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Abstract 

Phase resetting of cardiac oscillators underlies some complex arrhythmias. Here we 

use optogenetic stimulation to construct phase response curves (PRC) for spher-

oids of human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM) 

and a computational cardiomyocyte model to identify ionic mechanisms shaping the 

PRC. The clinical utility of the human PRCs is demonstrated by adding a patient-

based conduction delay to the same equations to explain complex multi-day Holter 

ECG dynamics and cardiac arrhythmias. Periodic stimulation of these patient-based 

models and the computational model of human iPSC-CM reveal similar bifurcation 

patterns and entrainment zones. Cell therapy by injecting iPSC-CM into diseased 

hearts can induce ectopic foci-based engraftment arrhythmias. The PRC analysis 

offers a potential strategy to entrain these foci in a parameter space that avoids such 

arrhythmias.

Author summary

Biological rhythms are responsible for key life functions such as the heartbeat, 
breathing, sleeping, and reproduction. In this work, we study the effects of stimuli 
on the heart’s rhythm. A single stimulus delivered to a spontaneously beating 
cluster of human cardiomyocytes, derived from stem cells, changes the timing 
of subsequent beats. Using experimental data, we have developed a mathemat-
ical model predicting the response of human heart cells to periodic stimuli. We 
then use these insights to analyze the mechanism of a type of cardiac arrhyth-
mia (parasystole) that results from the interaction between the normal heart 
rhythm and a secondary abnormal pacemaker. By extending and personalizing 

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1013935&domain=pdf&date_stamp=2026-02-12
https://doi.org/10.1371/journal.pcbi.1013935
https://doi.org/10.1371/journal.pcbi.1013935
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4891-8585
https://orcid.org/0000-0001-8434-7076
https://orcid.org/0000-0002-6251-3376
mailto:gil.bub@mcgill.ca
mailto:entcheva@gwu.edu


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013935  February 4, 2026 2 / 17

the mathematical model, we can simulate the heart rhythms in human patients 
over extended periods of time. These results are also of interest in the context 
of a major complication that arises during an emerging therapy in which beating 
human cardiac cells are transplanted into damaged hearts. During early stages 
following the transplantation, there are often dangerous heart rhythms - engraft-
ment arrhythmias. By combining our insights concerning resetting of cardiac 
oscillators with an ionic model of heart cells, we suggest possible strategies to 
control such arrhythmias.

Introduction

Biological oscillations can be reset and entrained by appropriate stimuli [1–4]. A 
key strategy to understand and model the effects of stimuli on biological rhythms 
involves the measurement of the phase response curve (PRC) which quantifies 
the effects of a single stimulus on the oscillation as a function of its phase. Once 
the PRC is determined, we can compute the effects of periodic stimuli, assuming the 
oscillation is re-established rapidly following each stimulus. This insight was ini-
tially applied to study the effects of periodic stimuli to nerve cells [5]. Subsequently, 
these techniques have been applied in the analysis of diverse problems such as the 
effects of light on the circadian rhythm [6,7] and the effects of periodic stimuli on the 
cardiac rhythm [8,9].

PRCs are relevant to the analysis of parasystole – cardiac arrhythmia that arises 
when a cardiac region with automaticity competes with the native pacemaker (the 
sinus node) [8,10–13]. In parasystole, the abnormal focus is the source for prema-
ture ventricular complexes (PVCs), which are evident on the electrocardiogram [14]. 
However, since the PRC of human cardiac tissue has not been previously directly 
measured, theoretical work often assumes a PRC based on animal models [10–12] 
or that is inferred based on theoretical analysis [15–17].

We propose that analysis of parasystole will be also useful to optimize an emerg-
ing therapy for cardiac regeneration involving the transplantation of human induced 
pluripotent stem-cell derived cardiomyocytes (hiPSC-CM) into a diseased heart, an 
approach that has moved to clinical trials [18–20]. From a dynamics perspective, 
the transplantation of spontaneously beating hiPSC-CM into the heart can create 
an environment analogous to parasystole. A major complication associated with this 
therapy is the occurrence of potentially fatal cardiac rhythms, termed engraftment 
arrhythmias. These have been observed in large animal models within the first two 
weeks post-transplantation (injection) [19,21–23]. Electrocardiographic records from 
such studies show that at least in part, engraftment arrhythmias may result from com-
peting oscillators (the sinus node and the transplantation site) [22,24,25].

In previous work, the dynamical responses of spontaneously beating cardiac 
tissue from embryonic chicks [9] and dogs [26] to external periodic stimulation have 
been represented by finite difference equations, describing phase resetting. Here, 
we sought to extend this PRC-based analysis to capture the dynamics of hiPSC-CM 
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using experimental and computational approaches to better understand the potential role of phase resetting in the genera-
tion of PVCs in patients following stem cell grafts as well as in patients with frequent PVCs. We first experimentally obtain 
the PRC of human stem cell derived cardiac spheroids through optogenetic pacing [27]. We then adopt this empirically 
derived PRC to model PVC dynamics in clinical records. We further analyze the response of both the human iPSC-CM 
spheroids and the patient data to periodic stimulation. The developed iterative computational model capture faithfully the 
observed dynamics in the experimental and the clinical settings. To identify the molecular mechanisms shaping the PRCs 
and the dynamic responses, we construct the PRC for an ionic cell model of a hiPSC-CM [28] for a range of parameters. 
Finally, we dissect the phase-locking zones for the ionic, experimental and clinical models with the goal of developing 
strategies and interventions to reduce the PVC burden clinically.

