
conditions; however, there are a variety of different hypoxia exposure protocols used
across laboratories. Experimental equipment for hypoxia exposure typically includes flow
regulators, nitrogen concentrators, and premix oxygen/nitrogen tanks. Commercial
hypoxia/hyperoxia chambers with environmental monitoring are incredibly expensive
and require proprietary software with subscription fees or highly expensive software
licenses. Limitations exist in these systems as most are single animal systems and not
designed for extended or intermittent hypoxia exposure. We have developed a simple
hypoxia chamber with off-the-shelf components, and controlled by open-source software
for continuous data acquisition of oxygen levels and other environmental factors
(temperature, humidity, pressure, light, sound, etc.). Our chamber can accommodate
up to two mouse cages and one rat cage at any oxygen level needed, when using a
nitrogen concentrator or premixed oxygen/nitrogen tank with a flow regulator, but is also
scalable. Our system uses a Python-based script to save data in a text file using modules
from the sensor vendor. We utilized Python or R scripts for data analysis, and we have
provided examples of data analysis scripts and acquired data for extended exposure
periods (≤7 days). By using FLOS (Free-Libre and open-source) software and hardware,
we have developed a low-cost and customizable system that can be used for a variety of
exposure protocols. This hypoxia/hyperoxia exposure chamber allows for reproducible
and transparent data acquisition and increased consistency with a high degree of
customization for each experimenter’s needs.
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INTRODUCTION

Chronic and acute hypoxia exposure has been used in the past to
study many different diseases, including hypoxic-ischemic
encephalopathy (HIE) (Lacaille et al., 2019), intermittent sleep
apnea (Toth and Bhargava, 2013; Arias-Cavieres et al., 2020; Lebek
et al., 2020; Arias-Cavieres et al., 2021), ischemic stroke (Tsuji et al.,
2013) and epilepsy (Toth and Bhargava, 2013; Lebek et al., 2020).
Many studies use plethysmography (whole body and head-out) to
assess short-term hypoxia and acquire other physiological data
(Toth and Bhargava, 2013; Lebek et al., 2020). However,
commercial plethysmography systems are comparatively
expensive, typically require proprietary software for recording
and monitoring pressure, volume, and flow, and may be
difficult to set up without extensive technical support.
Investigators focused on hyperoxia- or hypoxia-induced
pathologies (neonatal HIE and stroke for example) often utilize
simple hypoxia exposure systems that have rudimentary recording
and environmental control (Yager, 2004). Experiments using
hypoxia/hyperoxia exposure in animal models have used a
variety of exposure times, oxygen concentrations, and other
variables—contributing to high variability in neurological injury
and making it difficult to determine the optimal hypoxia exposure
settings for a given disease model. Because of this variability, there
are significant challenges to reproducing experiments from
different laboratories. In our laboratory, we have focused on
HIE in preterm infants and have found it challenging to
develop a reproducible model that will facilitate development of
new HIE treatment, as have others (Rumajogee et al., 2016).

Our goal in this paper is to make our inexpensive, highly
customizable open-source hypoxia chamber available to other
investigators. Our chamber is useful across multiple
experimental applications including: simulation of high
altitudes, hypoxic ischemic stroke, sleep apnea, and other
models requiring precise monitoring and control of the
environment. Researchers studying HIE commonly use two
types of exposures: long-chronic exposure or short-term
hypoxia exposure (Vannucci and Vannucci, 2005; Lacaille
et al., 2019). These exposures, however, also require animals’
homeostasis to be regulated by the use of external environment
regulation. For example, the Rice-Vanucci Model pups undergo
10% oxygen exposure for one to 2 hours. They must also be kept
at a constant temperature to reduce experimental variability
(Vannucci and Vannucci, 2005). In Lacaille et al. (2019), long-
term hypoxia requires monitoring and regulation to help
stabilize the animals through a 7-day chronic hypoxia
exposure (Lacaille et al., 2019). However, inconsistencies in
factors other than oxygen level result in outcomes with a
range of severity. To help reduce this variability in outcome,
regulating and recording environmental variables
continuously—such as temperature and humidity—can
reduce data variability (Li et al., 2009; Summa et al., 2012).
For example, the temperature should be monitored during
hypoxia exposure as previous work shows that mice at 22°C
ambient temperature had low plasma triglycerides (TG) and
low-density lipoprotein cholesterol (LDL-C) levels that
increased during intermittent hypoxia while mice at an

ambient temperature of 30°C had high plasma TG and LDL-C
levels that did not increase during intermittent hypoxia (Jun
et al., 2013). Thus, these investigators concluded that ambient
temperature affects lipid metabolism during hypoxia exposure
(Jun et al., 2013).

Humidity is also an important variable to quantify when
performing hypoxia testing. In moist air, mice’s metabolic rate
was significantly lower than in dry air since evaporating the air’s
moisture requires heat and would increase the energy needed for
respiratory and metabolic processes (Phillips et al., 1950; Xiao
et al., 2020). As a result, they found that, in dry air, less oxygen
was required for respiratory and metabolic processes, which
delayed the effects of hypoxia compared to in more humid air
(Phillips et al., 1950). Additionally, others have found that heat
stress and humidity can affect lactation in rodents (Xiao et al.,
2020). Alterations to animal lactation further demonstrate the
critical need to monitor and regulate temperature and humidity.
The relationship between chamber oxygen pressure and arterial
oxygen levels (Ogawa et al., 2019) still requires further
investigation; however, barometric pressure may also play a
role in batch variability.

Sound monitoring within the chamber is another key variable
that should be monitored to minimize the possibility of hearing
loss or sound-induced stress. Exposure to auditory stress during
pregnancy in mice affected reabsorption and pup survival (Jafari
et al., 2017). Likewise, light levels and day/night cycles should be
monitored while the mice undergo intermittent or chronic
hypoxia testing as, when combined with dim light at night,
mice are more likely to exhibit anxiety and depression-like
behavior (Aubrecht et al., 2013). Other studies have shown
that, during hypoxia exposure, dams show depressive-like
behaviors that are only observed in female rats (Kanekar et al.,
2015). Thus if the mice are exposed to dim light at night during
the hypoxia runs, other depression-like behaviors can serve as a
confounding variable.

Monitoring oxygen levels is key for assuring reproducible
hypoxia exposure, since the concentration of oxygen in the
chamber must be reduced (Wenger et al., 2015) and tightly
controlled. Wenger and others suggest that it can require
hours to achieve the desired hypoxic conditions, but hypoxia
levels can be rapidly altered by a brief opening of the hypoxia
chamber to disrupt the chamber’s hypoxic conditions (Wenger
et al., 2015). Others have found that exhaling breath with high
levels of volatile organic compounds (VOC) occurs during
reduced oxygen levels (Harshman et al., 2015). By ensuring
that VOC concentration is similar across hypoxia runs, it is
possible to ensure that hypoxic conditions do not vary
between hypoxia exposures.

To reduce the cost and provide maximum customization in
our chamber design, we have provided a detailed overview of our
chamber and supporting software that relies upon inexpensive
off-the-shelf components allowing investigators high-resolution
monitoring and control over temperature, humidity, and oxygen
levels without the need for proprietary software or custom
fabricated equipment. We developed a system based on Free/
Libre Open-Source (FLOS) principles so others can use the
system for greater reproducibility experiments by labs of any
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TABLE 1 | Major components and prices included in the chamber creation as of June 2022.

Cage
Aspect

Item Description Company Part Number Variable, Accuracy,
Percision

Quantity
Used

Quantity per
Unit

Cost Per
Unit

Cage Structure
Glass Tank Aqueon Glass Aquarium

Tank - 20 Gallon
PetCo — Chamber 1 1 $ 49.99

Glass Tinting One-way window film Amazon — Visual Stimulus Reduction 1 1 $ 11.99
Acrylic Sheet Chamber top -

1/4 x 31.5 x 14.25 in
ACME
Plastics

— Chamber Lid 1 1 $ 45.00

Junction Box Steel Junction Box,
254 x 254 x 101.6 mm

Newark 40T7867 Electrical Input 1 1 $ 31.60

Cable
Management

3.35 inch black cable straps Amazon B0881FW8TQ Electrical Management Variable 50 $ 9.99

Airflow
Bulkhead 1/2 in female PVC

bulkhead fitting
Amazon — Airflow - In 2 2 $ 12.49

PVC Tubing 1/2 in FPT T joint Home Depot — Airflow - In 3 1 $ 1 - 3
— 1/2 in MPT Valve Home Depot — Airflow - In 2 1 $ 1 - 3
— 1/2 in MPT Adapters

(1/4, 5 and 10 in)
Home Depot — Airflow - In 8 1 $ 1 - 3

— 1/2 in MPT/FPT Elbow Home Depot — Airflow - In 6 1 $ 1 - 3
Brass Tubing 1/4 in Bulkhead Amazon — Airflow - Out 2 2 $ 12.89
— 1/4 in R-angle Elbow Amazon — Airflow - Out 2 2 $ 14.59
— 1/4 in Control Valve Amazon — Airflow - Out 2 2 $ 14.99

Electrical
Sensor PCB* Custom PCB boards for

sensor attachment
OSH Park Sensor Mount 5 5 $ 102.50

Raspberry Pi** Raspberry Pi 4B, 2 GB RAM Adafruit 4292 Microprocessor 1 1 $ 45.00
PiCamera Raspberry Pi Camera 2 Adafruit 3099 Image (jpg) (8 megapixel) 1 1 $ 29.95
Power Supply Adjustable DC Powersupply

110 V - 220 V, Output:
0 - 24 V, 20 A 480 W

Amazon B08GFSVHLS Power (Percision: 0.1 V) 1 1 $ 35.99

MCP9808 High accuracy I2°C
Temperature Sensor

Adafruit 1782 Temperature (Accuracy:
± 0.25°C, Percision:
± 0.0625°C)

3 1 $ 4.95

BH1750 Light Sensor I2°C Adafruit 4681 Light (Lux) 2 1 $ 4.50
BME280 Temperature, Humidity &

Pressure sensor I2°C
Adafruit 2652 Temperature (± 1.0°C),

Humidity (± 3%),
Pressure (± 1.0 hPa)

2 1 $ 14.95

CCS811 VOC and eCO2 Sensor Adafruit 3566 CO2 & VOC 2 1 $ 19.95
ADS1115 4 Channel 16 bit Analog to

Digital Converter
Adafruit 1085 Converter (Percision

8-860 SPS)
1 1 $ 14.95

Voltage
Regulator

3.3 V 800 mA Voltage
regulator

Adafruit 2165 Voltage (Accuracy: ± 1%) 5 1 $ 1.25

0.1 uF
Capacitor

0.1 uF capacitor, max of 50 V Adafruit 753 Voltage (Accuracy:
-20%/ + 80%)

5 10 $ 1.95

10 uF
Capacitor

10 uF capacitor, max 50°V
low-fequency

Adafruit 2195 Voltage (± 20%) 5 10 $ 1.95

Power Jack Gravitech DC Power
Connector
2.1 mm x 5.5 mm

Mouser 992-CON-SOCJ-
2155

Voltage 5 1 $ 1.00

D-Sub 15
Female

D-Sub High Density
DBHD15, Female

Amazon CNR15HDM-F-
10PACK

Connector 8 10 $ 12.88

VGA Cables UGREEN VGA, 3 meter, male
to male coaxial

Amazon B00OZL3HLO Cable 4 1 $ 7.99

USB Cables Micro-USB Cable, R-angle
joint

Amazon B09C5P7YFN Cable 1 3 $ 9.99

USB Cables USB-C Cable,
R-angle joint

Amazon B09CG9LZSR Cable 1 2 $ 9.99

DC Power
Cable

DC Power Pigtail, 3ft,
Male 5.5 mm x 2.1 mm plug

Amazon B08PYWN3T7 Cable 4 2 $ 9.99

DC Cable
Extender

6 ft DC Extention Cord, male
to female

Amazon B074WJZNZD Cable 3 4 $ 13.99

*Can be replace with breadboards and jumper cables.
**Can also be run with Raspberry Pi 3B, 4B - 1 GB, 4B - 4 GB or 4B - 8 GB.
Additional hardware and custom parts can be found online at: https://github.com/drcgw/hypox-chamber.git and in the Supplemental Material.

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 8910053

Hillman et al. Open-Source Hypoxia Chamber

148

https://github.com/drcgw/hypox-chamber.git
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


size and funding status. By creating a system to monitor and
modulate these environmental factors, we can unify these surgical
models and their hypoxia exposures (Henderson et al., 2018). Our
goal here is to create an inexpensive system for controlled gas
exposure that will lower the bar of entry for other investigators
interested in understanding physiological changes induced by
hypoxia/hyperoxia.

METHODS

Chamber Components
Exposure to hypoxia during a surgical procedure elicits a stress
response from the animals exposed. Therefore, to reduce and
quantify variability in environmental factors, we assembled a
comprehensive set of tools to monitor environmental variables

FIGURE 2 | Images of current cage design including updated sensors and revised power supply. (A) Front view of the chamber with a 7 inch Raspberry Pi touch
screen and visible airflow systems. (B) Rear view of the chamber with power supply container and airflow input tubes visible.

FIGURE 1 | (A) Raspberry Pi Camera version two attached to the Raspberry Pi via a HDMI cable. (B) Central sensor PCB board with ADS1115, MCP9808,
BME280 and BH1750 sensors, the rear of the board contains two Aux jacks which allow for Teledyne sensor attachment. (C) External sensor breakout which contains
MCP9808, BME280, BH1750 and CCS811. (D) Teledyne oxygen sensors hung from the roof of the chamber utilizing cable management clips. Two sensors are held by
cables clips on the sealing, identified by the one and two identifiers.
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and maintain them within desired ranges for a given experiment.
A complete list of the parts and components of the chamber are
included in the Supplemental Material and Table 1.
Additionally, the Python code, PCB file, 3D files and
instructions for chamber assembly can be accessed on github.
com (https://github.com/drcgw/hypox-chamber.git).

Systems Recording
Temperature calibration was achieved by periodically taking
temperature measurements with MCP9808, BME280, and/or
BME680 sensors. Depending on the needs of the researcher
we have designed the chamber to have some redundancy. The
MCP9808 is a high precision (+0.0625°C) temperature sensor
with a range between -40 and 125°C and accuracy of ±0.25 °C
(Ada, 2021). In contrast the BME280 and BME680 are able to
detect multiple variables including: temperature, humidity,
pressure and total volatile organic compounds (Only BME680)
but lose precision and accuracy. The accuracy and range of the
BME280s sensors are: relative humidity ±3% between 0 and
100%, barometric pressure ±1 hPa between 300 and 1,100 hPa
and temperature ±1.0 °C between -40 and 85 °C (Ada et al., 2015).
The accuracy of the BME680s sensors are the same as the
BME280 with the addition of a heated metal oxide resistor to
look at total volatile organic compounds (tVOC) (Ada and
Rembor, 2017). The BME280/680 sensors also have limitations
regarding how many of each sensor type can be attached due to
limited I2C addresses available for each sensor. The MCP9808
has eight possible addresses whereas the BME280 and BME680
only contain two I2C addresses which are duplicated for the two
sensor boards (Ada and Montoya, 2017). For our chamber we
utilize both MCP9808 and BME280 despite the overlapping
temperature variable, we utilize the MCP9808’s precision to
calibrate the BME280 however, utilization of any of these

three sensors will also allow for complete data collection. After
these measurements were taken, the PiCamera was programmed
to take a picture of a mercury thermometer located within the
chamber (Figure 1A). After collecting the data, these images were
used to determine the actual temperature in the chamber. The
actual temperature in the chamber was then compared with the
sensor readings to determine the precision of the sensors and
calibrate the temperature sensors accordingly. Using a mercury
thermometer for chamber monitoring is not practical because it
violates animal health and well-being requirements and lab safety
regulations.

