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Aims Direct remuscularization with pluripotent stem cell-derived cardiomyocytes (PSC-CMs) seeks to address the onset
of heart failure post-myocardial infarction (MI) by treating the persistent muscle deficiency that underlies it.
However, direct remuscularization with PSC-CMs could potentially be arrhythmogenic. We investigated two possi-
ble mechanisms of arrhythmogenesis—focal vs. re-entrant—arising from direct remuscularization with PSC-CM
patches in two personalized, human ventricular computer models of post-MI. Moreover, we developed a principled
approach for evaluating arrhythmogenicity of direct remuscularization that factors in the VT propensity of the pa-
tient-specific post-MI fibrotic substrate and use it to investigate different conditions of patch remuscularization.

....................................................................................................................................................................................................
Methods
and results

Two personalized, human ventricular models of post-MI (P1 and P2) were constructed from late gadolinium enhanced
(LGE)-magnetic resonance images (MRIs). In each model, remuscularization with PSC-CM patches was simulated under differ-
ent treatment conditions that included patch engraftment, patch myofibril orientation, remuscularization site, patch size (thick-
ness and diameter), and patch maturation. To determine arrhythmogenicity of treatment conditions, VT burden of heart mod-
els was quantified prior to and after simulated remuscularization and compared. VT burden was quantified based on
inducibility (i.e. weighted sum of pacing sites that induced) and severity (i.e. the number of distinct VT morphologies induced).
Prior to remuscularization, VT burden was significant in P1 (0.275) and not in P2 (0.0, not VT inducible). We highlight that
re-entrant VT mechanisms would dominate over focal mechanisms; spontaneous beats emerging from PSC-CM grafts were
always a fraction of resting sinus rate. Moreover, incomplete patch engraftment can be particularly arrhythmogenic, giving rise
to particularly aberrant electrical activation and conduction slowing across the PSC-CM patches along with elevated VT bur-
den when compared with complete engraftment. Under conditions of complete patch engraftment, remuscularization was al-
most always arrhythmogenic in P2 but certain treatment conditions could be anti-arrhythmogenic in P1. Moreover, the
remuscularization site was the most important factor affecting VT burden in both P1 and P2. Complete maturation of PSC-
CM patches, both ionically and electrotonically, at the appropriate site could completely alleviate VT burden.

....................................................................................................................................................................................................
Conclusion We identified that re-entrant VT would be the primary VT mechanism in patch remuscularization. To evaluate the

arrhythmogenicity of remuscularization, we developed a principled approach that factors in the propensity of the
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patient-specific fibrotic substrate for VT. We showed that arrhythmogenicity is sensitive to the patient-specific fi-
brotic substrate and remuscularization site. We demonstrate that targeted remuscularization can be safe in the ap-
propriate individual and holds the potential to non-destructively eliminate VT post-MI in addition to addressing
muscle deficiency underlying heart failure progression.
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1. Introduction

Persistent muscle deficiency underlies systolic heart failure (HF) progres-
sion post-myocardial infarction (MI) and remains unaddressed.
Attributable to low cardiomyocyte turnover (<1% annually) in the adult
human ventricles,1,2 persistent muscle deficiency post-MI can cause
chronic mechanical overload that contributes to pathological remodeling
and worsening contractile function of the surviving myocardium.
Consequently, nearly 20% of post-MI patients over the age of 45 will
progress towards HF in 5 years.3 In end-stage HF, heart transplantation
remains the best treatment option to date despite an extreme shortage
of donor hearts.4 The urgent need for regenerative therapies that ad-
dress post-MI muscle deficiency is growing as the global prevalence of
post-MI HF continues to rise.3