Results

Phase response curves for hiPSC-CM spheroids

To obtain a PRC of human-derived tissue, we used self-assembled spontaneously beating spheroids of hiPSC-CM paired 
with light-responsive spheroids of non-beating human embryonic kidney cells to form a tandem cell unit [27,29], Fig 1A. 
Delivery of a blue light stimulus leads to a depolarizing current in the light-responsive spheroid that propagates to the 
hiPSC-CM spheroid coupled to it. We stimulated the light-responsive spheroid with periodic depolarizing light pulses at 
well-defined frequencies which excited the hiPSC-CM spheroids. Using this method to stimulate the hiPSC-CM triggers 
a more physiological activation of the cells and is less damaging to the cells as compared to direct electrical stimulation; 
furthermore it does not require genetic modification of the cardiomyocytes [30]. Electrical responses (action potentials, APs) 
evoked in the whole hiPSC-CM spheroids were measured optically using a voltage-sensitive dye [31–33]. This all-optical 
electrophysiology approach is scalable and allows for long-term, contactless interrogation of the hiPSC-CM spheroids [32].

Let T  denote the spontaneous cycle length of the spheroid and τ = TStim/T  be the normalized pacing cycle length, 
where TStim is the period of external stimulation. The light stimuli were 10 ms and delivered at multiple values of τ . For 
each stimulus i, delivered at phase ϕi, we measure the change in cycle length in the hiPSC-CM spheroid. Sweeping over 
multiple stimulation frequencies allows the full range of phases to be sampled, generating the PRC for the hiPSC-CM 
spheroid (Fig 1B). The resultant dynamics are shown in Fig 1C by plotting the intervals between consecutive events using 
colored dots. We fit a piecewise-defined polynomial equation g(ϕ) to this experimental PRC (Fig 1B and S1 Text). The 
spread of points around this red curve (RMSE = 0.056) reflects small long-term effects of the stimuli, measurement noise, 
and intrinsic biological noise. We use this equation to model the hiPSC-CM spheroid’s response to periodic stimulation 
[5,34]. Let ϕi be the phase of the i-th stimulus in the oscillator’s cycle. Then the phase of the next stimulus is given by

	 ϕi+1 = f (ϕi) = ϕi + τ – g (ϕi) (mod 1)	 (1)

Simulation of this model corroborates the experimental observations, Fig 1D. The dynamics are periodic with period N 
ϕi = ϕi+N and ϕi+j ̸= ϕi  for 0 < j < N; N:M periodic rhythms represent a repeating sequence of N stimuli and M action 
potentials. These experimental findings are consistent with the behavior of a perturbed oscillator (Eq. 1), with a strongly 
attracting limit cycle, i.e., following each stimulus, the cycle is reestablished, perhaps with a shift of phase.

Similar PRCs were obtained from six different stimulated hiPSC-CM spheroids (S1 Fig and S1 Table). The sponta-
neous frequency varied between 0.33 to 1.26Hz, with larger spheroids (spheroid pairs) beating slower. During the course 
of the experiment to obtain a full PRC (approximately 1 hour or longer per spheroid), the spontaneous frequency across 
the six pairs varied by about 18.5%. The discontinuity point in the constructed PRCs ranged between 0.38 and 0.71, S1 
Table. Despite variability, these human cardiac PRCs have some common features: (i) A well-defined discontinuity sepa-
rating cycle prolongation from shortening; (ii) Stimuli delivered early in the cycle have negligible effect on the cycle length 
or increase it; (iii) Stimuli delivered after the discontinuity lead to cycle shortening, with a “hook” followed by a distinctly 
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linear segment. These features are consistent with previously reported experimental [9,26] and theoretical [35,36] studies 
of PRCs of non-human cardiac oscillators. The “hook” in the human cardiac PRCs obtained here, immediately past the 
discontinuity, was more pronounced than in previous studies from different species. Near the discontinuity (phase ϕr ), a 
stimulus either delays or triggers the next beat. This may reflect the influence of stochastic fluctuations due to ion channel 
behavior [35] or due to unrelated noise.

Fig 1.  Phase response curve for human iPSC-CMs spheroids. (A) All-optical interrogation of cell spheroid pairs, shown in brightfield (BF), YFP 
fluorescence (YFP is a reporter tag for the optogenetic actuator ChR2), and BeRST1 (optical voltage sensor). (B) Trace of a full action potential cycle 
(top) and the phase-response curve (bottom), showing normalized cycle length as a function of the phase of the stimulus within the intrinsic cycle (2.4 s). 
Black dots show experimental data; the red line is the best fit of a piecewise-defined polynomial equation (S1 Text, RMSE = 0.056). (C) Dot plot showing 
intervals between stimuli of the HEK spheroid and APs of the hiPSC-CM spheroid. Colors and marker shapes denote interval type: stimulus-stimulus 
(blue circles); stimulus-AP (red squares); AP-stimulus (green diamonds); AP-AP (purple crosses). (D) Entrainment patterns observed for various pacing 
frequencies in the experiment (left) and the periodically-forced oscillator model (right). τ  is defined as the ratio of the stimulus cycle length to the intrinsic 
cycle length of the hiPSC-CMs. For periodic rhythms, locking ratios are given in parentheses in the form N:M, denoting N stimuli per M cycles of the 
forced oscillator.

https://doi.org/10.1371/journal.pcbi.1013935.g001

https://doi.org/10.1371/journal.pcbi.1013935.g001
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Modelling dynamics of PVCs in clinical records using the experimentally derived PRC

Multi-day Holter recordings from 53 patients with more than 5% PVCs enrolled in the British Columbia PVC Registry were 
used. We developed a model of modulated parasystole incorporating the experimentally derived PRC and data-driven 
techniques to fit the model to individual patient ECG recordings (see S2 Text). The empirical PRC helped constrain the 
number of free parameters in the model in a biologically-grounded manner.