Oxygen detection and calibration was done by pulling the
voltage from a Teledyne R17A oxygen sensor using an analog-to-
digital converter (ADS1115). The Teledyne R17A has a functional
range of 0–100% oxygen at 25°C with a resolution of 0.1% oxygen
(Model R-17A, 2022). The voltage being recorded by the
ADS1115 gets converted using the oxygen calibration data.
Oxygen calibration was achieved by connecting a Teledyne
R17A oxygen sensor to a hose fitting attached to a flow
regulator to generate oxygen concentrations of 30, 15, 10, and
5% oxygen to develop a standard curve. Additionally, if a flow
regulator is not available, the oxygen sensor can also be calibrated
with premix tanks (10 & 5%) and room air (20.9%), although
room oxygen is unreliable. To generate a standard curve using
oxygen tanks, we attach one of the oxygen sensors to a manifold
and tubing connected to tanks with different gas mixtures and
expose the sensor to a given O2 concentration for 10 min
(Teledyne recommendation). The oxygen calibration script will
take a series of samples every 10 s and then average the voltages to
get a voltage value for the concentration being exposed. Repeat
the process for at least three O2 concentrations then create a
standard curve to be used in percentage calculations. Once we
established the calibration curve, the oxygen sensor’s output was

FIGURE 3 | Example data from a 7-day exposure of the chamber. Data was recorded using a Python script then analyzed with R studio. The data recorded above
reports data collected from early experiments utilizing DHT22, ADS1115 and Teledyne oxygen sensor, TSL2591, and MPL3115A2. For this dataset we recorded data
every 10 minutes for the entire 7 day exposure time. Since completion of this sampling we replaced these sensors with sensors of higher accuracy and precision.
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measured and calculated based on the standard curve to
determine the actual oxygen concentration (Figure 1D).

Light calibration is essential for quantifying light/dark cycle and
understanding changes in physiology related to diurnal cycling.
Obtaining the light by measuring lux allows us to determine if
precise day/night cycles are adhered to within our animal care
facility, again as a way to control the chamber environment and
reduce treatment variability. To detect light the system utilizes
adafruit BH1750 sensor boards (Siepert, 2021). The sensor board
has a range from 0.11 lux minimum to 100,000 lux minimum with
a noise reduction of 50–60 Hz. The sensor variation is ±20% with
minimal infrared interference (Siepert, 2021). Additionally, the
chamber walls were treated with a one-way mirror reflective
coating to help minimize animals’ perception of handlers
during the hypoxia exposures (Figure 2). Any variant of one
way mirror film can be used to treat the chamber walls.

Data Acquisition
Each sensor has its own function written in a master Python
program which specifies the data recording resolution and
interval that each sensor measures. These values are assigned
to variables and it is easy to calculate calibration curves and
obtain precise, calibrated measurements for each experimental
condition measured by the on-board sensors. Our data
acquisition cycle for the chamber is episodic every (10 min),
using a function that saves the start and end times from the
Raspberry Pi system clock and then calculates the time required
to collect all the data and average over the 10 min epoch. The
sampling rate can be readily adjusted within the Python
program by changing the sampling interval. The data is
acquired and stored throughout each 10 min acquisition
period. All data is saved as comma-separated ASCII text files
(.CSV) with values for raw, unprocessed data, and processed
data with specific measurements. Storing data in a text file
allows a great deal of flexibility since data analysis can be
performed using Python, R, MATLAB or other analysis
software. The caveat is, of course, that text files take up more
disk space than binary files. It would be easy to add a
compression function to make the files smaller but that is
not currently included in our code as we use gzip or bzip2 to
batch compress data files after checking them. The sensors are
mounted on custom PCB boards (Central, Top, and External),
which connect all the sensors back to the RaspberryPi via VGA
cables (Figures 1B, C) which provide excellent shielding in a
compact form factor.

The chamber is designed with a breakout PCB board to
convert the 40 pinouts to four VGA connectors allowing for
four different sensor PCB breakout boards to be attached
depending on researcher needs.

Results and Analysis
Chamber monitoring allows us to record and monitor the
environmental conditions within the chamber during extended
hypoxia exposure, providing the ability to make real-time
adjustments to the chamber’s environment. During preliminary
tests of the chamber, graphical time-series plots were generated to
compare temperature, humidity, oxygen levels (Figure 3). Python

and R were used to analyze and summarize chamber temperature
and oxygen level data and identify changes in environmental
conditions. We utilized the Raspbian operating system (based
on Debian GNU/Linux), which provides remote access to the
chamber software/hardware using secure shell (ssh). With the
Python script collating reported values in a text file, custom
analysis can be done using a variety of programs, including
Python, R, Excel, LibreOffice, GraphPad Prism, etc. according to
the user’s preferences.

In our analysis, we focused on identifying time points
where oxygen deviated from our tolerance of 10 ± 0.5% O2.
Deviations from our target oxygen levels were compared to
other environmental variables to determine if a change in the
environment was altering oxygen levels. In order to get
accurate readings, oxygen concentration was determined
by two-point calibration of the sensor using a vendor-
supplied tank with a custom oxygen mix. The data
collected provides a post-exposure view of the
environmental condition of the chamber. As shown in
Figure 2, the chamber allows for a controlled environment
that can house multiple cages, for consistent exposure across
several animals simultaneously, allowing us to reduce
variability between exposure groups.

Control of Environment Variables
Environmental regulation is important in any experiment and
being able to record multiple environmental variables can
facilitate reproducibility and reliability of data. During early
experiments, we found that a consistent temperature and
oxygen levels led to higher survival rates in our
experimental animals. This observation was supported by
previous studies showing that a cold environment can lead
to increased stress and affect the immune system (Meyer et al.,
2007; Hankenson et al., 2018). During our hypoxia exposures,
the animals have already undergone an immune challenge, so
the addition of temperature stress can increase the stress on
experimental animals in a given protocol. Due to this, we
wished to monitor and control as chamber environment
variables as possible. Environmental stress during
development has been attributed to psychological stress in
rodents as well, so minimizing this stress is critical in most
studies (Takuma et al., 2011). The animals’ environment has
also been shown to affect their immune response when
exposed to an inflammatory challenge (e.g. a “two hit”
protocol or more complicated exposure paradigm); thus it is
important to provide a controlled environment for
experiments in which animals are exposed to stressors
(Mueller et al., 2018).

Finally, our goal has been to provide an affordable chamber
with supporting hardware and software for high-resolution data
acquisition and reproducible results for experiments requiring O2/
CO2/N2 gas and monitoring of other environmental variables. By
monitoring the environment for experimental animals, we provide
a platform for more reproducible and cost-effective experiments.
Alternatives that are currently used include plethysmography
chambers, both head-out and whole-body, for monitoring
breathing during hypoxia/hyperoxia exposure. Our open-source
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system provides a more flexible foundation for rigor, transparency,
and reproducibility. Commercial exposure systems can be very
expensive and the investigator is often limited by their budget for
multiple animal exposures. Our system lowers the cost of multiple
animal exposures significantly while providing high-resolution
data from the suite of sensors we have specified. We are not
suggesting that our system replaces more sophisticated commercial
exposure systems but, instead, provides a cost-effective alternative.
Commercial plethysmography systems can provide a more
extensive array of sensors and data acquisition (Ortega-Porcayo
et al., 2014), and we will continue to develop and expand upon our
open-source system. Finally, the ability of an open-source system
allows for high customizability of the apparatus for each
researcher’s needs. Collaboration between labs utilizing this
system can help us improve the chamber and control system
while also allowing for new laboratories to develop their own
custom systems (Supplementary Table S1).

FUTURE DIRECTIONS

The hypoxia chamber we describe has the ability to monitor
and acquire data at high resolution and provide a way to
standardize exposure protocols inexpensively by virtue of
FLOS hardware and software. The chamber hardware and
software are in constant development and we look forward to
feedback for the development of additional features. An
additional feature that would enhance the flexibility of our
system would be to add a feedback controlled humidifier to
control humidity in the chamber. A movable camera would
also provide enhanced monitoring of experimental animals
and a way to assess behavior and health of the animals. We
also could add sound frequency and pressure measurements
within the chamber. The addition of a white-noise sound
suppression system to reduce the effect of environmental
noise within the chamber and could mask environmental
noise that might be a stressor. Including more sophisticated
temperature control may be useful for some investigators and
that should be possible with minimal changes to the current
control circuitry and software. Finally, we intend to develop a
graphical user interface (GUI) front-end to the control
program to make it easier for non-technical users to use.
While the chamber has several improvements that are in
progress, the current system allows investigators with limited
budgets to develop flexible exposure protocols and easily
acquire environmental data. Even a minimal monitoring set-
up will allow for a more uniform exposure system across
typical hypoxia-based studies (Vannucci and Vannucci,
2005; Gunn and Bennet, 2009; Lacaille et al., 2019).

CONCLUSION

We have described a low-cost hypoxia exposure chamber
that allows for high-resolution data monitoring and

reporting of environmental status. Our goal in developing
this chamber and associated control systems, was to provide
a highly reproducible, FLOS system to facilitate low-cost
physiology experiments. Use of FLOS software and hardware
allows for improvements, customization, and tailoring of the
chamber and software for specific experimental conditions as
needed in each laboratory. We hope that, by providing this
system, we can stimulate collaboration and continuous
development of the chamber hardware and software. We
designed the system to have a usable, minimum set of sensors
acquiring temperature, humidity, light, pressure, tVOC and
oxygen levels. In the future, we hope to include real-time
movement monitoring to make the system more attractive to
a wider range of investigators as these factors have a
significant impact on experimental animals (Mueller et al.,
2018). We will continue to develop this system and seek input
from other investigators to maximize the system’s versatility
and usefulness for open, reproducible science. Our hope is
that other investigators will benefit from our work and
contribute to our on-going efforts to improve and expand
upon the chamber hardware and software.
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reveals the role of stretch
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Changes in intracellular calcium concentrations regulate heart beats. However,

the decline in the left ventricular pressure during early diastole is much sharper

than that of the Ca2+ transient, resulting in a rapid supply of blood to the left

ventricle during the diastole. At the tissue level, cardiac muscles have a distinct

characteristic, known as stretch activation, similar to the function of insect flight

muscles. Stretch activation, which is a delayed increase in force following a

rapid muscle length increase, has been thought to be related to autonomous

control in these muscles. In this numerical simulation study, we introduced a

molecular mechanism of stretch activation and investigated the role of this

mechanism in the pumping function of the heart, using the previously

developed coupling multiple-step active stiffness integration scheme for a

Monte Carlo (MC) cross-bridge model and a bi-ventricular finite element

model. In the MC cross-bridge model, we introduced a mechanism for

trapping the myosin molecule in its post-power stroke state. We then

determined the rate constants of transitions for trapping and escaping in a

thermodynamically consistent manner. Based on our numerical analysis, we

draw the following conclusions regarding the stretch activation mechanism: (i)

the delayed force becomes larger than the original isometric force because the

population of trapped myosin molecules and their average force increase after

stretching; (ii) the delayed force has a duration of more than a few seconds

owing to a fairly small rate constant of escape from the trapped state. For the

role of stretch activation in heart pumping, we draw the following conclusions:

(iii) for the regions in which the contraction force decreases earlier than the

neighboring region in the end-systole phase, the trapped myosin molecules

prevent further lengthening of the myocytes, which then prevents further

shortening of neighboring myocytes; (iv) as a result, the contraction forces

are sustained longer, resulting in a larger blood ejection, and their degeneration

is synchronized.
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Introduction

Stretch activation is a distinctive feature in the tension

response that occurs after a small rapid stretch (lengthening

of approximately 1% of the initial length) is imposed in the fiber

direction to the isometrically contracting muscle. As illustrated in

Figure 1A, after the rapid rise of tension during stretching (phase

1), the tension declines to a certain level (phase 2) and then rises

again to a level higher than that of the original isometric force

(phase 3). In the following, we refer to the force in phase 3 as the

delayed force following Stelzer et al. (2006). The degree of

delayed force development, or stretch activation, varies for

different types of muscles. In particular, an increased delayed

force is prominent in asynchronous insect flight muscles, in

which stretch activation is thought to be a key factor of the

spontaneous oscillations (SPOCs) that occur without

intracellular Ca2+ regulation (Pringle 1978). Although

heartbeats are regulated by the intracellular Ca2+ transient

([Ca2+]), the stretch activation mechanism is thought to

promote efficient switching between the systole and diastole.

In our previous work on a numerical bi-ventricular model

(Washio et al., 2018), we showed that stretch activation might

aid in synchronizing the generation of contraction force over all

of the ventricles for a non-uniform rapid rise of [Ca2+] during

isovolumetric contraction. The stretch activation may also aid in

synchronizing the degeneration of contraction force against a

non-uniform slow decline of [Ca2+] during early diastole. In the

simulation, although the total length change of cardiomyocytes

in the systole and diastole was approximately 15–20% larger than

the length change in the stretch activation, it was shown that the

activated force can be generated locally by instantaneous small

stretches at the location where the active tension is smaller than

the surrounding part because of inhomogeneities of the

activation level (Washio et al., 2018). In this simulation study,

we assumed a trapping mechanism for strongly binding myosin

molecules and modeled this mechanism using a Langevin

dynamics model of the power stroke transition. However, the

fairly fine time step (~0.25 ns) used in solving the Langevin

equations presented an obstacle in extending this approach for

clinical applications. Furthermore, we showed that a multiple-

step active stiffness integration scheme that couples the Monte

Carlo (MC) model with a larger time step (~5 μs) and the

continuum had a much higher computational efficiency

(Yoneda et al., 2021). Therefore, in this study, we introduce a

stretch activation mechanism in the MCmodel, targeting clinical

uses of beating heart simulations.