Direct remuscularization is one promising regenerative approach to
treat post-MI muscle deficiency. In this approach, exogenous cardiomyo-
cytes (CMs) are introduced to replace those lost during MI.5–9 Systolic
contraction is enhanced by the integration of these graft myocytes with
that of the host ventricular myocardium. Pluripotent stem cell-derived
cardiomyocytes (PSC-CMs) have typically been used because of their
wide availability.10–12 Delivery of PSC-CMs into the post-MI ventricles
has been accomplished either through intramyocardial injection13–16 or

transplantation of engineered myocardial patches.17–22 In intramyocar-
dial injection, cultured PSC-CMs are first dissociated and suspended in
solution before injection; to create myocardial patches, PSC-CMs are in-
tegrated into synchronously beating tissues prior to transplantation.
Both modalities have demonstrated PSC-CM engraftment, decreased in-
farct size, and instances of improved ventricular contractility.13,17,23 PSC-
CMs have also been observed to morphologically mature13,22,24,25 in vivo.
Compared with intramyocardial injection however, myocardial patch
transplantation has resulted in higher PSC-CM viability and
engraftment.17,20,21

Regardless of delivery modality, graft-induced arrhythmias pose a criti-
cal concern but remain difficult to study in vivo. In vivo reports of graft-in-
duced VT, a life-threatening heart rhythm disorder, have been
inconsistent. While some pre-clinical large animal model studies have
observed alarmingly high rates of VT,13,14,26 others have not.17,23 Direct
remuscularization with PSC-CMs in small animal model studies has been
found to not be arrhythmogenic20,27 and to be potentially even anti-ar-
rhythmic.15 These inconsistent findings can be partially attributed to the
fact that infarct geometry and size cannot be precisely controlled experi-
mentally. The individualized heterogeneous distribution of infarcted tis-
sue itself can promote the initiation and maintenance of re-entrant VT
post-MI28,29 prior to remuscularization. The current methodology of
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comparing VT across pooled control and treatment groups is inexact be-
cause the contribution of the individual post-MI substrate pre-remuscu-
larization is not considered in the treated group; this uncertainty is
exacerbated by the weak statistical power of most pre-clinical large ani-
mal studies. Moreover, the long-term arrhythmia consequences of par-
tial remuscularization with PSC-CMs remain to be thoroughly studied;
how to modify the myocardial substrate (i.e. distribution of infarcted tis-
sue) with graft myocardium in a way that minimizes risk and burden for
re-entrant VT also remains unknown.

In this three-dimensional (3D) computational study, we aimed to ad-
dress three principal knowledge gaps. Figure 1 presents an overview of
the study and our findings. Firstly, we simulated remuscularization with
PSC-CM patches (left) and sought to determine whether focal vs. re-en-
trant VT mechanisms dominate (middle). Spontaneously beating PSC-
CMs have been observed to generate regular ectopic beats when
injected intramyocardially into the ventricles.30 However, it remains un-
known whether a graft-induced, focal mechanism or a re-entrant mecha-
nism would drive VT in the context of patch remuscularization. After we
identified that re-entry would be the primary VT driver, we next sought
to determine whether the patient-specific post-MI substrate would affect
the emergence of graft-induced re-entrant VT in remuscularization with
PSC-CM patches (right). We studied this in two 3D biophysically de-
tailed, personalized human ventricular models (P1, P2) of post-MI with
distinctly different infarct size, geometry, and accompanying VT burden;
models were constructed from clinical late gadolinium enhanced (LGE)-
magnetic resonance images (MRIs).28 Thirdly and lastly, we sought to

determine how different remuscularization treatment conditions (i.e. lo-
cation, patch size, fibre orientation) altered VT burden and dynamics of
re-entry. A principled approach was developed to determine arrhyth-
mogenicity of PSC-CM patch remuscularization across different treat-
ment conditions by comparing VT burden following simulated treatment
to that of baseline. We present evidence that the patient-specific fibrotic
substrate together with the site of remuscularization plays a role in the
arrhythmogenicity of remuscularization (right). While optimality of
remuscularization—both identifying the appropriate candidate and the
appropriate treatment conditions—remains an open question, our pro-
posed methodology enables the exploration of arrhythmogenicity that
complements in vivo investigations. Our approach demonstrates the util-
ity of biophysical human models in addressing the safety of remusculari-
zation therapy and providing a bridge between pre-clinical animal studies
and human clinical trials.