The clinical data was initially screened to select patients in whom more than 80% of the PVCs had the same morphol-
ogy. This criterion yielded a subset of 40 patients. Identification of cycling coupling intervals — a hallmark of parasystolic 
dynamics [14]– further selected 7 out of the 40 patients (S2–S3 Figs). For these patients, we investigated the extent to 
which the modulated parasystole model could reproduce the clinically observed dynamics.

The modulated parasystole model builds on earlier work [12] by including a conduction delay into and out of the ectopic 
focus [37]. The model assumes a sinus pacemaker with period ts, an ectopic pacemaker with period te, a refractory period 
θ, and modulation of the ectopic pacemaker by sinus beats via a PRC (ϕ). Sinus and ectopic beats are taken as instanta-
neous events that occur at fixed times. Sinus beats reset the ectopic pacemaker according to the PRC (ϕ). Ectopic beats 
are assumed to not reset the sinus pacemaker due to a refractory block at the AV node. As observed clinically, the model 
assumes that sinus beats immediately following an ectopic beat are blocked, and vice versa. Let ϕi be the phase of the ith 
sinus beat in the ectopic cycle, determined by the timing of the sinus beat relative to the previous ectopic beat (Fig 2A). 
Then the subsequent phase is given by:

	
ϕi+1 =

{
ϕi +

ts
te

(mod 1) 0 ≤ ϕi <
ts– θ
te
,

ϕi +
ts
te
+ 1 – g

(
ϕi +

tlag
te

)
(mod 1) ts– θ

te
≤ ϕi < 1, 	 (2)

where t
lag

 is the total conduction delay into and out of the ectopic focus, and other parameters are as previously defined. 
The shifted phase ϕ + t

lag
/te represents the phase at which the sinus beat stimulus arrives at the ectopic focus (S4 Fig). 

Accounting for this conduction delay is necessary to reproduce the dynamics observed in clinical recordings.
The model includes 10 parameters (S2 Table), which are fit to each patient (see S2 Text). We can reconstruct part 

of the hypothesized ectopic pacemaker’s PRC using the ECG (Figs 2B and S5) [17]. For the model, however, g(ϕ) is 
obtained from the experimentally derived PRC which spans the entire oscillator’s cycle. Three parameters are estimated 
directly from the clinical data: the sinus period ts, the refractory period θ, and the slope of the PRC after the discontinuity 
S (S6–S7 Figs). The remaining three parameters: ectopic cycle length te, conduction delay t

lag
, and PRC discontinuity ϕr, 

are chosen to minimize the mean absolute error between the model output and the clinical recordings. S3 Table shows the 
unique set of fitted parameters for each patient.

In Fig 2C we show dynamics from a single patient alongside model simulations generated using the best-fit parameters 
for five representative values of the sinus cycle length. We observe qualitatively different dynamics at each sinus cycle 
length, all of which are captured by the model. From the model, we can infer the locking ratio between the sinus and ecto-
pic pacemakers. We observe simple ratios such as 2:1 and 3:1 locking, as well as higher-order ratios such as 11:5, which 
produce dynamics with a longer period. Notably, 2:1 locking occurs at both τ  =0.43 and τ  =0.52. At τ  =0.52, , the ectopic 
beats fall within the refractory period and are therefore blocked, resulting in purely sinus rhythm. In contrast, at the shorter 
sinus cycle length corresponding to τ  =0.43, the sinus beats land earlier in the ectopic cycle, allowing the ectopic beat to 
fall outside the refractory period and be expressed. This leads to alternating sinus and ectopic beats.

The model’s ability to reproduce dynamics over the entire recording was assessed using the Kolmogorov–Smirnov test 
[38], i.e., a good fit (p > 0.05) was considered when the inter-beat interval distribution from the simulation was not signifi-
cantly different from that of the patient record. Allowing for a ± 5% variation in the fitted parameters, the proportion of the 
recording that was well reproduced by the model ranged from 63.4% to 95.0% across patients (S3 Table).