We briefly present an overview of our sarcomere model

(Figure 1B) with the MC cross-bridge model used in this

study (Figures 1C,D). We provide details in the Materials and

Methods section. We assume that NM (= 38) myosin molecules

are arranged on the thick filament at regular intervals, except for

the bare zone, whereas the thin filament is divided into NT (= 32)

segments, termed troponin/tropomyosin (T/T) units. These

numbers of myosin molecules and T/T units were determined

by assuming that our one-dimensional model corresponds to one

of the double spirals of the actual thin filament and surrounding

accessible myosin molecules (Washio et al., 2016). A myosin

molecule in our cross-bridge model has one non-binding state

(NXB), one weakly binding state (PXB), and four strong binding

states (XBPreR, XBPostR1, XBPostR2, and XBTrap) (Figure 1C). Here,

the trap state XBTrap is added to our previous model (Yoneda

et al., 2021) to reproduce the stretch activation. Ca2+ sensitivity is

reproduced based on state transitions in the T/T units on the thin

filament (Figure 1D). The coefficients knp and kpn in the rate

constants between the non-binding state NXB and the weakly

binding state PXB are changed according to the state of the T/T

unit above the myosin molecule. Cooperativity in nearest

neighbor interactions is incorporated with the factors γng and
γ−ng to reproduce the force–pCa2+ relationship (Rice et al., 2003),

where γ = 80 is used and ng = 0, 1, or 2 is the number of

neighboring myosin molecules either in the weakly binding (PXB)

or strong binding (XBPreR, XBPostR1, XBPostR2, and XBTrap) states.

The contraction force is generated by power stroke

transitions in which the lever arm swing distance increases by

s1 and s2 in the first and second strokes, respectively (Figures

2A,B). This increase in swing distance is directly reflected by an

increase in myosin rod distortion (Figure 1B). In our model, the

rate constants of the power and reverse strokes are given by

functions of the myosin rod distortion x such that the Boltzmann

equilibrium condition is fulfilled:

Ri(x) ≡ rf,i(x)
rb,i(x + si) � exp(Wrod(x) + ΔGi−1 −Wrod(x + si) − ΔGi

kBT
),
(1)

where kB and T denote the Boltzmann constant and temperature,

respectively. ΔG0, ΔG1, and ΔG2 are the free energies,

respectively, at XBPreR, XBPostR1, and XBPostR2 (Figure 2B).

Wrod is the strain energy of the myosin rod. It should be

noted that the rate constants are defined as a function of

distortion at the origin of the transition. With the power

stroke, the free energy decrease ΔGi−1 − ΔGi is transferred to

an increase in strain energy Wrod(x + si) −Wrod(x). The strain
energy is used for the external work via the half-sarcomere

shortening, which corresponds to muscle shortening in the

fiber direction.

Under the above formulation, the ratio Ri increases when the

distortion x decreases as the sarcomere shortens. Conversely,

sarcomere lengthening (as in stretch activation) causes an
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increase in distortion x, resulting in a facilitation of reverse

strokes. The chain reaction of reverse strokes and sarcomere

lengthening is assumed to enable quick relaxation at the early

diastole in the cardiac cycle (Washio et al., 2019; Hwang et al.,

2021). However, the synchrony of this relaxation over the entire

ventricular wall is needed to explain the realistic rapid decline in

the left ventricular pressure. In our previous work (Washio et al.,

2018), we introduced a trapping mechanism at the XBPostR1 state

in the Langevin dynamics model to indicate the role of the stretch

activation mechanism in the synchrony of relaxation. In the

Langevin model, the potential that drove the power stroke was

represented as a function of two parameters: the lever arm

rotation distance, y, and the degree of lever arm deflection, θ.

With these parameters, the total distance of the power stroke is

FIGURE 1
(A) A typical stretch activation response for a cardiomyocyte. Time course of the active tension (bottom) is illustrated for the response of length
change (1–2%) (top) after steady-state is achieved. There is an initial increase in the active tensionwith the stretch (Phase 1), followed by a rapid decay
in tension (Phase 2) to a minimum, and finally a delayed increase in tension (Phase 3, stretch activation). (B) A filament pair in the half-sarcomere
model (C) the state transition MC model of the myosin molecule, and (D) the T/T unit. NM MHs and NT T/T units are arranged on the thick and
thin filaments, respectively. The MHs in either the NXB or PXB states are assumed to be detached. The rate constant factors knp and kpn between NXB

and PXB are affected by the state of the T/T unit above it. ng is an integer that takes a value of 0, 1, or 2, according to the number of neighboring MHs
attached or weakly binding. γ � 80 was adopted to model the cooperativity of the MHs. The forward transitions from XBPreR to XBPostR2 via XBPostR1

are called “power strokes,” whereas the back transitions are called “reverse strokes.” It should be noted that a new state, “XBTrap,” is introduced and
interacts only with XBPostR1. The transition from XBPostR1 to XBTrap is called “trapping,” whereas the opposite transition is called “escaping.” The MHs
connected to the extremely strained myosin rods are detached (arrows of these forced detachments are not shown).
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given by s � y − θ. Here, the deflection θ increases as the

pulling force imposed on the lever arm increases, and a

high barrier in the y-direction is assumed for the large

deflection θ in the potential landscape between XBPreR and

XBPostR1. In this way, reverse strokes from the XBPostR1 state to

the XBPreR state are prevented when the force is large. Thus,

the myosin molecules in the XBPostR1 state with a large force

are trapped. In this study, we introduce a similar trapping

mechanism in our MC model based on a thermodynamically

consistent formulation.

In Figure 2C, the trap mechanism is illustrated using a hook

that inhibits the reverse transition to the XBPreR state. The power

stroke distance is slightly shortened by strap in the trapping

transition from XBPostR1 to XBTrap, while the system returns

to the XBPostR1 state in the escaping transition from the XBTrap
state (Figure 2D). Thus, the ratio of the transition rates is

given by:

T(x) ≡ rescape(x)
rtrap(x + strap) � exp(ΔGtrap +Wrod(x) − ΔG1 −Wrod(x + strap)

kBT
),
(2)

where ΔGtrap is the free energy in the XBTrap state. In this study,

the rate constant for trapping is:

rtrap(x) � htrap (3)
and the rate constant for escaping is:

rescape(x) � hescape exp(Wrod(x) −Wrod(x + strap)
kBT

). (4)

From Eq. 2, the relationship between the ratio of the

coefficients htrap and hescape and the free energy difference is

given by:

hescape
htrap

� exp(ΔGtrap − ΔG1

kBT
). (5)

If we assume linear elasticity for the myosin rod, the potential

energy difference in Eq. 4 is represented by:

Wrod(x) −Wrod(x + strap) � −kxbstrap(x + 1
2
strap), (6)

where kxb is the spring constant of the myosin rod. Eqs 4 and 6

indicate that as the distortion x increases, the myosin molecule

becomes less likely to escape from the XBTrap state. Thus, the

half-sarcomere lengthening (as in stretch activation) implies a

rapid increase in distortion x, resulting in trapping in the XBTrap
state. Eqs 4 and 6 also indicate that the degree of trapping

depends on the loss of the power stroke distance strap. Thus,

the parameter strap has the potential to reproduce stretch

activation phenomena in various muscle types (Supplementary

Figures S1,S2 for the plots of the rate functions).

The structural mechanism of trapping has not yet been

identified. However, the conformation change between the

FIGURE 2
(A) Lever arm rotations at the four attached states with a hook (light blue) that traps the XBTrap state. (B) The free energy profile that drives the
power strokes. (C) A cross-sectional view of the lever arm positions of the four attached states. (D)Magnification of the lever arm rotations with the
spring of the myosin rod. The distortion of the myosin rod decreases by strap during trapping, while it increases by strap while escaping.
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XBPreR state and XBPostR1 state (Figure 3A) and the

arrangement of the converter domain and the lever arm in

the XBPostR1 state (Figure 3B) produced by our coarse-grained

molecular dynamic simulation (Washio et al., 2021) indicate

that the V-shaped region in the converter domain could hold

the lever arm when it is strongly pulled in the opposite

direction (Figure 3C). Note that these configurations of the

myosin molecule are drawn from the viewpoint indicated in

Figure 3D. Once the lever arm is strongly held in the V-shaped

region, it might inhibit reverse rotation of the converter

domain (from Figures 3A,B), resulting in trapping of the

lever arm. Supplementary Video 1 shows a simulation of

the power stroke transition from the XBPreR state to the

XBPostR1 state.

Determining which part of the contractile proteins is

responsible for stretch activation remains controversial.

Campbell and Chandra (Campbell and Chandra. 2006)

reproduced stretch activation in cardiac muscle (Stelzer

et al., 2006) by applying a numerical model, where they

assumed that the thin filament regulatory unit (RU) was

responsible. Conversely, Straight et al. (2019) proposed a

myosin-based mechanism focusing on the ADP state, which

corresponds to XBPostR1 in our MC model, although a

trapping mechanism was not introduced in their model.

A unique feature of our numerical model is its theoretical

basement based on the Boltzmann distribution law under

the strain energy for distortion of the myosin rod Eq. 2.

Materials and methods

Here, we introduce the cross-bridge MC model and its

use in multiscale analyses. Cross-bridge MC models are

arranged on a thick filament and interact with a thin

filament. The pairs of filaments compose the half-

sarcomere model (Figure 4A). Half-sarcomere models are

imbedded into the myofibril model (Figure 4B) or the

ventricle model (Figure 4C), where interactions of the

half-sarcomere models in adjacent elements are analyzed.

In the following, informative numerical results, representing

basic properties of the MC cross-bridge model with the

trapping mechanism are introduced to help readers

understand the definitions of crucial parameters in the

MC cross-bridge model.

The parameter values, which are not related to the trap

model, are listed in Table 1. Some of these values came from

the following references [H2021]: Hwang et al., 2021 [K2016]:

Kolb et al., 2016 [L2000]: Lodish et al., 2000 [R2008]: Rice

et al., 2008 [S2013]: Sato et al., 2013, and [Y2021]: Yoneda

et al., 2021.

FIGURE 3
The conformation change of the myosin molecule in the first power stroke transition. (A) Intermediate conformations between the XBPreR and
XBPostR1 states. (B) Conformation in the XBPostR1 states (C) A candidate of conformation of the XBTrap state with the imposed pulling force (thick red
arrow). (D) The viewpoint for (A–C). The myosin molecule is divided into the following domains: lever arm (black), converter (light blue), N-terminal
(brown), central domain (green), upper 50 k (pink), and lower 50 k (orange). The thin filament is colored gray. In the XBTrap state, the lever arm is
trapped in the V-shaped region of the converter. The rotation of the converter might be inhibited in the case of a strong pulling force.
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Parameters for the trap mechanism

Three parameters, strap, htrap, and hescape, characterize the

trapping. We adjusted these parameters so that the experimental

stretch activation results reported by Stelzer et al. (2006) were

reproduced. The adjusted parameter values are strap= 1.3 nm,

htrap= 50 1/s, and hescape= 5,000 1/s. From Eq. 5, we find that

ΔGtrap − ΔG1= 4.6 kBT. According to Eq. 6, the rate constants of

trapping rtrap and escaping rescape are equal at a distortion of x=

4.8 nm in the XBTrap state and x + strap= 6.1 nm in the XBPostR1
state, assuming a spring constant of kxb= 2.8 pN/nm (Kaya and

Higuchi, 2010) and a physiological body temperature of T=

310 K.

Control model of attachment and
detachment and its effects on heart
pumping

In our model, we assume that attachment, which represents

the transition from the PXB state to the XBPreR state (Figure 1C),

is allowed only in the single overlap region of the thin and thick

filaments. The myosin head (MH) (# i) is situated in the single

overlapping region only if the following condition is fulfilled:

max(LA − SL

2
,
SL

2
− LA)≤ LB

2
+ 2(i − 0.5)
nM(LM − LB)≤

SL

2
. (7)

Here, the middle term is the distance from the center of the

sarcomere . LM, LB, and LA represent the lengths of the thick

filament, bare zone, and thin filament, respectively (Figure 1B).

SL is the sarcomere length. The parameters for the sarcomere

geometry were determined from cardiac sarcomeres (Rodriguez

et al., 1993; Lodish et al., 2000; Rice et al., 2008; Kolb et al., 2016).

Two states (Ca-off and Ca-on) are assumed by each T/T unit

(Figure 1D). The transitions between the states of the T/T unit

are determined by the Ca2+ concentration, [Ca2+], and the two

parameters �Kon and �Koff . Those two parameters are defined as

follows:

�Kon � {Kon
′ if there is anMH binding below,

Kon otherwise.

�Koff � {Koff
′ if there is an MH binding below,
Koff otherwise.

The transitions between the NXB and PXB states (Figure 1C)

are affected by the status of the T/T unit above, viamodifications

of knp and kpn, as well as by the states of the neighboring MHs

through the integer ng. The value of ng (� 0, 1, or 2) represents
the number of neighboring MHs in the PXB state or the four

FIGURE 4
Computational models at three scales. (A) A half-sarcomere model consisting of NF filament pairs. In the stretch activation test, a rapid length
change was imposed after the isometric force had matured. (B) The myofibril model for the SPOC simulation. The half-sarcomere models were
imbedded to compute the active tensions in individual half-sarcomeres, whereas their stretches provide feedback to the half-sarcomere models. (C)
A cross-section of the finite element bi-ventricular model and the transmural change in fiber orientation. The half-sarcomere models were
imbedded in tetrahedral elements to compute the contraction force in the fiber direction, whereas the stretches in the fiber direction provided
feedback to the half-sarcomere models. The boxed inset shows the Ca2+ transient given in each element.
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attached states. The corresponding T/T unit index τ for the i-th
MH is given by:

τ � ⌊0.5LB + (i − 0.5)SM − (SL/2 − LA)
ST

⌋. (8)

Here, � � indicates the floor function, which rounds down

after the decimal point. The parameter SM � 0.5(LM − LB)/NM

represents the spacing of the MHs, and ST � LA/NT is the

spacing of the T/T units. The corresponding T/T unit exists

only if 1≤ τ≤NT. Based on this correspondence, the factors knp
and kpn of the rate constants are given by:

knp � { δOVKnp1 if the T/Tunit above is in the Ca − on state,
δOVKnp0 otherwise.

(9)
kpn � {Kpn1 if the T/Tunit above is in the Ca − on state,

Kpn0 otherwise.

(10)
Here, δOV � 1 if the MH is located in the single overlapping

region with the thin filament; otherwise, δOV � 0. This, along

with γng or γ−ng (γ � 80), represents the nearest-neighbor

cooperativity of the MHs, following Rice et al. (Rice et al.,

2003), which plays an important role in the force-pCa

relationship, as shown in Figures 5A,B. From the

cooperativity with γ � 80, the cardiac muscle in our

ventricle model can relax in the diastole when [Ca2+] is

lower than 0.1 μM (Figure 4C), whereas the diastole

deteriorates slightly with γ � 40 (Figures 5C,D). The times

to reach equilibria differ substantially and are dependent on the

Ca2+ concentration and parameter γ. Thus, cooperativity also affects

the maximal rising rate of the left ventricular pressure (dP/dtmax),

which is an important contractility index used in the medical

community (Figures 5C,D).