2. Methods

2.1 Modelling remuscularization with
PSC-CM patches in clinical LGE-MRI-based
human post-MI heart models
Remuscularization with PSC-CM patches was studied in two different
3D personalized models of the post-MI ventricles to determine how
arrhythmogenicity of remuscularization is affected by the patient-specific
post-MI substrate. For the two personalized heart models, the Johns

Figure 1 Study overview. Patient-specific, post-MI ventricular heart models (left) derived from LGE-MRIs with biophysically detailed representations
of non-infarcted (maroon), peri-infarcted grey zone (pink), and scar (black) myocardial regions were used to study the arrhythmia consequences of direct
remuscularization with engineered pluripotent stem cell-derived cardiomyocyte (PSC-CM) patches (blue). When the transplantation and integration of
PSC-CM patches onto the post-MI models were simulated, re-entry (top middle) was identified as the primary driver of ventricular arrhythmia as op-
posed to focal ectopy (bottom middle) arising from intrinsic PSC-CM automaticity. Arrhythmogenicity of remuscularization was closely linked to both
the transplantation site and the patient-specific post-MI fibrotic substrate (right).

Arrhythmia burden before and after patch remuscularization 1249
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Hopkins Institutional Review Board (IRB) approved sharing of de-identi-
fied patient data; the IRB did not require patient informed consent given
the retrospective nature of the study. Full details of the 3D model recon-
struction process and electrophysiology modelling can be found in previ-
ous publications by our group.28,31 Briefly, boundaries of the myocardial
wall were first manually contoured for each MRI stack; non-infarcted,
grey zone, and scar regions in the myocardium were delineated by signal
thresholding. The wall contours and regions were then merged to create
the final geometric ventricular reconstruction. Fibre orientations were
assigned in each geometric model using a previously validated rule-based
approach.32 In non-infarcted myocardium regions, human ventricular
cardiomyocyte membrane kinetics were simulated using the ten
Tusscher–Panfilov formulation.33 Modifications to the ionic model were
incorporated to represent electrophysiological remodelling in grey zone
myocardium. Infarcted myocardium was modelled as non-conducting
and unexcitable. Tissue conductivities in non-infarcted and grey zone
myocardium were assigned as previously described28,31 with appropriate
adjustments incorporated into the latter to reflect connexin-43 (Cx43)
remodelling observed experimentally. Electrical wave propagation in 3D
heart models was governed by the monodomain formulation; all simula-
tions were executed with the CARP software package34,35 on a parallel
computing system.

Transplantation and engraftment of PSC-CM patches were modelled
as follows. Myocardial patch transplantation, compared with intramyo-
cardial injection, can only occur along the epicardium and cell migration
is minimal because PSC-CMs are first integrated into confluent sheets
in vitro.17,20,22 In each heart model, PSC-CM patches were circular in
shape and transplanted onto the ventricular myocardium below the epi-
cardium enabling direct interfacing between host and graft. Access to the
myocardium below the epicardium has been clinically reported,36,37 but
details regarding how this has been achieved experimentally in vivo across
several published studies remain limited.17,21,38 Simulating myocardial
patch transplantation and engraftment was accomplished in three steps.
First, all points along the epicardium of the finite element mesh were first
identified. Next, the subset of points within a specified distance from a
centering point specified the size and location of the patch. Finally, all ele-
ments with a vertex that included at least one of these points were iden-
tified and thus completely specifying the PSC-CM patch region. Patch
thickness was varied across 300 lm, 1 mm, and 2 mm. However, 300 lm
represents the limits of what has been experimentally accomplished
with purely PSC-CM patches to date.17,21,38 Unless otherwise specified,
PSC-CM patch myofibres were assumed to be aligned to that of adjacent
myofibres in the host myocardium. Alignment of PSC-CMs has been ob-
served to contribute to anisotropic conduction in patches in vitro18,39

much like how alignment of ventricular cardiomyocytes contributes to
anisotropic conduction in vivo.40,41 To study the consequences of mis-
aligned PSC-CM myofibres, patch fibre orientations were altered. In
cases where patch fibres were aligned but not properly oriented with
the local host myofibres, patch fibres were rotated ±45� or ±90� with
respect to the surface normal of the nearest epicardial element face. In
cases where patch fibres were not aligned, fibres were randomly rotated
(rotation angles were sampled from a uniform distribution between
±90�) with respect to the surface normal of the nearest epicardial ele-
ment face.