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013935  February 4, 2026 6 / 17

Empirical bifurcation analysis

We use the empirical PRC in Fig 1B to simulate the dynamics in a periodically stimulated hiPSC-CM spheroid (Eq. 1) 
and patient ECGs with recurrent PVCs (Eq. 2). We perform a bifurcation analysis of these models to explore the dynam-
ical landscape of these systems (Fig 3). From iteration of Eq. 1, we compute the bifurcation diagram, i.e., the long-term 
stimulus phases as a function of τ for 0 ≤  τ ≤ 1.8 (Fig 3A). The diagram reveals a variety of stable periodic behaviors, 
interspersed with chaotic regions. A good agreement is seen with the experiments (overlayed in blue), despite noise. In 

Fig 2.  PVC dynamics in a patient with frequent PVCs and corresponding simulations of the modulated parasystole model. (A) A segment of the 
patient’s electrocardiogram (top) and associated inter-beat intervals (bottom). N denotes a sinus beat, V an ectopic beat (premature ventricular com-
plex, PVC). The sinus cycle length is denoted by t

s
, the ectopic cycle length by t

e
 and ϕ is the phase of the sinus beat in the ectopic cycle. Intervals are 

color-coded: NN (blue circle), NV (red square), and VN (green diamond). (B) A representation of the phase response curve of the ectopic focus, inferred 
from sequences of bigeminy (alternating sinus and ectopic beats, black dots) and trigeminy (two sinus beats between ectopic beats, gray dots) (see S2 
Text). (C) Sections of patient ECG recordings (left) and simulations of the modulated parasystole model (right), at five different ratios between sinus and 
ectopic cycle lengths (τ = ts/te). The locking ratio of the model is given in parentheses in the form N:M, denoting N sinus cycles per M ectopic cycles.

https://doi.org/10.1371/journal.pcbi.1013935.g002

https://doi.org/10.1371/journal.pcbi.1013935.g002
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Fig 3.  Dynamical regimes observed in experimental and clinical data, explained by bifurcation analysis of mathematical models. (A) Bifurca-
tion diagram of the periodically-forced oscillator model (Eq. 1) using the experimentally fitted PRC from Fig 1B. Blue dots mark experimental data. The 
shaded region indicates the range of τ  values observed in the patient data. (B) Cobweb plots for Eq. 1 at selected values of τ  studied in experiments. 
The return map is shown in red; model iterations after transients are shown in black; experimental data are overlaid in blue. The identity line, along which 
ϕi+1 = ϕi, is shown as a dashed line. (C) Bifurcation diagram of the modulated parasystole model (Eq. 2), using the same experimentally fitted PRC, 
plotted over the range of τ  values observed in the patient record. Vertical blue lines indicate specific τ  values corresponding to the clinical segments 
shown in Fig 2C. (D) Corresponding cobweb plots for Eq. 2 for each τ  value. The three regions above the graph indicate different contexts for the sinus 
beat depending on its phase. V(N), blocked sinus beat preceded by an ectopic beat; (V)N, sinus beat preceded by a blocked ectopic beat; N, single 
sinus beat. S8 Fig provides an explanation how the cobweb plots in panels B and D relate to the entrainment patterns seen in Figs 1 and 2.

https://doi.org/10.1371/journal.pcbi.1013935.g003

https://doi.org/10.1371/journal.pcbi.1013935.g003
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Fig 3B, we plot the experimental results from Fig 1C in a return map of the phase of the stimulus in the oscillator’s cycle 
length in addition to the model’s iterations. This comparison allows us to distinguish between noisy periodic dynamics (τ = 
[0.38, 0.53, 0.66, 1.74]) and chaotic rhythms (τ = 1.2). The shaded area in the bifurcation diagram of Fig 3A highlights the 
range of 𝜏 values seen in the patient. We plot in Fig 3C the bifurcation diagram for the parasystole model in Eq. 2 for 0.3 ≤  
𝜏 ≤ 0.55, which follows very similar bifurcations as those seen in the simpler model above. In this range, small variations in 
the sinus cycle length result in very different entrainment rhythms (Fig 3D), as seen in the clinical patient (Fig 2C). S8 Fig 
further clarifies the links between the return maps in Fig 3B and 3D and the entrainment patterns in Figs 1 and 2.

These simple reductionist methods highlight universal properties of periodically stimulated oscillators in experiments 
and people. The arrhythmias generated by an ectopic focus in the heart display a wide range of dynamics that only 
become obvious when considering the bifurcation analysis based on the PRC. The analysis not only describes the dynam-
ics but also suggests ways to manipulate these rhythms to obtain simple locking regions in which ectopic firing is reduced 
or abolished. In the following sections, we explore biophysical methods to modify the PRC and how these modifications 
can be used to reduce ectopic firing across the models.

Ion current contributors to the PRC in a computational model of hiPSC-CM

We carry out simulations using a computational model of a hiPSC-CM [28]. The ionic currents modelled are described in 
Fig 4A. To construct the PRC, in an AP cycle we deliver a stimulus of 10 ms and 1.5 × 10−10 A, probing the cycle at 10 ms 

Fig 4.  Phase resetting in a computational model for human iPSC-CMs. (A) Schematic representation of the ionic currents in the human iPSC-CM 
model (Paci et al, 2020). (B) Top: Trace of a full action potential cycle (black), overlaid with action potentials evoked by stimuli applied at incrementally 
increasing times (every 30 ms; traces color-coded by stimulus phase). Bottom: Corresponding phase response curve (PRC). (C) Sensitivity of the PRC 
discontinuity (ϕr ) to ionic current magnitudes (magnitude of 1 corresponds to default value). Left: ϕr  as a function of current magnitude. Right: Change in 
ϕr  following a ±30% change in the conductance of each current (shaded: -30%, opaque: + 30%).

https://doi.org/10.1371/journal.pcbi.1013935.g004

https://doi.org/10.1371/journal.pcbi.1013935.g004
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increments (Fig 4B). While most stimuli delivered in the first 70% of the cycle have minimal effect, stimuli delivered early in 
the resting phase lead to a cycle length prolongation. At phases greater than about 0.7, there is an abrupt transition (dis-
continuity) in response to stimuli; these stimuli trigger an AP. This transition is associated with an all-or-none AP response 
as a critical voltage is crossed [35].