We assume that one thin filament in the three-dimensional

arrangement corresponds to two thin filaments in our half-

sarcomere model. This case arises because we assumed that

cooperative behavior exists along the tropomyosin molecules

wrapped around the thin filament in a double-spiral fashion, and

one spiral ismodeled in our half-sarcomere. The constantsKnp0,Knp1,

Kpn0, and Kpn1 are determined from Q, Kbasic, and μ, as follows:

Knp0 � FK(SL)QKbasic

μ
, Knp1 � FK(SL)QKbasic, Kpn0 � Kpn1

� Kbasicγ
2.

(11)

TABLE 1 Parameters for the actomyosin dynamics. “Adjusted” indicates that they were adjusted to reproduce the phenomena.

Parameter Value Unit References Parameter Value Unit References

ATP hydrolysis energy Sarcomere geometry

GATP 76.5 pN · nm [Y2021] SL0 1.9 μ m [R2008]

kBT 4.28 pN · nm T � 310 LM 1.65 μ m [L2000]

Stroke size and free energy T � 310 LB 0.16 μ m [K2016]

s1 6.0 nm [H2021] LA 1.0 μ m [K2016]

s2 4.0 Nm [H2021] SA0 693 nm2 [S2013]

ΔGwb GATP pN/nm Adjusted Force regulation through T/T unit

ΔG0 GATP pN/nm Adjusted Kon
′ 100 1/s [Y2021]

ΔG1 0.7 GATP pN/nm Adjusted Koff
′ 30 1/s [Y2021]

ΔG2 0 pN/nm Adjusted Kon 100 1/s [Y2021]

— — — — Koff 150 1/s [Y2021]

Rod distortion energy Wrod Kbasic 30 1/s [Y2021]

kxb 2.8 pN/nm [K2010] Q 1.6 unitless [Y2021]

bxb 0.05 Unitless [K2010] μ 15 unitless [Y2021]

ξ1 4.35 Nm [K2010] γ 80 unitless [R2003]

— Number of elements in a sarcomere

Power stroke transition NM 38 Unitless [Y2021]

�rf,1�rf,2 10,000 1/s Adjusted NT 32 umitles [Y2021]

�rb,1�rb,2 1,000 1/s Adjusted — — — —

h1 3 1/s Adjusted — — — —

Attachment and detachment transition — — — —

cpre 3,000 1/s adjusted — — — —

rNXB 225 1/s adjusted — — — —
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Here, μ> 1 controls the degree of cross-bridge inhibition for

the T/T units in states other than Ca-on, and Q controls the ratio

of binding states for the MHs. To reproduce the SL dependence

in the active contraction tension, the following function FK(SL)
is multiplied to define Knp0 and Knp1.

FK(SL) � { 1, SL≥ SLQ,
1 − αQ(SLQ − SL), SL< SLQ.

(12)

The values αQ= 0.25 [1/ μ m] and SLQ= 2.1 μm are used in

this study.

The rate constants of attachment ra and detachment rd between

the PXB state and XBPreR state are based on the assumed free energies,

ΔGwb and ΔG0, of the PXB state and XBPreR state, respectively:

ra � cpreexp( − ΔG0 − ΔGwb

kBT
), rd � cpre. (13)

The initial rod distortion at attachment is given stochastically

based on a Boltzmann distribution determined from the rod strain

energy,Wrod(x) (Washio et al., 2016). The detachment rate constant

for transitions from the XBPostR2 state to the NXB state is rNXB.

Using the rate constants, we also considered forced

detachments from the XBPreR, XBPostR1, and XBPostR2

states to the NXB state caused by extreme strain on the

myosin rod:

dXB,i(x) � {0, x< xXB,i,

cXB,i(exp(aXB,i(x − xXB,i)) − 1), x≥ xXB,i,

i � 0, 1, 2.

(14)
Similarly, the rate constant of detachment from the XBTrap

state is given by:

dtrap(x) � {0, x< xXB,t,
cXB,t(exp(aXB,t(x − xXB,t)) − 1), x≥ xXB,t.

(15)

We paid close attention to the adjustments of parameters in

Eqs 14 and 15 in reproducing the stretch activation. These

parameters affect the degree of the increased delayed force. In

this study, we used the following parameters to reproduce the

characteristics of cardiac muscles: cXB,0= 100 1/s,

cXB,1 =cXB,2 =cXB,t = 20 1/s, aXB,0= 1 1/nm,

FIGURE 5
The simulated pCa-tension relationship of the MC cross-bridgemodel and its effects on heart pumping. (A) Time courses of the active tensions
in the isometric contraction for [Ca2+] = 0.25, 0.42, and 1.05 μM with γ= 80 (black) and γ= 40 (red). (B) Isometric tensions in the equilibrium states
averaged over the time interval [3.5 s, 4 s] with γ= 80 (black) and γ= 40 (red). The half-sarcomere length was fixed at 1.14 μm (λ � 1.2). (C) Time
transients of left ventricular pressures (LVP) with γ= 80 (black) and γ= 40 (red). (D) Time transients of the left ventricular volume (LVV) with γ= 80
(black) and γ= 40 (red).
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aXB,1 =aXB,2 =aXB,t = 0.1 1/nm, xXB,0= 3 nm, xXB,1= 8.5 nm,

xXB,2= 13 nm, xXB,t= 8.5 nm.

Power stroke and reverse transitions

In our model, the rate constants of the power and reverse

strokes are determined from the Kramers escape theory

(Kramers 1940), in which rate constants are defined by the

Boltzmann factor associated with the height of the energy

barrier from the origin.

r̂f,i(x) � hiexp(ΔGi−1 +Wrod(x) −Wrod(x + si/2)
kBT

), (16)

r̂b,i(x + si) � hiexp(ΔGi +Wrod(x + si) −Wrod(x + si/2)
kBT

).
(17)

Here, Wrod(x + si/2) is introduced because we assume that

the barrier is given at the middle of the power stroke distances for

the two states. In addition, we adopt upper limits to those

transition rate constants because the power stroke transitions

are thought to accompany a release of Pi and ADP from the

nucleotide-binding pocket in the MH during the first and second

strokes, respectively. Thus, the reverse stroke transitions must

accompany a rebinding of these molecules. We assumed that the

rates of chemical reactions for the release and rebinding are given

by �rf,i and �rb,i, respectively. With these upper limits, the

temporary rate constants are modified so that the Boltzmann

equilibrium in Eq. 1 is preserved:

rf,i(x) �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

�rf,i, x≤ �xf,i

r̂f,i(x), �xf,i <x≤ �xb,i

r̂f,i(x)�rb,i
r̂b,i(x + si), x> �xb,i

, (18)

rb,i(x + si) �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

r̂b,i(x + si)�rf,i
r̂f,i(x) , x≤ �xf,i

r̂b,i(x + si), �xf,i < x≤ �xb,i

�rb,i, x> �xb,i

. (19)

Here, �xf,i and �xb,i are the distortions at which the temporary

rates reach the upper limits (r̂f,i(�xf,i) � �rf,i, r̂b,i(�xb,i + si) � �rb,i ).

The elastic force of a myosin rod is nonlinear with respect to

the strain (Kaya and Higuchi, 2010). We assume that the myosin

rod behaves as a linear spring for positive stretches, whereas

nonlinear behavior is introduced for negative stretches because of

the slack induced along themyosin rod. The strain energyWrod is

found by integrating the force Frod from x � 0, defined by:

Frod(x) �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

bxbkxb(x + ξ1) − F1, x< − ξ1,

kxb
axb

(exp(axbx) − 1), − ξ1 ≤ x< 0,

kxbx, 0≤ x.

(20)

Here, axb and F1 are determined from the other parameters,

so that the function Frod and its first derivative are continuous at

ξ � 0 and −ξ1:
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

axb � −(ln bxb)
ξ1

,

F1 � kxb(1 − exp(−axbξ1))
axb

.

(21)

Half-sarcomere model and its basic
properties

We constructed a half-sarcomere model (Figure 5A) with nF
one-dimensional filament pairs in which the active tension

generated by the bound myosin molecules is given as:

Tact � 2RS

SA0 · nF ∑nF
β�1

∑nM
α�1

δA,α,β
dWrod(xα,β)

dx
. (22)

Here, δA,α,β � 1 if the MH is in an attached state; otherwise,

δA,α,β � 0. The parameter SA0 is the cross-sectional area per thin

filament in an unloaded half-sarcomere (Sato et al., 2013). The

factor of 2 comes from the fact that our one-dimensional model

corresponds to one of the double spirals of actin monomers along

the thin filament. The parameter RS is the sarcomere volume

ratio under the unloaded condition. RS= 0.5 is used, which

indicates that 50% of the total volume is occupied by the

sarcomere in the cardiac muscle.

For the feedback between sarcomere dynamics and

actomyosin dynamics, the relation between the time transients

of the molecular and sarcomere variables can be expressed by:

tx� tAx − ( tz − tAz). (23)

Here, tA is the most recent time at which the myosin

molecule was attached, tAx is the initial distortion at the

attachment, and tz is the half-sarcomere shortening length

from the unloaded condition:

tz � −SL0

2
( tλ − 1), (24)

where SL0 is the unloaded SL. Here, the stretch tλ is the

parameter given by macroscale models. The initial distortion

is given from the Boltzmann distribution, assuming a fluctuation

in the MH position under the potential Wrod (Washio et al.,

2016).

The half-sarcomere shortening (t _z> 0) reduces the rod

distortion (Eq. 23), which facilitates the power stroke (Eq. 16)

and the deterioration of the reverse stroke (Eq. 17). Therefore,

both the active tension and energy consumption are affected by

the half-sarcomere shortening velocity. In Figure 6A, changes in

the half-sarcomere length with various isotonic tensions

computed using the MC cross-bridge model are depicted. In

8><
>:
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these isotonic contractions, the shortening velocities were

computed over the common range of the half-sarcomere

length (1.09–1.12 μm) to derive the tension-shortening

velocity relationship (Figure 6B). By counting the number

of detachments from the XBPostR2 state (Figure 1C: rNXB), the

energy consumption rates were evaluated assuming the

detachment requires the energy GATP � 76.5 pN · nm, which

is used in power stroke transitions (Figure 6C), as represented

by Eq. 1. In the MC cross-bridge model, we assumed that 30%

of GATP is consumed during the first power stroke (6 nm), and

the remaining GATP is consumed during the second power

stroke (4 nm) (See Table 1). The efficiencies were computed by

dividing the work rates by the energy consumption rates

(Figure 6D).

The energy loss in the cross-bridge cycle is given during the

power stroke transitions and detachment from the XBPostR2 state.

The difference between ΔGi − ΔGi+1 and Wrod(x + si) −
Wrod(x) is lost in the former, whereas the rod strain energy,

Wrod(x), at the detachment is lost in the latter. To observe the

influence of the stiffness parameter kxb in Eq. 20 on the dynamics

in isotonic shortening, the cross-bridge performance was

evaluated with the stiffness parameter kxb= 1.4 pN/nm, which

is half of our parameter kxb= 2.8 pN/nm found by Kaya and

Higuchi, 2010. In this case, the phase changes of the shortening

velocity were not reproduced (Figure 6A), and the changes in the

energy consumption rate for the tension is gentler than our

model because the rate constants of power stoke transitions are

less sensitive to the tension than the case of kxb= 2.8 pN/nm. As a

result, the peak efficiency is approximately half for our case

(Figure 6D). The strain energy after the second power stroke

(0.5(s1 + ss)2kxb) with kxb= 1.4 pN/nm is 70 pN · nm assuming

isometric contraction and zero distortion at XBPreR. This energy

is almost equal to GATP. However, rod distortion decreases by

half-sarcomere shortening until reaching XBPostR2 (Eq. 23)

during isotonic contraction. Therefore, 75% of the energy loss

is accounted for even at the optimal shortening velocity.

FIGURE 6
Simulated half-sarcomere length changes under isotonic conditions with the two cross-bridge model using different myosin rod stiffnesses,
kxb= 1.4 pN/nm and kxb= 2.8 pN/nm. (A) Time courses of the half-sarcomere length under isotonic conditions with isotonic tensions of 0, 50, and
100 kPa for the cross-bridge model with kxb= 2.8 pN/nm, and 0, 25 kPa for the cross-bridge model with kxb= 1.4 pN/nm. (B) Half-sarcomere
shortening velocities under isotonic tensions after the release starting from the half-sarcomere length at 1.14 μm (λ � 1.2). The velocities were
calculated from changes of the half-sarcomere length from 1.12 to 1.09 after the release under isotonic conditions, where [Ca2+] was fixed at 0.4 μM.
(C) The energy consumption rate per the left ventricular wall volume (157 ml) of the ventricle model. (D) Efficiencies for shortening under isotonic
conditions.
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Coupling with macroscale models

In this study, coupling of the half-sarcomere model

(Figure 4A) and the myofibril model (Figure 5B) or the

ventricle model (Figure 4C) was achieved by applying the

multiple-step active stiffness integration scheme in the

exchange of the active tension Tact and stretch λ between the

two scales. The macroscale model is driven by the active stress

given by the active tension in the half-sarcomere model, whereas

the stretch in the fiber orientation in the macroscale model

provides feedback to the length change of the half-sarcomere

model.

In the macroscale model, a much larger time step ΔT � nΔt
compared with the MC time step Δt is used to save

computational time. For a given stretch T+ΔTλ at T + ΔT, the
macroscopic active tension Tact,[T,T+ΔT] over the time interval

[T, T + ΔT] is determined by taking the time average of the active

tension in the half-sarcomere model given for each MC step

within an interval of Δt.

Tact,[T,T+ΔT](T+ΔTλ) � 1
n
∑n
k�1

Tact(T + k

n
ΔT, λT + k

n
( T+ΔTλ − λT)). (25)

The active tension Tact in the half-sarcomere model is given

as a function of time and stretch for eachMC step. The stretch for

each MC step is determined by interpolating the stretches at T

and T + ΔT to evaluate an appropriate stiffness of the binding

myosin molecules in macroscopic Newton iterations. Note that

the state transitions in the MC computations are calculated only

once before the Newton iterations, assuming a stretch of λT+ΔT �
λT + kΔtλT for each MC step. However, the rod distortion λT+ΔT

is re-evaluated from Eqs 23 and 24 by replacing T _λ with

(λT+ΔT − Tλ)/ΔT using the updated stretch λT+KΔT in the

macroscopic Newton iterations. In this study, Δt= 2.5 μs is

used for the MC step, while ΔT= 0.1 ms and ΔT= 1.25 ms are

used, respectively, for the myofibril and ventricle models.

For simplicity, we introduce the Newton iteration for the one

half-sarcomere model under the isotonic condition, as in

Figure 6A.