Membrane kinetics in the PSC-CM patches were represented by the
Paci et al.42 formulation for a ventricular-like, human-induced pluripotent
stem cell-derived cardiomyocyte (hiPSC-CM)42; this subtype was se-
lected because it is the most appropriate for remuscularization of the
ventricles. Unless otherwise specified, tissue conductivities in PSC-CM

patches were 10% of that in normal myocardium; this is because PSC-
CM patches cultured in vitro have lower levels of Cx43 expression and
noticeably slower conduction velocity (CV) compared with native ven-
tricular myocardium.18 Lastly, we simulated cases of complete and partial
patch engraftment. In the former (Supplementary material online, Figure
S1A), electrotonic coupling between the host and graft was assumed to
be determined by the composition of the underlying myocardial sub-
strate (i.e. non-infarcted, grey zone, or scar). In the latter, however, elec-
trical coupling of the transplanted PSC-CM patch and host myocardium
is just beginning to form43 and is distinct from either. To simulate this,
conductivity between the graft and host myocardium was both isotropic
and reduced (magnitude of transverse conductivity of non-infarcted
myocardium). This interface (one-element thick) did not have any speci-
fied membrane kinetics despite having a distinct electrical conductivity
(Supplementary material online, Figure S1B). Ultimately however, nodal
assignment of ionic properties remained identical across both simulated
conditions of complete and partial engraftment.

2.2 Quantifying re-entrant VT burden and
determining arrhythmogenicity
The burden for re-entrant VT was quantified using a newly defined met-
ric called the VT burden score (VBS) in each heart model across each
simulated remuscularization treatment condition. We defined VBS as
the product of two measured summary statistics: inducibility and sever-
ity. These statistics were computed from results obtained using our pre-
viously published Virtual-heart Arrhythmia Risk Predictor (VARP)
protocol.28,31 In VARP, patient-specific ventricular models were sub-
jected to simulated pacing from 19 uniformly distributed endocardial
sites (2 in the right ventricle and 17 in the LV) in an attempt to induce re-
entrant VTs. Pacing locations were automatically assigned44 in the LV
based on the AHA LV segments.45

From the simulation results, inducibility and severity were computed
as follows. Inducibility, a measure of VT susceptibility, was computed as
the weighted sum of all instances of induced re-entrant VT normalized
by the total number of pacing sites (19). The weight for each instance of
induced VT was the reciprocal of the number of premature stimuli re-
quired to induce VT (at most 4). Bounded between 0 and 1, inducibility
can be thought of as a probability for VT induction in response to pacing
in the heart model. Severity represented the number of unique re-en-
trant VT morphologies that could be induced in each personalized
model. VT morphologies were determined in a semi-automated fashion
using pseudo-ECGs as outlined below.

The VBS of models at baseline and after simulated remuscularization
under various conditions were compared to determine arrhythmogenic-
ity of treatment. A treatment condition was arrhythmogenic if its corre-
sponding VBS was elevated compared with that at baseline.

2.3 Semi-automated determination of
unique VT morphologies
Unique VT morphologies were determined quantitatively by comparing
pseudo-ECGs from the final two seconds of simulation if re-entrant VT
was induced. To compute pseudo-ECGs, lead positions around the heart
were determined with respect to the heart geometry and its anatomical
orientation. A schematic of lead positioning and description of bipolar
pseudo-ECG lead computation is shown in Supplementary material on-
line, Figure S2. To compare pseudo-ECGs, traces were first aligned by de-
termining the time lag that minimized the sum-squared differences. VT
morphologies were considered the same if the sum-squared difference
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was less than 100; morphologies were considered distinct if the sum-
squared difference exceeded 300. VT morphologies were manually
inspected to determine uniqueness if the sum-squared differences were
between 100 and 300. All distinct VT morphologies following patch
remuscularization can be found in the Supplementary material online
(Figure S4 for P1 and Figure S5 for P2).