The location of the discontinuity ϕr  plays a crucial role in determining the effects of periodic stimulation; decreasing ϕr  
increases the range of stimulus frequencies that lead to simple locking patterns. We examined the role of several ionic 
currents in the location of this discontinuity, Fig 4C. In the left panel, each current was varied in strength from 0.4x to 
1.4x the default conductance magnitude in the model (1x). The fast sodium current I

Na
 has a strong effect on the PRC, 

decreasing ϕr  as the conductance of I
Na

 is increased. The inward rectifier current I
K1

 has a powerful non-monotonic effect 
on the PRC. An increase from default values can prevent early triggering, while a decrease can significantly facilitate 
early triggering. Further decrease in I

K1
, however also prevents AP triggering. This is consistent with the complex and 

context-dependent role of I
K1

 on excitability [39]. Increases in the L-type calcium current I
CaL

, the Na/Ca exchanger current 
I
NCX

, the rapid delayed rectifier I
Kr

, and the funny/pacemaking current I
f
 have little effect on ϕr . However, reducing any of 

these currents decreases ϕr , except for I
f
 which has small effect in the opposite direction. In the right panel of Fig 4C, we 

show the change in ϕr , at + or – 30% conductance for each current. Overall, the most significant currents in determining 
the location of the discontinuity in this model are I

K1
, I

Na
, and I

CaL
. Furthermore, the in silico PRC simulations corroborate 

that lower temperature, higher stimulus strength, and longer stimulus duration decrease ϕr , helping trigger an early AP 
(S9 Fig). Note that for weak or short stimuli, there is no apparent discontinuity in the PRC.

Entrainment zones infer strategies to suppress PVCs

Fig 5 illustrates entrainment zones across the different models, and how they can guide strategies to suppress premature 
ventricular complexes (PVCs). For the periodically-forced oscillator model (Eq. 1) with a piecewise linear PRC (an approx-
imation to the PRC of the hiPSC-CM computational model, see materials and methods), distinct entrainment zones arise 
across the τ  -ϕr  parameter space (panel A). Notably, smaller values of ϕr  result in wider low-period locking zones. Similar 
entrainment zones are present in the hiPSC-CM computational model, where varying sodium channel conductance has 
a similar effect (panel B). When the oscillator model is extended to include the experimentally derived PRC (panel C) and 
then incorporated into a modulated parasystole model with patient-derived parameters (panel D), the global structure of 
the locking zones persists with slight changes based on the nonlinearity introduced in the PRC. The white line indicates 
the range of τ  values observed in the patient record. The PVC burden is computed from simulations of the modulated 
parasystole model over the same parameter range (Panel E). Under the current value of tlag fitted to the patient, variations 
in ϕr  alone do not provide a reduction in PVC burden. However, when tlag is reduced (panel F), decreasing ϕr  leads to 
fewer PVCs, as low-period locking becomes favored. In this regime, entrainment of the ectopic focus suppresses PVCs by 
timing them to fall consistently in the refractory period of the heart. Movement in parameter space toward these low-period 
zones (indicated by the white arrow) suggests a potential strategy for PVC suppression. This raises the possibility that 
modifying the PRC, for example through pharmacological interventions, could shift the system into more favorable locking 
zones and thereby reduce ectopic activity.

The locking zones in these models illustrate how small changes in parameter values can lead to dramatic changes in 
dynamics. To reproduce the observed rhythms across a patient record, it was necessary to allow parameters in the model 
to vary, consistent with the notion that physiological factors such as conduction velocity, autonomic tone, and excitability 
fluctuate over the day. This non-stationarity may help explain why patients with frequent PVCs sometimes present without 
PVCs on the day of their scheduled ablation.

Discussion

We provide experimental characterization of PRCs for hiPSC-CM spheroids, using optogenetic stimulation and optical 
mapping. These PRCs share morphological similarities with curves from chick embryo heart cells [40] and canine Purkinje 
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fibers [11], confirming universality of such responses. PRCs from an in silico model of these hiPSC-cardiomyocytes reveal 
the contribution of various ionic currents to phase resetting. There are several important applications of the empirically 
derived PRCs and the developed parasystole models.

First, combining the empirical human cardiac PRC (from hiPSC-CM spheroids) with a model for modulated parasys-
tole reproduced many of the complex rhythms observed in patients with recurrent PVCs. Given that parasystole is highly 
correlated with future occurrence of ventricular fibrillation in cardiomyopathy patients [41], and can lead to sudden car-
diac death following cardiac ablation [42], identification of patients with parasystole should be useful for risk stratification. 
Further, in fitting the model to the patient ECG, we obtain an estimate for the conduction delay between sinus beats and 
activation of the ectopic site. This measure may be useful in estimating the site of origin and severity of the PVCs (Pur-
kinje vs. other) [43,44] and predicting the effect of changes in conduction velocity due to factors such as interstitial fibrosis 
and/or non-cardiomyocyte cell types.