γL
_λ + dφL

dλ
(λ) + Tact − Tiso � 0, (26)

where γL � 0.01 kPa · s is the sarcomere friction, φL is the

deformation energy for stretching in the longitudinal direction

(Washio et al., 2019), and Tiso is the isotonic tension imposed on

the cardiac muscle. Eq. 26 is discretized as:

γL

T+ΔTλ−Tλ

ΔT + dφL

dλ
( T+ΔTλ) + Tact,[T,T+ΔT]( T+ΔTλ) − Tiso � 0.

(27)
After executing n-times MC steps in [T, T + ΔT], where the

half-sarcomere shortening length zT+KΔT at the kth step is given

by assuming λT+KΔT � Tλ + kΔtT _λ with T _λ � (Tλ−T−ΔTλ)/ΔT,
the initial solution of the Newton iteration is set as

λT+KΔT � λT, and the following linearized equation of Eq. 27

at T+ΔTλ�T+ΔTλ(i) is iteratively solved until the magnitude of the

residual R(i) is reduced sufficiently.

( γL
ΔT + d2φL

dλ2
(T+ΔTλ(i)) +Kact,[T,T+ΔT](T+ΔTλ(i)))
(T+ΔTλ(i+1)−T+ΔTλ(i))� R(i), (28)

where the residual is given by

R(i) � −(γL
T+ΔTλ(i) − Tλ

ΔT + dφL

dλ
( T+ΔTλ(i))

+ Tact,[T,T+ΔT]( T+ΔTλ(i)) − Tiso). (29)

Here, Kact,[T,T+ΔT]( T+ΔTλ) is the total stiffness of the binding
myosin rods given as:

Kact,[T,T+ΔT]( T+ΔTλ) � dTact,[T,T+ΔT]
dλ

( T+ΔTλ). (30)

See our previous work (Yoneda et al., 2021) for the actual

computation of the right-hand side in Eq. 30. Under normal

situations, the stiffness coefficient Kact,[T,T+ΔT] increases

greatly to be much larger than γL/ΔT + d2φL/dλ
2 during

contraction. Therefore, stiffness caused by the binding

myosin rods must be correctly incorporated in the total

stiffness, as in Eq. 28; otherwise, the time integration

scheme generates inaccurate solutions without using a

small time step ΔT in a similar order of magnitude to the

MC time step Δt (Yoneda et al., 2021).

The above implicit time integration scheme can be naturally

extended to more general cases where the half-sarcomere models

are imbedded in different elements that interact with each other

at the element interfaces. In the myofibril model (Figure 4B), two

degrees of freedom, the stretches λi and μi, respectively, in the

longitudinal and transverse directions, are given to each half-

sarcomere element (Washio et al., 2019). For each half-

sarcomere, the passive deformation energy per unit volume is

given by

ψ(λ, μ) � φL(λ) + φT(μ) + 1
2
kLTRLT(λ, μ)2. (31)

Here, the function φT is the deformation energy for

the transverse stretch, and the last term is a weak penalty

term associated with the inverse SL-lattice space

(LS) relationship, which constrains the half-sarcomere

deformation to make |RLT(λ, μ)| small. In our model, a simple

linear relation:

RLT(λ, μ) � λ − 1 + 2βR(μ − 1), (32)

with βR � 2 is applied (Washio et al., 2019). Concerning the

elasticity with differences in LS between adjacent half-

sarcomeres, the following deformation energy per unit volume

is further applied.
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φTA,i(μi, μi+1) � { kMM(μi − μi+1)2, i � 1, 3,/
kMZ(μi − μi+1)2, i � 2, 4,/

(33)

where the half-sarcomeres are separated by the M-band for the

top expression, and are separated by the Z-disc for the lower

expression.

Within each half-sarcomere, the following tensions act at the

left and right edges:

TSR,i � γL
_λi + dφL

dλ
(λi) + kLTRLT(λi, μi) + Tact,i , i � 1,/, ns.

(34)
The longitudinal mechanical equilibrium condition at the

element boundaries:

TSR,i − TSR,i+1 � 0, (35)
and the transversal mechanical equilibrium condition at each

element:

γT _μi +
dφT

dμ
(μi) + 2βRkLTRLT(λi, μi) + zφTA,i−1

zμi
(μi, μi−1)

+ zφTA,i

zμi
(μi, μi+1)� 0 (36)

are simultaneously solved with the boundary condition,

where one end of the myofibril is fixed and the other end

is connected to a fixed linear spring (Figure 4B). The

parameter γT is the sarcomere friction in the transverse

direction, and φT is the deformation energy for stretching

in the transverse direction (Washio et al., 2019). In our

myofibril model, the rapid sarcomere lengthening in

SPOCs is reproduced by the avalanche of reverse strokes

at the peak contractile phase in which the population of MHs

with large mechanical loads is high. From the SL-LS

relationship (Eq. 32) and LS alignment with the adjacent

sarcomeres (Eq. 33), the rapid lengthening of one sarcomere

transversally compresses the neighboring half-sarcomere in

the peak contraction phase. Then, from the SL-LS

relationship, the transverse compression enlarges the

longitudinal stretch, resulting in the load increments of

the attached MHs. As a result, an avalanche of reverse

strokes is triggered. In this way, the rapid lengthening

wave travels in the myofibril model.

In the finite element ventricle model, the half-sarcomere

model is imbedded in each tetrahedral element along the fiber

orientation f represented by a unit vector in the reference

configuration (Figure 4C). Thus, the half-sarcomere models

pull each other at the element interfaces in the fiber

orientation. As depicted in Figure 4C, the angle of the

fibers relative to the equatorial plane varies depending on

the depth of the wall, so that the direction of force developed

in the wall covers a wide range. In the finite element analysis,

the current position of each material point X ∈ Ω in the

reference (unloaded) configuration is represented by

x � x(X). Therefore, the stretch in the fiber orientation is

given by

λ �‖ Ff ‖, (37)
where F � zx/zX is the deformation gradient tensor. The active

stress Sact (as the second Piola-Kirchhoff stress tensor) is

formulated based on considering the virtual work done by the

active tension Tact in the fiber orientation per unit volume in the

reference space as follows:

δwact � −Tactδλ � −Tact

λ

1
2
δ(f ⊗ f : FTF) � −Tact

λ
f ⊗ f : δE,

(38)
where δE � 1

2 (δFTF + FTδF) is the infinitesimal increment of

the Green–Lagrange strain tensor:

E � 1
2
(FTF − I). (39)

As a result, with the active stress represented by

Sact � Tact

λ
f ⊗ f , (40)

the virtual work by the active stress per unit volume is given by

δwact � −δE: Sact. (41)

The equation of motion for the displacement,

u(X) � x(X) − X, is given as:

∫
Ω
δu · ρ€u dΩ + ∫

Ω
δE: S dΩ − PL ∫

ΓL
δu · n dΓL

− PR ∫
ΓR
δu · n dΓR � 0. (42)

Here, PL � LVP and PR � RVP are the blood pressures in

the left and right ventricular cavities, respectively.Ω is the muscle

domain in the reference configuration, whereas ΓL and ΓR are the
blood–muscle interfaces of the left and right ventricles,

respectively, in the configuration at time T, and n is the

normal unit vector directed from the cavity to the muscle at

these surfaces. The Dirichlet boundary condition u(X) ≡ 0 is

imposed on the boundary nodes around the valve rings. The

second Piola–Kirchhoff stress tensor S consists of the active,

passive, and viscous stresses:

S ≡ Sact + Spas + Svis, (43)
where Sact is given by Eq. 40, and Spas � zWpas

zE and Svis are the

passive and viscous stresses, respectively. The ventricle blood

pressures PL and PR are determined through their interactions

with the circulatory systems of the body and the lung. See details

of the deformation potentialWpas, the viscous stress Svis, and the
coupling with the circulatory system in our previous work

(Yoneda et al., 2021).

Assuming a periodical solution over a heartbeat, the time

integration on a cycle with the substitutions of _u and _E,
respectively, into δu and δE in Eq. 42 gives the relationship
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between the cardiac outputCout and the energy production inside

the cardiac muscle as follows:

Cout ≡ −∮PL
_VLdT −∮PR

_VRdT

� −∮∫
Ω
_E: (Sact + Svis) dΩdT. (44)

Here, the inertia and the passive energy terms disappear for

the sake of the periodicity assumption. If the viscous energy loss

is negligible, the following work done by the active stress is

almost equal to the cardiac output.

Wact ≡ −∮∫
Ω
_λ TactdΩdT � −∮∫

Ω
_E: Sact dΩdT ~ Cout

(45)

The above relationship between the blood dynamics and

muscle dynamics of the left ventricle (the left ventricular free wall

and the septum) in our ventricle model is depicted in Figures

7A,B, where the two cases of the myosin rod stiffness with kxb=

2.8 pN/nm (black lines) and kxb= 1.4 pN/nm (red lines) are

compared. The solid lines and broken lines represent,

respectively, the blood dynamics and the muscle dynamics.

Roughly, in the mid-systole ([0.15 s, 0.2 s]), the average active

tension reaches 30–40 kPa, with a systolic blood pressure of

12–15 kPa and an average half-sarcomere shortening velocity of

1 μm/s (see also Supplementary Video 2). The relationship

between the active tension and the systolic pressure agrees

with the simple estimation given by the Laplace law assuming

the dimension of the left ventricle in the early-systole (40 mm-

diameter, 10 mm-wall thickness, the fiber helix angle twisting

from −60° (epicardium) to +60° (endocardium). For example, to

support blood pressure of 15 kPa, the active tension Tact must be

roughly equal to 15 kPa × (20 mm/10 mm) × 2π
3
�
3

√ ~ 36 kPa.

Here, the factor 2π
3
�
3

√ comes from considering the fiber helix

angles. The complex distributions of the active tension and

the half-sarcomere shortening velocity over the ventricular

FIGURE 7
The comparison of pumping heart performance for different myosin rod distortion stiffnesses. The spring constants tested were kxb= 2.8 pN/
nm (black lines) and kxb= 1.4 pN/nm (red lines). (A) Time courses of the left ventricular pressure (solid lines) and the average active tension (broken
lines) over the left ventricular wall (free wall and septum). (B) Time courses of the left ventricular volume (solid lines) and the average half-sarcomere
shortening velocity over the left ventricular wall. (C) Time courses of cumulative energy consumptions (solid lines) and cumulative works
(broken lines) by the active tension over the left ventricular wall. (D) Time courses of the population ratio of attached MHs in the left ventricular wall
classified according to the attached states.
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wall (see Supplementary Video 2) make it difficult to find the

correspondence to the tension-shortening velocity relationship

under isotonic conditions (Figure 6B). Although the cardiac

outputs and the muscle works of the two cases (the solid lines

in Figures 7A,B, and the broken lines in Figure 7C) are not so

different, the difference in energy consumption (the solid lines in

Figure 7C) is remarkable, as indicated also in Figure 6D. The

comparison of the time transients of the population ratio of the

binding states (Figure 7D) indicates a shorter average dwell time

in the XBPostR1 state and a larger population in the XBPostR2 state

for the case of kxb= 1.4 pN/nm than those for the case of kxb=

2.8 pN/nm, resulting in the remarkable energy loss. Therefore, in

this study, we analyzed the effects of the trapping mechanism

when kxb= 2.8 pN/nm.

Results

Stretch activation in the half-sarcomere
model

To assess the effectiveness of the trapping mechanism, a

stretch-activation test was performed for a single half-sarcomere

model consisting of 32,768 filament pairs. Here, stretch lengths of

5, 6, 7, or 8 nm were applied over a 1-ms time interval after the

active tension had sufficiently matured. During the simulations,

the Ca2+ concentration ([Ca2+]) was held at a constant value of

0.3 μM (Figure 8A) or 0.4 μM (Figure 8B). A greater increase in

tension (the maximum in Phase 3) was observed as the stretching

increased up to 7-nm stretch, corresponding to roughly +13% for

a 6-nm stretch and +15% for a 7-nm stretch under [Ca2+] =

0.3 μm. Here, 7 nm is 0.7% of the half-sarcomere length. These

increases lasted for a few seconds after the rapid stretching. In

agreement with the experimental results given by Stelzer et al.

(2006), our numerical results reproduced “phase 2 (Figure 1A)”

in which the force decreased to the steady-state level before

stretching. The increase in tension observed by Stelzer et al.

(2006) was roughly 16% for a 2% stretch and 8% for a 1% stretch.

The tension increases stopped at an 8-nm stretch in the

simulation result. In the numerical model, the stretch is

directly linked to the shift of the thin filament relative to the

thick filament (Figure 3A), while the stretch of the sarcomere

may be relaxed by intermediate substances such as Z-lines or

intercalated disks in the experimental conditions, as analyzed in

the Discussion Section 4.3. Note that we assumed a cross-bridge

model under physiological conditions identical to those of a

living heart, which differ from the experimental conditions in

many aspects, such as temperature.

Focusing on the result for a 7-nm stretch (Figures 9A–F),

compared with the pre-stretch steady state, the lasting increase in

tension apparently arose from a lasting increase in the population

of the XBTrap state (Figures 9C,D). The effect of the XBTrap state is

more emphasized when the individual contributions in the active

tension of the attached states are plotted (Figures 9E,F). In the

FIGURE 8
Numerical results of the stretch activation simulation. Stretches of 5, 6, 7, or 8 nm were applied over the time span of 1 ms at T � 0 s after the
isometric force had matured under constant [Ca2+] = 0.3 μm (A) and [Ca2+] = 0.4 μm (B). Time courses of the tensions are color-coded by the
stretching as follows: 5 nm (gray), 6 nm (light green), 7 nm (blue), and 8 nm (red). Enlarged views of the top, focusing on the tension decrease on the
order of seconds are depicted on the bottom.
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half-sarcomere model, we assumed that one thin filament is

surrounded by 76 (= 38 × 2) myosin molecules. In the steady

state before stretching, filament forces of roughly 20 and 22 pN

are generated by myosin molecules in the XBPostR1 (2.9%) and

XBPostR2 (1.7%) states, respectively, when [Ca2+] = 0.3 μm. Thus,

the average force per molecule is 9.1 and 17.0 pN, respectively, in

the XBPostR1 and XBPostR2 states. Because we assumed a force

constant of kxb � 2.8 pN/nm for the myosin rod distortion x, the

above forces are generated by distortions of 3.3 and 6.1 nm,

respectively. After the stretch, a filament force of 12 pN is

produced by the myosin molecules in the XBTrap state

(~0.9%). Thus, the average force is roughly 17.5 pN per

trapped myosin molecule. This average force is slightly larger

than experimentally observed maximal forces (~15 pN) (Hwang

et al., 2021). As analyzed in Section 2.4 and Section 2.5, our

setting of the force constant (kxb = 2.8 pN/nm) seems reasonable

with respect to the efficiency in both the isotonic contraction and

heart pumping. Furthermore, it may be difficult to measure the

maximal force produced by a single myosin molecule under the

sarcomeric condition. In particular, the force measured in the

filament direction depends on the angle between the myosin rod

(S2) and the thick filament, and the maximal force under a

similar condition to the stretch activation environment has not

been reported.

As observed by Stelzer et al. (2006), the MC cross-bridge

model also reproduced the different behaviors in Phase 3

(Figure 1A) in the different activation levels. In our model,

this difference is made by the differences in the time courses

of the population ratio of the attached states (Figures 9C,D) that

are produced by the cooperativity effects, as shown in Figure 5A.

Effects of the trapmechanismon SPOCs in
a single myofibril model

The effects of the trap mechanism on SPOCs of a single

myofibril model consisting of 40 half-sarcomeres were

investigated (Figures 10A,B). Here, 2048 filament pairs were

imbedded in each half-sarcomere model. SPOCs were

produced for all Ca2+ concentrations ([Ca2+]) in the no-trap

model. In contrast, SPOCs were reproduced only for the

intermediate concentration ([Ca2+] = 0.4 μM) between the

states of relaxation and contraction in the trap model, as

observed by Fabiato and Fabiato (Fabiato and Fabiato, 1978).

FIGURE 9
Transients of the four attached states during and after the 1-ms stretching in the stretch activation test with [Ca2+] = 0.3 μm (left) and [Ca2+] =
0.4 μm (right). (A,B) Time courses of the tension for a 7-nm stretch. (C,D) Time courses of the population ratio of the attached states: XBPreR (green),
XBPostR1 (orange), XBPostR2 (red), and XBTrap (gray). (E,F) Time courses of the force per thin filament in each state.
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Therefore, the trap mechanism may contribute to the [Ca2+]

dependence of the SPOCs by inhibiting the reverse stroke for

certain amounts of myosin molecules in the XBPostR1 state. For

the low Ca2+ concentration ([Ca2+] = 0.3 μM), the lengthening

was prevented by myosin molecules trapped in the XBTrap state

despite the oscillating XBPostR2 concentration in the trap model,

as indicated by a small increase in the XBTrap state for each

reduction in the XBPostR2 state (Figure 11A). For the intermediate

Ca2+ concentration ([Ca2+] = 0.4 μM), the SPOCs are similar for

both cases (Figure 11B). For the high Ca2+ concentration

([Ca2+] = 0.6 μM), the sarcomeres were shortened to the

minimum length, which is almost equal to the thick filament

length of LM ~ 1.6 μM, as shown in Figure 1B. At this length, the

population of the attached MHs is small because of the small

single overlap region of the two filaments. Thus, lengthening was

prevented in the same way as that observed for the low Ca2+-

concentration case in the trap model (Figure 11C).

Effects in beating ventricle simulation

Beating-ventricle simulations were performed using a finite

element ventricle model with the same setup as our previous

work (Yoneda et al., 2021). In each element, a sarcomere model

consisting of 16 filament pairs was imbedded along the

appropriate fiber orientation f . The distribution of the fiber

orientations was found by an optimization algorithm based on

the isovolumetric active tension (Washio et al., 2020) according

to the impulses given by the active tension. Portions of the helical

fiber structure are depicted in Figure 4C. The heart rate was set to

60 beats per minute, and the Ca2+ transient (Figure 4C) generated

by the mid-myocardial cell model proposed by ten Tusscher

panflov, (2006) was applied. Transmural delays of the Ca2+

transient determined by the distances from the endocardial

surfaces of the left and right ventricles under a transmural

conduction velocity of 52 cm/s, as measured by Taggart et al.

(2000), were adopted. By comparing the trap and no-trap models

in Figures 12A,B, one can see that the trap mechanism

contributes to maintaining both the high pressure in the last

half of the systolic phase and the rapid pressure decrease at the

end of the systolic phase (Figure 12A). As a result, the blood

volume ejected from the left ventricle in the trap model increased

from 71 to 78 mL, while the ATP energy consumption of the left

ventricular wall was almost equivalent (Figure 12C). This trend

implies that the trap mechanism increases blood ejection without

increasing energy consumption. It should be noted that the ATP

consumption rates were computed by counting the detachments

of MHs in the XBPostR2 state transferred to those in the NXB state,

FIGURE 10
Sarcomere length changes in the myofibril model under activations with different constant calcium concentrations [Ca2+] = 0.3 μM (left),
0.4 μM (center), 0.6 μM (right), for (A) the no-trap model and (B) the trap model.
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which was controlled by the rate constant rNXB and the forced

detachments defined by Eqs 14 and 15. As shown in Figures

12A,B slight increase in the population of MHs in the XBTrap
state can be seen at the end of the systolic phase (Figures 12D,E).

This increase corresponds to a prolonged ejection time in the trap

model, as shown in Figure 12A.

In the systolic phase, the cardiac myocytes within the shared

fiber bundle support each other by pulling their neighbors via

contractile forces, with the active tension in Eq. 22 playing the

greatest role. Therefore, based on the mechanical equilibrium

condition in the fiber direction, the active tensions must be

almost equal. Consequently, if there is a loss of active tension

at one point of the fiber bundle prior to the remaining parts in the

early-systole or in the end-systolic phase, this portion would be

lengthened quickly, and the sarcomeres in the remaining parts

would be shortened until a mechanical equilibrium is reached.

Because this transition accompanies decreases in the active

tension owing to the loss of distortion in the myosin rods,

stopping this process as early as possible is desirable to

maintain blood pressure. The trapping mechanism can

achieve this goal, as shown in Figures 13A–C, which depict

the distributions of the active tension generated by the individual

states XBPostR2 and XBTrap in the end-systolic phase. The

degenerated forces of the XBPostR2 state in the no-trap model

(Figure 13A) are compensated by the force generated by the

XBTrap state in the trap model (Figure 13B). Furthermore, the

forces of the XBPostR2 state in the trap model around the

degenerated regions in the no-trap model (Figure 13C) are

well maintained, owing to the contributions of the reinforced

regions via the trap mechanism. As shown in the frequencies of

transitions (Figure 14), the reverse power stroke contributes to

diastolic relaxation to the same extent as the detachment from

the XBPostR2 state (Figure 14A). Although the difference between

the trapping and escaping frequencies averaged over the left

ventricular wall (Figure 14B) is relatively small, the two peaks of

the difference in Figure 14C agree with the differences in LVP

between the trap model and the no-trap model in Figure 12A.

Figure 14C also indicates that a certain extent of the trapped

MHs is forced to detach because of the extreme distortion

(Eq. 15).

FIGURE 11
Transitions of the four attached states for the no-trapmodel (left) and the trapmodel (right) during SPOCs in a half-sarcomeremodel imbedded
in the myofibril model. Time courses are shown for the half-sarcomere length (black) and the population ratio of binding states: XBPreR (green),
XBPostR1 (orange), XBPostR2 (red), and XBTrap (gray), for the no-trapmodel (left) and the trapmodel (right). (A) [Ca2+] = 0.3 μM (B) [Ca2+] = 0.4 μM, and (C)
[Ca2+] = 0.6 μM.
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Discussion

Effects of the trapping mechanism

In the stretch activation tests, the step length dependence

was reproduced (Figure 8), similar to the experimental results

of Stelzer (Stelzer et al., 2006). However, the minimum values

for the rapid force decay (phase 2) in the numerical results

were lower than the original isometric force before stretching

and higher than the isometric force in the experimental

results of Stelzer. Conversely, minimum values smaller

than the original isometric force were reported for wild-

type myocardium by Mamidi et al. (Mamidi et al., 2018).

Thus, the level of the minimum force in phase 2 compared

with the original isometric force seems to depend on the

experimental conditions. In our model, the decay was

determined from decreases in the XBPostR1 and XBPostR2

states owing to the reverse strokes from XBPostR2 to

XBPostR1 and XBPostR1 to XBPreR. Meanwhile, the loss of

force was compensated by the increase in population and

the distortions of the trapped myosin molecules in the XBTrap

state (Figures 9B,C). Here, the rates of reverse strokes are

limited by the upper bounds �rb,i, as in Eq. 19, and the

population in the XBTrap state is determined by the

parameter values associated with the trap mechanism

(strap, htrap, and hescape) in Eqs 3 and 4 and the forced

detachment (xXB,t, cXB,t, and aXB,t) in Eq. 15. In our trap

model, these parameters were carefully chosen, focusing not

only on the stretch activation phenomena, but also on the

SPOCs and performance in the beating ventricle model.

FIGURE 12
Numerical results of the beating ventricle simulation using the bi-ventricular FEM. (A) Time courses of the left ventricular pressure (black) and
volume (red) for the no-trap MHmodel (broken lines) and the trapmodel (solid lines). (B) Time courses of the population ratio of attachedMHs in the
left ventricular wall classified according to the attached states: XBPreR (green), XBPostR1 (orange), XBPostR2 (red), and XBTrap (gray), for the no-trapmodel
(broken lines) and the trap model (solid lines). (C) Time courses of the cumulative ATP energy consumption (black) and work (red) in the left
ventricular wall for the no-trap model (broken line) and the trap model (solid line). (D) Contours of the tension distribution (upper) and the half-
sarcomere shortening velocity (lower) for the trap MH model. (E) Contours of the tension distribution (upper) and the half-sarcomere shortening
velocity (lower) for the no-trap MH model.
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In our model, the trap mechanism was added to the XBPostR1
state, which is the state after the first power stroke. Alternatively,

it might be conceivable to add a similar trap mechanism in the

XBPostR2 state (the state after the second power stroke) if a force-

dependent detachment rate constant (Greenberg et al., 2014) is

adopted in the numerical model. Hwang et al. (2021) reported a

much gentler increase in the reverse stroke rate constant of the

first stroke compared with that of the second stroke, with a force

increase of 8–14 pN. Their single-molecule experimental results

support the adequacy of adding the trap mechanism to the

XBPostR1 state.

The numerical SPOC results indicate that the trap

mechanism affects the calcium activation sensitivity for the

relaxation dynamics in an advantageous manner. The trap

mechanism prevents sarcomere lengthening at high or low

levels of calcium activation (Figure 10). The sarcomere

lengthening maximizes the single overlap region between the

two filaments, resulting in a facilitation of re-activation. Thus, the

prevention of lengthening at low calcium levels (Figure 11A)

stops weak re-activation, leading to a smooth relaxation of

muscle in the diastolic phase (Figure 12A). Conversely, the

prevention of lengthening at high calcium levels (Figure 11C)

stops sarcomere shortening in the neighboring cardiomyocytes,

causing a retention of high active tension in the fiber bundle

(Figures 13B,C).

Advantages of MC simulations

The above-mentioned features for heartbeats are similar to those

found in our previous work (Washio et al., 2018) with the Langevin

dynamics model. However, the new MC model produced better

results in the tension response for the step length changes and

SPOCs owing to the simpler adjustment of related parameters. In a

previous study, MC simulations were performed for a three-

dimensional half-sarcomere model consisting of three myosin

filaments and 13 thin filaments implemented with 360 myosin

molecules and 1,170 binding sites to examine the impact of filament

compliance on Ca2+ activation (Chase et al., 2004). However, these

simulations were conducted only under steady-state conditions and

were not coupled with a macroscopic finite element model (FEM).

Moreover, in the beating ventricle simulation, the computation cost

per beat was 1.5 h when 320 cores of a conventional parallel

computer system were used for the MC model (Yoneda et al.,

2021), while the cost was 105 h when 1920 cores of the same

computer system were used (Washio et al., 2018). The former

simulation was performed for a bi-ventricular FEM consisting of

45,000 tetrahedral elements with 16 filament pairs, while the latter

was performed for a smaller FEM consisting of 7,900 elements with

eight filament pairs. The improvements of the MC model, such as

those demonstrated in the current study, will lead to better

predictions in clinical applications (Kariya et al., 2020).

FIGURE 13
Distribution of contraction forces in the ventricles in the systolic phase at the early systole: 0.10 s (left), at themid-systole: 0.20 s (center), and at
the end-systole: 0.26 s (right) for (A) the XBPostR2 state in the no-trapmodel (B) XBTrap, and (C) the XBPostR2 state in the trapmodel. In (B), the regions in
which the forces are less than 10 pN are transparent.
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Limitations

Smith et al. argued that multiple working strokes are required

for a cross-bridge cycle to satisfy energetic constraints and

demonstrated that a cross-bridge cycling model with three

strokes can reproduce various experimental findings observed

for frog muscle, including absolute values of active tension,

stiffness, and ATPase rate; the phase-2 tension response to a

length release; and the transient tension rise during ramp

stretching (Smith et al., 2008a; Smith et al., 2008b). This line

of reasoning led us to adopt a model with two strokes with

lengths of 6.0 and 4.0 nm to realize the 10-nm stroke suggested by

the crystal structure of myosin molecules. In the three-stroke

model of Smith et al., the first two strokes, which each have a

length of 5.0 nm, occur around the Pi release, and a third small

stroke was implemented to account for the strain-dependent

ADP release rate. Although we did not explicitly define the

relationship between strokes and the nucleotide released in

our model, these points should be examined by comparing

our results against various experimental findings in future work.

The average force of the trapped MH was larger than the

maximal force ever observed experimentally. In our model, this

discrepancy comes from our stiffness parameter kxb= 2.8 pN/nm

for nearly a 10 nm stretch, assuming linear elasticity. The force

function, Frod, in Eq. 20 may be improved by reducing the

stiffness for substantial distortions. Further investigation and

modification of the detachment rate function in Eq. 15 represent

future tasks.

In our model, we didn’t account for the elasticity of the

components, such as the thin and thick filaments and the

Z-band in the sarcomere. Namely, we assumed that all of the

sarcomere components (except for the myosin rods) are rigid.

Thus, the macroscopic stretch change Δλ is directly reflected

in the distortion increase Δx � SL0Δλ/2. However, in the

actual setting, the distortion increase might be somewhat

relaxed because of the elasticities. For example, if we

assume a linear elasticity of the Z-line with a spring

constant of kZ and Nxb attached myosin molecules per thin

filament, we have:

⎧⎪⎨⎪⎩
NxbkxbΔx � kZΔZ,

Δx + ΔZ � SL0Δλ
2

.
(46)

By eliminating the Z-line distortion increment ΔZ in Eq. 46,

we obtain:

(1 + Nxbkxb
kZ

)Δx � SL0Δλ
2

. (47)

FIGURE 14
Transition frequencies of binding MHs during a heartbeat. (A) The frequencies per MH of the transitions from XBPostR1 to XBPostR2 (orange), XBPre

to XBPostR1 (red), XBPostR2 to NXB (pink), XBPostR2 to XBPostR1 (green), and XBPostR1 to XBPreR (blue). The solid and broken lines represent the trap model
and the no-trap model, respectively. (B) Frequencies per MH of trapping (solid line) and escaping (broken line). (C) The difference between the
trapping frequency and the escaping frequency (solid line), and the frequency of the forced detachment from XBTrap.
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Thus, the distortion incrementΔx decreases as the number of

attached myosin molecules increases. Here, the magnitude of the

distortion increment Δx corresponds to the strength of trapping

for myosin molecules in the XBTrap state. Because Nxb is smaller

for a lower activation, Eq. 47 may give a straightforward

explanation of the experimental findings reported by Stelzer

(Stelzer et al., 2006), who reported that the stretch activation

is most pronounced at low levels of Ca2+ activation. Apart from

these considerations, the effect of filament compliance on the

realignment of cross-bridges reported by Chase et al. (Chase

et al., 2004) is an important issue that should be included in

future modeling studies.