A second potential area of application of the PRC analysis is the engraftment of hiPSC-CM for heart regeneration. 
Engrafted hiPSC-CMs behavior is consistent with a stimulated oscillator [45]. At least eight clinical trials are underway 

Fig 5.  Locking zones across different models and an implied strategy for suppressing PVCs. (A) Locking zones in the oscillator model with a 
piecewise linear PRC, shown as a function of τ  and ϕr . Inset numbers indicate the locking ratio N:M, and colors represent the period N; “Period 0” refers 
to aperiodicity or N > 5. The dashed box highlights the region also examined in the ionic model. (B) Locking zones in the ionic model as a function of 
sodium channel conductance. Similar locking regions appear in the oscillator model with a linear PRC (dashed box). (C) Locking zones in the oscilla-
tor model using the empirical PRC. (D) Locking zones in the modulated parasystole model, using the same PRC and other parameters derived from 
patient data. The white line indicates the range of 𝜏 values observed in the patient record. (E) Percentage of PVCs observed in the modulated parasys-
tole model fit with patient data. (F) Percentage of PVCs averaged over 𝜏, shown as a function of ϕr  and tlag (conduction time into and out of the ectopic 
focus). The white dot marks parameter values fit to the patient. The white arrow indicates the direction associated with a reduced PVC burden.

https://doi.org/10.1371/journal.pcbi.1013935.g005

https://doi.org/10.1371/journal.pcbi.1013935.g005
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in Japan, Germany and China to deliver hiPSC-CMs or engineered constructs of such cells in patients with heart failure 
or other cardiac pathology [18,19]. Engraftment of these cells in large animal models often was associated with tran-
sient engraftment arrhythmias within the first two weeks while the graft is loosely coupled to the donor heart. Large-
scale tissue simulations focused exclusively on the graft-host electrical coupling affecting the engraftment arrhythmia 
propensity [24,25,46]. As such coupling strengthens over time, the engraftment arrhythmias subside. In addition, sup-
pression of the ectopic activity from the graft reduced the incidence of lethal arrhythmias originating from this ectopic 
focus [22,47].

There is a desire to increase the safety of hiPSC-CM transplantation by engineering the graft to have anti-arrhythmic 
properties upon transplantation or by administering pharmacological therapy within the vulnerable window. Our PRC 
analysis and parasystole modeling offer insights on ion channel targets and can inform ongoing pharmacological treat-
ments [47] and gene-editing approaches [22] to prevent engraftment arrhythmias. This can be done by revealing critical 
molecular targets to enlarge the simple locking entrainment zones (Figs 4, 5), by in depth exploration of the dynamics of 
the system (Fig 3), and by data-driven personalization for a particular patient (Fig 2) to devise rhythm control strategies. 
While large-scale 2D and 3D cardiac tissue modeling with patient-specific geometries is making strides in devising “digital 
twins” in clinical cardiology [48], longer-term dynamics simulations of rhythm disturbances require a different, computa-
tionally efficient approach, as showcased here, to fully leverage multi-day patient records for personalized diagnosis and 
treatment.

Materials and methods

Ethics statement

In vitro experiments with human iPSC-CMs were conducted at George Washington University under an approved Insti-
tutional Biosafety Committee (IBC) protocol IBC-21–131. For the ECG records, the use of data arising out of the Car-
dioSTAT Holter monitors, and the protection of personal information with regard to the CardioSTAT that is used by each 
individual wearer of the CardioSTAT was approved by the University of British Columbia Research Ethics Board and is in 
compliance with its policies. For this study, anonymized data was used and therefore no consent was obtained.

Cell spheroid assembly and pairing

To collect experimental PRCs from human iPSC-CMs we used a two-spheroid model, where an optogenetically-
responsive cell spheroid was coupled to a spheroid of unmodified human iPSC-CMs and light pulses were used to perturb 
the system, while the generated responses (action potentials) were measured optically.

We previously developed an immortalized 293T-HEK cell line expressing ChR2 tagged with yellow fluorescent pro-
tein (YFP) [27] using the Addgene construct pcDNA3.1/hChR2(H134R)-eYFP (from Karl Deisseroth). ChR2-HEK cells 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM, ATCC) with 10% fetal bovine serum (FBS), 1% 200mM 
L-Glutamine, and 1% penicillin-streptomycin. After trypsinization, using 0.05% trypsin-disodium ethylenediaminetetraacetic 
acid (EDTA), spheroids were formed by plating the cell suspension at ~2.5 to 10 × 103 cells per well in ultra-low-
attachment, round bottom Corning 96-well (#CLS4920, Millipore Sigma) or 384-well (#CLS3830, Millipore Sigma) plates. 
Spheroids were typically used the following day.

Human induced pluripotent stem-cell-derived cardiomyocytes (hiPSC-CMs) were thawed following the manufacturer’s 
protocol (iCell2, #R1017, Fujifilm-Cellular Dynamics, with purified ventricular phenotype). The cells were suspended in 
plating media and seeded at about 5–10 × 103 cells/well in ultra-low attachment, round bottom plates. 50% of iCell mainte-
nance medium was replaced every 48 hours to maintain spheroid integrity.