Razumova et al. modeled and compared three possible

mechanisms of cooperativity: 1) interactions between adjacent

T/T RUs, 2) interactions between adjacent cycling cross-bridges,

and 3) a facilitation of the transition to the on-state of a RU by the

adjacent attached cross-bridge, which all control the open and

closed states of the thin filament (Razumova et al., 2000). Their

results clearly demonstrated distinct roles of these interactions in

the maximal force and cooperativity; however, their formulations

are conceptual and thus do not represent specific molecular

interactions. McKillop and Geeves proposed a three-state

(blocked, closed, and open) model of thin filament activation,

which is compatible with X-ray diffraction data (McKillop and

Geeves, 1993). Smith et al. further attempted to establish the

relation between RU–RU interactions and physical entities

(Smith et al., 2003) by modeling the flexible-chain-like

structure of the tropomyosin molecule with a continuous-

flexible-chain model. In this regard, the RU–RU model used

in this study is also empirical and lacks a relation to a physical

entity. Moreover, only part of the above-mentioned mechanism

of cooperativity was considered.

In the finite element ventricular model, a single half-

sarcomere model was imbedded in each tetrahedral element,

and the half-sarcomere length changed according to the stretch

of the element in the fiber direction. This is nothing but assuming

that the movements of sarcomeres contained in each element are

perfectly synchronized. In reality, there may be time lags in the

length changes between the neighboring sarcomeres particularly

in the relaxation phase. In our future work, the issue will be

studied by using the homogenization method (Washio et al.,

2013) whereby the bundle of myofibril models is imbedded in

each element.
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Aims: Gross pathology inspection (patho) is the gold standard for the

morphological evaluation of focal myocardial pathology. Examination with

9.4 T magnetic resonance imaging (MRI) is a new method for very accurate

display of myocardial pathology. The aim of this study was to demonstrate that

lesions can be measured on high-resolution MRI images with the same

accuracy as on pathological sections and compare these two methods for

the evaluation of radiofrequency (RF) ablation lesion dimensions in swine heart

tissue during animal experiment.

Methods: Ten pigs underwent radiofrequency ablations in the left ventricle

during animal experiment. After animal euthanasia, hearts were explanted,

flushed with ice-cold cardioplegic solution to relax the whole myocardium,

fixed in 10% formaldehyde and scanned with a 9.4 T magnetic resonance

system. Anatomical images were processed using ImageJ software.

Subsequently, the hearts were sliced, slices were photographed and

measured in ImageJ software. Different dimensions and volumes were

compared.

Results: The results of bothmethods were statistically compared. Depth by MRI

was 8.771 ± 2.595 mm and by patho 9.008 ± 2.823 mm; p = 0.198. Width was

10.802 ± 2.724 mm by MRI and 11.125 ± 2.801 mm by patho; p = 0.049. Estuary

was 2.006 ± 0.867 mm by MRI and 2.001 ± 0.872 mm by patho; p = 0.953. The

depth at the maximum diameter was 4.734 ± 1.532 mm on MRI and 4.783 ±
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1.648 mm from the patho; p = 0.858. The volumes of the lesions calculated

using a formula were 315.973 ± 257.673 mm3 for MRI and 355.726 ±

255.860mm3 for patho; p = 0.104. Volume directly measured from MRI with

the “point-by-point” method was 671.702 ± 362.299 mm3.

Conclusion:Measurements obtained from gross pathology inspection and MRI

are fully comparable. The advantage of MRI is that it is a non-destructive

method enabling repeated measurements in all possible anatomical

projections.

KEYWORDS

evaluation of radiofrequency ablation lesions, comparison of methods, gross
pathology inspection, high-resolution MRI evaluation, animal experiments, catheter
ablation of arrhythmias, ex vivo MRI scanning

1 Introduction

Gross pathological inspection (patho) and manual

measurements are standard methods in autopsy evaluation of

tissue (Song et al., 2017) including myocardial pathologies and

radiofrequency ablation lesions (Nakagawa et al., 1995) (Dickfeld

et al., 2007) (Krahn et al., 2018). Nevertheless, this method

inadvertently destroys the sample, effectively preventing

reevaluation and allowing only unidirectional slicing.

Therefore, patho is limited to complex anatomical objects, the

number of measured planes is limited, and the calculated volume

is only approximate.

Magnetic resonance imaging (MRI) represents well established

diagnostics non-invasive method that allow exact repeatable

measurements of myocardial pathologies (Ishihara et al., 2007)

(Braggion-Santos et al., 2013) (Suzuki et al., 2021). Standardly used

1.5 T and 3 T MRI allows visualization of myocardial pathologies

including radiofrequency lesions “in vivo” (Dickfeld et al., 2007)

(Badger et al., 2010) (Markman and Saman 2017) (Tofig et al.,

2019) as well post-mortem. Moreover, high-resolution MRI

systems are very promising and rapidly evolving imaging

methods (Schneider et al., 2008) (Schneider et al., 2011) (Wech

et al., 2016) (Ertürk et al., 2017) (Erturk et al., 2019) (Heo et al.,

2019), which allow precise evaluation of the heart in unparalleled

quality. Berte et al. described the successful use of 1.5T MRI for in

vivo imaging of the hearts and 9.4 T MRI (Bruker) for explanted

hearts in 2015, where they used high-resolutionMRI for evaluation

of the lesions after radiofrequency (RF) ablation in an ovine

experiment (Berte et al., 2015).

RF ablation is a catheter-based non-pharmacological treatment

of cardiac arrhythmias (Kalbfleisch and Langberg 1992). The

principle of this method is destruction of the myocardium, which

serves as an arrhythmogenic substrate with RF energy applied to the

tip of the ablation catheter (Haines and Verow, 1990). RF energy

creates limited thermal coagulation necrosis that heals as the non-

conducting scar and treats arrhythmia (D. E. Haines and Watson

1989) (Haverkamp et al., 1989) (Nath et al., 1994) (O’Donnell and

Nadurata. 2004) (D. Haines 2018). The radiofrequency lesion is

histologically characterized by central thermal coagulation necrosis,

where myocardial cells lose clear boundaries and transverse striping.

Central necrosis is surrounded by a thin border zone consisting of a

mix of healthy and damaged cells. Behind this border zone is a

healthy myocardium (Delacretaz et al., 1999) (Gepstein et al., 1999)

(Krahn et al., 2018). Catheter ablation of arrhythmias is a very fast-

growing area of cardiology, and many experiments have been

performed. To evaluate the effect of RF ablation, it is crucial to

evaluate the extent of necrosis, synonymously called RF lesions. The

standard method is gross pathology; however, MRI evaluation is

becoming very promising as an alternative method.

Therefore, the aim of this study was to demonstrate that

lesions can be measured on high-resolution MRI images with the

same accuracy as on pathological sections and compare results

from MRI and patho measurements of the lesions formed after

experimental RF ablation in swine heart tissue.

2 Materials and methods

2.1 Permission

The animal experiment was approved by the ethics

committee of the University of Veterinary and Pharmaceutical

Sciences in Brno (approval number 12–2018) and by theMinistry

of Education Youth and Sports (approval number MSMT-17402/

2018–3). All procedures performed on pigs were in accordance

with Directive 2010/63/EU of the European Parliament on the

protection of animals used for scientific purposes.

2.2 Animal preparation

The animal experiment was carried out in cooperation with

the Animal Center FNUSA-ICRC Brno. Ten female swine

(weight, 50–55 kg; age, 6 months) were used. Each animal was

weighed on a digital scale to determine the exact weight.

Premedication before anesthesia was done by mixture of
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ketamine 2 mg/kg + xylazine 2 mg/kg + tiletamine 2 mg/kg +

zolazepam 2 mg/kg by intramuscular (i.m.) application. After

this, pigs were intubated and an intravenous cannula was inserted

into the ear vein. Animals were kept under mechanical

ventilation with 1.5% isoflurane. Amiodarone (5 mg/kg, i. m.)

was applied by very slow application to suppress ventricular

fibrillation. Heparin (7.000 I.U., intravenous application) was

administered before sheats were inserted into the femoral

veins and then was repeated in a dose of 3500 I.U every hour.

The animal arterial blood pressure was measured invasively in

femoral artery. An oximeter was placed on the tongue of the

animal to monitor oxygen saturation. A temperature control

probe was inserted into the animal esophagus to minimize the

risk of thermal damage to the esophagus. At the end of the

experiment, animals were sacrificed by intravenous application

(in dosage 4–6 ml/50 kg) of special mixture intended for

euthanasia in animals named—T61 (Intervet International

B.V., Boxmeer, Netherland).

2.3 RF ablations and examination of hearts

All pigs underwent a standard RF protocol under general

anesthesia—left ventricles were ablated on the septum, on the

lateral wall, on the inferior wall, on the anterior wall and in the

left ventricular outflow tract (LVOT) position with a different

power setting for 1 min or up until “steam pop” appeared. After

completion of the ablation protocol, the animal was sacrificed

and moved to the pathology room. Hearts were removed from

the thoracic cavity and flushed with ice-cold cardioplegic

solution (St. Thomas solution) to relax the whole

myocardium. The heart was then fixed in 10% formaldehyde.

Hearts were scanned with a 9.4 T magnetic resonance system

(Bruker BioSpec 182 94/30USR), equipped with a volume coil 1H

198/154 mm. Ex vivo MRI imaging was performed in

cooperation with the Institute of Scientific Instruments of the

Czech Academy of Sciences. Anatomical images were processed

using ImageJ software, which is intended for scientific use and is

freely accessible on the website at www.imagej.net (Schindelin

et al., 2015) (Rueden et al., 2017). All measurements done in

ImageJ software were done manually without using any

automatic processing tools. After the hearts were scanned,

they were cut into 3–5-mm-thick slices, which were placed

side by side, photographed by the camera (Nikon DX AF-S

NIKKOR), and analyzed using the same ImageJ software. We

opted for this method of analysis because manual measurement

of the pathology samples is associated with a risk of inhaling toxic

formaldehyde fumes. Each lesion was measured three times and

evaluated by two independent observations.

As the last step, the heart was removed out from

formaldehyde, rinsed under running water and several lesions

with characteristic parameters (without “steam pop” effect) were

cut out from the heart, with an approximate volume of 1 × 1 ×

0.5 cm. The samples were rinsed again under running water,

dehydrated via ascending ethanol series and subsequently

immersed in xylene. Then the samples were immersed in

liquid paraffin, and paraffin blocks were prepared. Tissue

blocks were sliced into sections, fixed on the histological glass,

and stained with hematoxylin and eosin and Masson’s trichrome

(to visualize the viability of the tissue). Masson’s trichrome stains

central necrosis purple, healthy myocardium is stained red, and

the connective tissue is stained blue. Hematoxylin and eosin

FIGURE 1
Schema of measuring the dimensions of lesions formed after
radiofrequency ablation in the left ventricle of the swine hearts.
(A) = maximum depth, (B) = maximum width, (C) = depth at the
maximum diameter and (D) = lesion surface diameter
(“estuary”). Themeasurement of each lesion takes place where the
lesion reaches its maximum parameters.
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staining was used for basic resolution. The cytoplasm is stained

pink and nuclei are stained purple (Krahn et al., 2018). Slides

were examined and photographed under a digital microscope

(Leica DM 5000B, LeicaMicrosystems, Germany) at 25x, 50x and

200x magnification.

2.4 Measurement of lesions

Depth (A) of lesions was measured as the maximal distance

between the point of contact of the catheter with the

endocardium and the outermost apex of the lesion. Width (B)

was measured in the place of the biggest length of the lesion.

Estuary (D)—lesion surface diameter–was measured as a hollow

in the endocardium created by catheter pressure. The depth of the

maximum diameter (C) was measured as the distance between

the estuary and the horizontal straight line passing through the

widest point of the lesion (see Figure 1). The volume of the lesion

was calculated from the measured parameters using the following

formula (Guerra, 2013):

LV � ((0.75π) · (B
2
)2

· (A − C)) − (0.25π · (D
2
)2

· (A − 2C))
(1)

2.5 Measurement of lesions on MRI scans

Hearts were scanned using the 9.4 T MRI system. Every

sample was removed from fixation solution, rinsed with

physiological solution (0.9% NaCl, Braun) to remove all

formaldehyde and submerged in a plastic jar filled with clean

physiological solution and underwent MRI scanning. During

immersion of the samples into a physiological solution, a

syringe was used to inject a solution into the atria and

ventricles, to get rid of air bubbles and blood clots, which

possibly could be the cause of MRI artifacts and reduce the

quality of MRI slices. All hearts were scanned once. The

regions of interest (ROIs) were left heart ventricles with

ablation lesions. All MRI scans were performed on a 9.4 T

Bruker BioSpec 94/30USR scanner with a Bruker volume coil

1H 198/154 mm. Fast low-angle shot (FLASH) scout images were

used to localize the left ventricle with ablation lesions. Proton-

density (PD) weighted anatomical images were taken using

FLASH sequence with TR = 1268.9 ms, TE = 4.43 ms, FA =

45.7°, FOV 100 mm x 100 mm, 8 averages, and a 256 ×

256 image matrix. Eighty axial slices with a thickness of

1.0 mm were acquired; the slices covered the whole heart. The

raw MRI data format was exported to the DICOM format for the

further analysis. These anatomical images provided sufficient

background for optimal visualization of lesions and volumetric

data analysis.

Lesions were measured using ImageJ software. After image

import, the ImageJ window was calibrated using the known

pixel-to-mm ratio (1.024 pixel/mm). The measurement of

each lesion took place in a slice, where the lesion reached

its maximum parameters of depth (A), width (B), estuary (D),

and depth at the maximum diameter (C) (see Figure 1). Each

lesion was bounded by a border zone that gave a low signal and

was therefore displayed in black (Organ 1976) (Krahn et al.,

2018). The border zone was a transition region between the

necrotic, ablated and healthy, non-ablated myocardium

(Ursell et al., 1985). We measured only the central

completely necrotic part of the lesion. The border zone was

not included in the measurement of lesion size (see Figure 2).

The volume of the lesions is calculated according to the

abovementioned formula. In addition, we directly measured the

lesion volume fromMRI slices using the “point by point”method

(see Figure 3) which is a variation of the Cavalieri principle. This

method consists of gradually outlining the circumference of the

lesion in all slices involving the measured lesion. The resulting

volume is obtained by the total sum of all individually measured

volumes from all slices where the lesion is displayed.