One ChR2-HEK spheroid and one hiPSC-CM spheroid were carefully transferred to the same well in a separate Corn-
ing 384-well spheroid microplate, avoiding shear forces, and the paired spheroids were incubated for 3–24 hours to form 
electrical contact.
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Functional experiments with all-optical electrophysiology

Measurements were performed on an inverted Nikon Eclipse Ti2 microscope at 20 × magnification. The hiPSC-CM spher-
oids were labeled with the small-molecule, voltage-sensitive BeRST1 dye at a 2 µM concentration (generously provided 
by Evan W. Miller [33], following procedures established in previous studies [31]. Optogenetic stimulation was done 
through a digital micromirror device (DMD) (Polygon 4000, Mightex, Toronto, ON, Canada) using 470 nm blue light pulses 
at 10 ms duration, < 0.15 mW/mm2, at various frequencies to drive the hiPSC-CM spheroids while the illuminated region 
was covering the ChR2-HEK spheroid. For entrainment experiments, the same setup was used, but pulse durations 
were adjusted to 5, 10, or 20 ms. Optical voltage imaging with BeRST1 dye involved 660 nm excitation, with emitted light 
captured with a long pass filter at 700 nm using an iXon Ultra 897 EMCCD camera (Andor Technology Ltd., Belfast, United 
Kingdom), at 206 fps.

Experimental protocols

To collect data for construction of the PRC, for each spheroid pair, a 40 sec recording of spontaneous activity was taken 
initially to calculate the hiPSC-CM spheroid’s spontaneous rate. Using this spontaneous rate, the stimulus frequency was 
defined by solving

	
R =

Spontaneous frequency (Hz)
Stimulus Frequency (Hz) 	

where R is a user-defined ratio. A subsequent recording was then taken consisting of three phases: the first 40 sec cap-
tured spontaneous activity (no excitation), the next 10 min applied optical excitation to the stimulation region at the cal-
culated frequency, and the final 40 sec recorded spontaneous activity to give the excitable cells time to recover between 
each tested frequency. Voltage activity was recorded from the sensing region of the hiPSC-CM spheroid for the entire 
duration. This process, including recalculating the spontaneous rate, was conducted for each value of R. After all tests, 
one final spontaneous recording was taken. These recordings were performed for n = 6 spheroid pairs with all optical 
pulses set to 10 ms durations.

To collect entrainment data, a similar protocol was used with some differences. Based on an initial 40 sec record of 
spontaneous frequency, 13–17 various pacing frequencies were applied - below, above, or close to the spontaneous rate. 
Each recording consisted of three phases: 30 sec of spontaneous activity, 1 min of optical excitation, then a final 30 sec of 
spontaneous activity for recovery between frequencies. Additional 40 sec spontaneous recordings were performed periodi-
cally to check the spontaneous rate and a final spontaneous recording was taken after all measurements were completed. 
These recordings were conducted on n = 1 spheroid pair with data collected at optical pulse durations of 5, 10, and 20 ms. 
Phase resetting data was also obtained for this spheroid pair at all three pulse durations using the methods described 
previously, with 5 min of optical stimulation recorded instead of 10min.

Entrainment in an ionic model of a human iPSC-CM

We investigated the phase resetting curves (PRCs) from an ionic computational model of human cardiomyocyte by 
Paci et al., that was constrained by multiple experimental voltage and calcium records obtained by all-optical elec-
trophysiology from the same ventricular-like hiPSC-CMs as used here [28]. This model follows the classic Hodgkin-
Huxley formulation and includes the cytosol and sarcoplasmic reticulum compartments. The MATLAB implementation 
is made available by the authors. We simulate the model at 37˚C with external ionic concentrations of [Na+]

o
 = 151 mM, 

[K+]
o
 = 5.4 mM, and [Ca2+]

o
 = 1.8mM, and internal initial ionic concentrations of [Na+]

i
 = 9.2 mM, [K+]

i
 = 150 mM, 

[Ca2+]
i
 = 0.0002 mM, and [Ca2+]

SR
 = 0.32 mM. Keeping the default parameters of the model, we obtain a cycle length of 

1.71 sec for the simulated cell.
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For the locking zones in Fig 5A of the manuscript, we use a piecewise linear equation to model the PRC.

	
g(ϕ) =

{
1 0 ≤ ϕ < ϕr
ϕ ϕr ≤ ϕ < 1 	

where ϕr  is the phase at the discontinuity. This serves as a simple approximation to the PRC obtained in the ionic model. 
To compute the locking zones of the ionic model in Fig 5B, we simulate the Paci model using the Python package myokit 
[49] which employs the solver CVODES [50] for fast numerical integration of stiff ordinary differential equations.

Supporting information

S1 Text. Fitting a polynomial equation to experimental PRCs. 
(PDF)

S2 Text. Parasystole and resetting in clinical ECGs. 
(PDF)

S1 Fig. Phase-resetting curves for individual hiPSC-CM spheroids. The red line shows the fitted PRC function given 
by Eq. (1). Optimal parameters were obtained using a nonlinear least-squares algorithm (Trust Region Reflective method). 
Best-fit parameter values for each aggregate are listed in S1 Table. The inset shows the root mean squared error (RMSE) 
of each fit.
(PDF)

S2 Fig. Filtering of clinical data based on the presence of a dominant PVC morphology and a cycling coupling 
interval. 
(PDF)

S3 Fig. Sections of patient data with cycling coupling intervals (left) and corresponding model simulation (right). 
Each panel shows inter-beat intervals from six different patient records identified as exhibiting a cycling coupling interval. 
Intervals are color-coded as follows: blue for sinus–sinus, red for sinus–ectopic, green for ectopic–sinus, and purple for 
ectopic–ectopic beats. These sections are used to fit the model parameters te, tlag, and ϕr for each record by minimizing 
the mean absolute error between the model simulation and the data.
(PDF)