2.6 Measurement of lesions on pathology
slices

As a first step, the heart was manually sliced on the

macrotome (see Figure 4), a device originally developed by

Templeton in 1961 (Templeton 1961) for slicing brains during

histopathological examinations. The macrotome consists of the

following: a base plate made of plexiglass with dimensions 220 ×

240 × 8 mm. In the plate, there are holes with a diameter of 5 mm,

which are arranged in parallel rows. The distance between the

holes is 1 cm in rows along the longer side of the plate and 0.7 cm

in rows along the shorter side of the plate. The next parts of the

macrotome are fixing pins, which are 11.8 cm long and have a

diameter of 0.8 cm. One end of the pins is tapered to a diameter of

0.5 cm and is used to insert the pin into the plate. The swine heart

is placed on the plate of the macrotome and is fixed by pins all the

way round. Using a long sharp knife, the heart is gradually sliced.

Every heart was removed from the fixation solution,

placed in a flow box, and manually sliced using the above-

mentioned macrotome to 3–5-mm-thick slices. Slices were

laid side by side, and pictures were taken using a camera (see

Figure 5). All hearts were photographed in this way. The

whole preparation of the heart for measuring pathological

sections took approximately 20 min (fix the heart on the

macrotome and slice it, take a photo, and upload it to

ImageJ). Photos were imported to the ImageJ program. The

calibration of the software was set manually according to the

settings of the caliper, which is located on each photo and

shows exactly the size of 1 cm. The depth, width, estuary, and

depth at the maximum diameter were measured in the same
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way, as in MRI scans (from photo where is the lesion in

maximal dimensions, black surrounding zone not included)

(see Figure 2). The volume of the lesions was calculated using

the abovementioned formula.

2.7 Statistical analysis

All variables are described as mean ± SD, if symmetrically

distributed, otherwise as median (IQR). In order to compare

FIGURE 2
Example of measurement of the different dimensions of the radiofrequency lesion. (A–D), measurement from MRI data, transverse section of
the left ventricle. Two lesions are visible, the upper one is measured (blue arrows, A = depth, B = width, C = depth at the maximum diameter, and D =
lesion surface diameter (“estuary). (E–H), measurement from pathological samples, detail of the lesion, the same measurement as for MRI [blue
arrows, E = depth, F = width, G = depth at the maximum diameter, and H = lesion surface diameter (“estuary”)].
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measurements for all within-subjects factors—method (MRI,

patho), observer (two independent persons), and measurement

(all lesions were measured three times by each method and

observer), least squares means from multilevel (mixed-effect)

models were compared separately for depth, width, estuary,

depth at the maximum diameter, volume calculated by formula,

and for volume directly measured from MRI with the “point-

by-point” method. No interactions among factors were

considered. Additionally, in the case of variable width, the

measurements were split into two separate models by a

factor observer in order to analyze the data independently on

the observer. In the analysis of the time of measurement, due to

skewness, the data were first log-transformed and then a least

squares means from multilevel (mixed-effect) model was used

to compare the methods (MRI, patho) as a single within-

subjects factor. Comparison of recognized lesions was

performed using the chi-square test. All tests were

performed at a significance level of α = 0.05. Statistical

analysis was conducted using R version 3.6, RStudio version

1.2.1335, and package lme4 version 1.1–21.

3 Results

Histological characteristics of lesions created after RF

ablation of porcine hearts are signs of coagulative necrosis

characterized by karyolysis with significant cytoplasmic

hypereosinophilia. Each of the lesions was loosely demarcated

by a narrow border zone consisting of cardiomyocytes in

different stages of cell damage. Unaffected tissue displays no

tissue damage and retains the conventional morphology of

cardiac tissue (see Figure 6).

A total of 99 lesions were created; the MRI method

successfully evaluated 92 (92.93% from all lesions), and with

FIGURE 3
Example of volume measurement with the “point-by-point” method from MRI data. On the picture you can see nine subsequent transverse
sections of the left ventricle capturing the whole radiofrequency lesion. Three lesions are visible, the upper one is measured. The measured lesion is
outlined in all scans with a blue line. The resulting volume is the sum of the individual volumes from all involved MRI scans.
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the patho method successfully evaluated 98 (98.99% from all

lesions). No statistically significant difference was found (p =

0.755) between the two methods. The depth from MRI was

8.771 ± 2.595 mm, and from patho was 9.008 ± 2.823 mm;

p = 0.198. The width of the lesion was 10.802 ± 2.724 mm on

MRI, and 11.125 ± 2.801 mm with patho; p = 0.049. The limit

p-value for the variable width is created by the interpersonal

variability. Splitting models into two independent structures, we

observed no statistically significant effect of method. The lesion

values were almost identical, showing 2.006 ± 0.867 mm by MRI

and 2.001 ± 0.872 mm by patho; p = 0.953. The depth at the

maximum diameter was 4.734 ± 1.532 mm in MRI slices and

4.783 ± 1.648 mm from patho slices, p = 0.858. The volumes of

the lesions calculated using a formula from both methods were

315.973 ± 257.673 mm3 for MRI and 355.726 ± 255.860 mm3 for

patho; p = 0.104. Volume acquired from MRI by the “point-by-

point” method was 671.702 ± 362.299 mm3, which is two times

larger than the volumes from the patho or MRI calculated using a

formula (Table 1).

The complete time for preparing and MRI scanning was

115 ± 3 min (cleaning the heart from formaldehyde, placing it

into the physiological solution, setting the MRI device, scanning

the MRI sample, and controlling the quality of MRI scans after

scanning). Preparing the heart for patho measurement, cutting of

the slices on the macrotome for patho measurements and taking

photos, took 21 ± 1 min.

The difference between the duration of measurements from

MRI slices and from patho as follows: for MRI measurement, the

median value was 56 s (53–59.2), whereas the median value for

patho was 53 s (47–59), p = 0.001. Statistically significant

differences were not found for intrapersonal variability

(Supplementary File S1), but for interpersonal variability

between observer 1 and observer 2, respectively, as follows:

width was 10.418 ± 2.851 mm and 11.518 ± 2.569 mm (p <
0.0001), depth was 8.501 ± 2.937 mm and 9.286 ± 2.416 mm (p <
0.0001), estuary was 2.055 ± 0.867 mm and 1.942 ± 0.870 mm

(p = 0.042), and depth at the maximum diameter was 4.638 ±

1.621 mm and 4.909 ± 1.558 mm (p = 0.002), respectively.

FIGURE 4
Use of the macrotome for slicing of the ventricles. In the basic plate are holes arranged in parallel rows. The swine heart is placed on the
macrotome plate and fixed by pins all the way round. The heart is gradually sliced using a long sharp knife.
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4 Discussion

To the best of our knowledge, this is the first study focused on

the comparison of two measuring methods (MRI x patho) of

ablation lesions in the left ventricle. We compared two possible

methods for measuring the dimensions of lesions formed in the

myocardium of ventricles after RF ablation in an animal experiment.

Our results showed, like the other studies (Lardo Albert et al., 2000;

Dickfeld et al., 2007), that measurements obtained from pathology

gross inspection (patho) and fromMRI are fully comparable. For the

variabiles depth, estuary, depth at the maximum diameter, and

volume by formula, we found no statistically significant difference

between these two methods. The limit p-value for the variable width

was created by the interpersonal variability. Splitting models into

two independent structures, we observed no statistically significant

effect.

We found a statistically significant difference in values for

directly measured volume from MRI (“point-by-point” method)

and volume calculated by formula from MRI slices or patho. The

reason for this is the more precise characteristics of the “point-

by-point” method, where the volume was measured as a

summary of all partial volumes obtained by manual gradual

outlining of the lesion edges from all involved MRI slices.

Another method of determining the lesion volume is to use a

formula; a prerequisite for successful use of the formula is a

regular oval shape of the lesion, which cannot be fully achieved in

RF ablation lesions. RF lesions with higher energy settings are not

precisely delineated and have a completely irregular shape

(Figure 7). Therefore, using a formula to calculate volume has

not been successful due to the irregular shape of the lesions. From

this point of view, it seems more precise to use the “point-by-

point” method.

Similar to previous studies (Dinkel et al., 2013) (Bolte et al.,

2007) (Zhao et al., 2013) (Thiesse et al., 2016) (Erasmus et al.,

2003) (Muenzel et al., 2012) (Lazebnik et al., 2005) we found

statistically significant differences in all measured parameters for

FIGURE 5
Example of a pathological picture used for measurement of radiofrequency lesions. On the picture you can see 13 subsequent transverse
sections of the left ventricle. Radiofrequency lesions are visible. There is a caliper showing the exactly 1 cm, which was used to calibrate the software
ImageJ.
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interpersonal differences between both observers. This can be

explained by the high-power values that were used and that we

had several “steam pop” effects. If a “steam pop” effect occurred,

there was a partial disruption of the myocardium, which spreads

to the width and not to the depth of the tissue. For complex

lesions such as RF lesions, is not easy to pinpoint the maximal

FIGURE 6
Histological characteristics of lesions created after radiofrequency ablation of porcine hearts. Lesions created by radiofrequency ablation are
formed by coagulation necrosis, where cells have no borders and they are completely destroyed. Nuclei are not visible. Every lesion is surrounded by
a differently wide rim consisting of cells at different stages of necrosis (damaged cell membrane and nuclei) sharply transitioning into healthy
cardiomyocytes (clearly demarcated individual cells, pink cytoplasm, distinct purple nuclei). (A) hematoxylin-eosin staining, magnification 25x.
(B) detail from A, magnification 200x, (C) trichrome staining, magnification 25x, (D) detail from C, magnification 50x.

TABLE 1 Comparison of evaluation of radiofrequency lesions with gross pathology inspection (patho) and MRI evaluation.

Variable MRI Patho p value

Number of recognised lesions (N = 99)a 92 (92.93%) 98 (98.99%) p = 0.755

Depth (mm)b 8.771 ± 2.595 9.008 ± 2.823 p = 0.198

Estuary (mm)b 2.006 ± 0.867 2.001 ± 0.872 p = 0.953

Depth at the maximum diameter (mm)b 4.734 ± 1.532 4.783 ± 1.648 p = 0.858

Volume by formula (mm3)b 315.973 ± 257.673 355.726 ± 255.860 p = 0.104

Volume by “point-by-point” method from MRI (mm3)b 671.702 ± 362.299 NA NA

Width (mm)b 10.802 ± 2.724 11.125 ± 2.801 p = 0.049

Width splitted by observer

Observer 1c 10.202 ± 2.826 10.620 ± 2.864 p = 0.086

Observer 2c 11.400 ± 2.484 11.629 ± 2.646 p = 0.299

a - comparison of number of recognizable lesions.
b - mean ± standard deviation for patho and MRI measurements. Comparison of methods was performed by comparing least squares means from mixed-effect models.
c - width data (with borderline statistical significance) were split by observer and two separate mixed-effect models were used to compare the MRI and patho methods.
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parameters of the lesion after “steam pop” (Figure 7). Another

possible explanation for the statistically significant difference in

interpersonal differences is an individual assessment on which

MRI slice the lesion reaches its maximum size. In addition, on

several occasions, the individual lesions were placed close

together such that they partially fused together (Figure 7). In

this case, it depended on the individual evaluation of each

observer as to where was the exact border of every lesion was.

No statistically significant difference was found in

intrapersonal variability. This indicates the reproducibility of

both measurement methods (see Supplementary File S1).

An important parameter for the evaluation of lesions is the time

needed to perform a single measurement. We compared how long it

takes to measure the basic parameters of the lesion (depth, width,

estuary, and depth at the maximum diameter) from MRI slices and

patho samples. The difference between the duration of measurements

from MRI slices (without gradual outlining) and from patho was

statistically significant (p = 0.001). The median value for MRI

measurement was 56 s (53–59.2) and for patho measurement was

53 s (47–59). The difference between the duration of themeasurement

is significant from a statistical point of view; however, a difference of

3 s is from a practical point of view is negligible.

If outlining by the “point by point”method is included in the

time measurement, the measurement of the lesion from MRI

slices is significantly longer. In particular, the duration was

235.5 s (201–268.25) for overall MRI measurement and 177.5 s

(144.8–208.5) for “point-by-point only.” This increase in time is

fully compensated by the higher accuracy of the “point-by-point”

method.

In our work, we recognized 92.93% of the lesions on MRI scans

compared with 75% published by (Berte et al., 2015). In our study,

were created 99 lesions in total; 92 lesions (92.93%) were identified

byMRI and 98 (98.99%) lesions were identified by patho. One lesion

could not be traced on patho orMRI, which represents 1.01%. Three

lesions were not recognized in one heart as they were covered by a

single MRI artifact and could not be identified in the first scan,

representing 3.03% of all lesions. Three additional lesions were

identified by patho, but not recognized on MRI. These lesions were

small and did not have high intensity border with an overall “ghost-

like” character.

FIGURE 7
Examples of complex lesions. Transverse sections of ventricles of the swine heart on MRI scans. (A,B) shows the irregular shape of lesions with
unclear borders. During high energy applications, a “steam pop” sometimes occurs, which causes rupture of the myocardial tissue. This rupture
spreads into the myocardium and causes irregular and badly bounded lesions. (C,D) example of fused lesions—lesions formed so close each other
that they partially merge into one.
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In our study, hearts underwent MRI scanning submerged in

physiological solution (0.9% NaCl, Braun), which is easy to

handle and obtain. On the other hand, there is a background

signal on MRI scans; thus, the image background of the scan is

gray and produces suboptimal contrast. The use of Fomblin Y06/

6 is recommended by other authors for optimal outcomes (Bulte

et al., 2003) (Lipinski et al., 2006).

In Figure 7 there is a certain inhomogeneity of the image. The

shading and the brightness difference in the center and the periphery

of the image is an MRI artifact occurring during the scanning of

larger dimension samples. Since the hearts were not exactly the same

shape and size, the artifact occurred only by some of them. This

artifact did not interfere with the lesions, thus did not obstruct the

image processing, and did not affect the results. Therefore we did not

use any filter. For the future, we are working on the filter creating

and applying it on such sample scans.

A limitation of our study is that it is an ex vivomodel on a non-

beating pig heart. Also evaluation is limited in visualization of small,

not very well-demarcated lesions. As well, preparing of the heart

before MRI scanning and the scanning time itself is longer than that

of gross pathology inspection. Furthermore, access to a 9.4 T MRI

device is required. Not negligible is also the purchase price of MRI

machine and the price of the organ scanning. As the limitation of

our study must be also mentioned statistically significant difference

in interpersonal differences in our case. Interpersonal differences will

decrease with the gradually increasing experience of the observes.

5 Conclusion

Measurements obtained from pathology gross inspection and

MRI scanning did not significantly differ in absolute values;

however, MRI allows a significantly more precise assessment of

lesion volume. The measurement time of the lesions on MRI was

significantly longer from the statistical point of view, but negligible

from a practical point of view. MRI evaluation is a nondestructive

method, allowing for diverse scanning angles, resulting in clear

lesion definition and more precise volume assessment.
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