S4 Fig. Illustration of conduction time into and out of the ectopic focus. This ECG shows a bigeminal rhythm 
(alternating sinus beats and ectopic beats). Assuming the ectopic beats originate from an ectopic pacemaker, we 
define the phase ϕ as the time between the ectopic beat and the subsequent sinus beat divided by the natural period 
of the ectopic pacemaker te. We assume that there is a conduction time tout from the firing of the ectopic pacemaker 
to the time of the PVC.We also assume there is a conduction time t in from the time of the sinus beat to the modula-
tion of the ectopic focus. The shifted phase ϕ + tlag/te therefore represents the phase at which sinus stimulus arrives 
at the ectopic focus.
(PDF)

S5 Fig. Notation for beat-to-beat intervals. (A) Trace shows a section of ECG from record AC5137 during bigeminy 
(one sinus beat in between ectopic beats). VN1 denotes the interval from the ectopic beat to the (first) sinus beat. VV0 
denotes the intrinsic ectopic cycle length. VV1 denotes modified ectopic cycle length due to the sinus beat. (B) Trace 
shows a section of the same record in trigeminy (two sinus beats in between ectopic beats). VN1 denotes the interval 
from the ectopic beat to the first sinus beat. VN2 denotes the interval from the ectopic beat to the second sinus beat. 
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VV0 denotes the intrinsic ectopic cycle length. VV1 denotes modified ectopic cycle length due to the first sinus beat. VV2 
denotes the modified cycle length due to the first and second sinus beats combined.
(PDF)

S6 Fig. Estimating the PRC resetting slope (S) from the ECG. (A) Inter-beat intervals for a 30 s section of ECG from 
record AC5137. Intervals are either between two sinus beats (blue), between a sinus and an ectopic beat (red) or between 
an ectopic and sinus beat (green). (B) The interval between two consecutive ectopic beats (VV) as a function of the inter-
val between the first ectopic and intervening sinus beat (VN) during periods of NIB = 1 (a single sinus beat between two 
ectopic beats). The slope of the linear regression through the points provides an estimation for the slope of the resetting 
curve (S).
(PDF)

S7 Fig. Estimating the refractory period (θ) from the ECG. (A) Distributions of the coupling interval (NV) at different 
values of the sinus cycle length (bins of width 0.1 s) for record AC5137. (B) Linear regression through the points that mark 
the 5th percentile of each distribution. The refractory period at a given sinus cycle length is taken as the coupling interval 
on this linear regression minus a fixed amount ϵ = 0.05 s. Let m and c be the slope and intercept of the linear regression, 
then (ts) = (ts − c)/m −  ϵ.
(PDF)

S8 Fig. Notation in Poincare´ Maps. (A) Poincare´ map from Fig 3B for 𝜏  = 0.66, showing a stable cycle of period 3. At 
this phase-locking pattern, the stimulus phase in the oscillator’s cycle alternates between ϕ

1
, ϕ

2
, and ϕ

3
. (B) Signal trace 

for the same experiment, showing the three phases of the stimulus in the phase-locked pattern. (C) Corresponding inter-
beat intervals, with the same notation as in Figs 1D and 2C.
(PDF)

S9 Fig. Effects of temperature, stimulus strength, and duration on the PRC from the Paci et al. 2020 ionic model 
(A) Stimulus strength =  0.15 nA, stimulus duration = 10 ms, temperature from 21°C in indigo to 41°C in yellow. (B) 
stimulus strength from 0.05 nA in indigo to 0.19 nA in green, stimulus duration = 10 ms, temperature = 37°C. (C) stimulus 
strength = 0.15 nA, stimulus duration from 5 ms in indigo to 20 ms in blue, temperature = 37°C.
(PDF)

S1 Table. Optimal parameters for fitting the PRC function (Eq. (1)) to the experimental PRCs shown in S1 Fig. 
Aggregate labels correspond to the panel labels in S1 Fig. The root mean squared error (RMSE) is used to assess 
the goodness of fit. The intrinsic cycle length (iCL) represents the range of spontaneous beat intervals.
(PDF)

S2 Table. Parameters, definitions, and estimation methods for the modulated parasystole model. Ranges/values 
are across the 7 patients identified as having cycling coupling intervals given in S3 Table. PRC: phase response curve; s: 
seconds; –: dimensionless.
(PDF)

S3 Table. Model parameter values determined for each patient, along with the proportion of 30-second segments 
of the ECG record that are well described by the model within a ±5% and ±10% variation in parameter values. The 
sinus cycle length (ts) is measured for each 30-second section of the record and given as a range. The refractory period 
(θ) is determined from a linear function of ts, derived from the distribution of coupling intervals across heart rates (S7 Fig). 
The ectopic cycle length (te), the lag time (t

lag
), and the PRC discontinuity (ϕ𝑟) are determined by fitting the model to a 

30-second section identified as having cycling coupling intervals. The slope of the PRC (S) is determined by the slope in 
the plot of VV intervals against VN intervals (S6 Fig). The model is considered a good fit if the Kolmogorov–Smirnov test 
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does not detect a statistically significant difference (p > 0.05) between the interbeat interval distributions of the patient and 
the model.
(PDF)
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