3. Results

3.1 Characterization of baseline VT burden
in P1 and P2
VT burden was characterized in the two patient-specific models (P1 and
P2) at baseline prior to simulated remuscularization. This baseline was
used to provide an accurate determination of arrhythmogenic remuscu-
larization conditions. While P1 had large infarct that spanned most of the
anterior LV as well as the septum, P2 had a moderate infarct localized to
the posterior superior LV (Figure 2A). VT was induced from three pacing
sites in P1 (Figure 2A, top), two of which induced on S3 and one on S4.
Contrarily, P2 was not inducible for VT (Figure 2A, bottom). In P1, all in-
duced VT morphologies were distinct (Figure 2B). In morphology B1

(Figure 2B, top), re-entrant waves revolved clockwise anchoring along
scar in the lateral LV; a bystander wave propagated around the scar in
the basal anterior LV. In morphology B2 (Figure 2B, middle), a figure of
eight re-entry anchored around the scar in the apical anterior and lateral
LV. A double figure of eight characterized morphology B3 (Figure 2B,
bottom); one of the figure of eight re-entries anchored at scar in the
basal anterior LV near the septum, while the other anchored along the
apical anterior LV wall. In total, the baseline inducibility and VT burden of
P1 were 0.0917 and 0.275, respectively. P2’s baseline inducibility and VT
burden were both 0.0. These are summarized in Figure 2C and D,
respectively.

3.2 Re-entrant mechanisms dominate over
focal mechanisms in patch
remuscularization
In the first set of experiments, we sought to identify the primary cause of
arrhythmia in direct remuscularization of the infarcted ventricles with
PSC-CM patches. Specifically, whether VTs would be driven or sustained
by graft-induced focal ectopy or re-entry. We tested the former hypoth-
esis using an idealized contiguous PSC-CM graft with finite volume
(0.344± 0.035 cm3) (Figure 3A). The rate of graft-induced spontaneous

Figure 2 VT burden in P1 and P2 at baseline prior to simulated remuscularization. (A) Infarct regions (peri-infarct grey zone in pink, scar in black) of P1
and P2 are visualized with semi-transparent non-infarcted regions. Left (LV) and right (RV) ventricle chambers are labelled. While P1 exhibited a large an-
terior LV infarct that extended into the septum, P2 exhibited a moderate posterior, superior LV infarct. (B) Inducibility maps of P1 (top) and P2 (bottom)
indicate the outcome of rapid pacing at each endocardial pacing site (19 total). In P1, VT was induced from three pacing sites, two on S3 (red) and one on
S4 (pink). In P2, VT was not induced. (C) Activation maps and pseudo-ECG traces are shown for the three distinct VT morphologies (B1, B2, and B3) in-
duced in P1 at baseline. Activation map colours indicate the sequence of electrical excitation from early (blue) to late (red) for one cycle of re-entry.
Pseudo-ECGs show the electrical waveforms for each distinct VT morphology across time. (D) Bar graphs of VT burden in P1 and P2 at baseline; inducibil-
ity is overlaid on the VT burden score (VBS). P1 had significant VT burden (VBS = 0.275, inducibility = 0.917, severity = 3), while P2 had none (VBS = in-
ducibility = severity = 0).

Arrhythmia burden before and after patch remuscularization 1251
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..ectopic propagations was quantified across a range of graft myocardium
conductivities (10%, 40%, and 100% relative to non-infarcted myocar-
dium) and interfacing surface area between host and graft myocardium.
The frequency of graft-induced ectopic propagations was reduced by ei-
ther increasing coupling between PSC-CMs within the graft or increasing

the interface area between host and graft myocardium (Figure 3B).
However, the frequency of ectopic beats never exceeded the intrinsic
automaticity of individual PSC-CMs (�37.5 b.p.m.). This highlights how
source-sink effects between host and graft myocardium alter the emer-
gence and frequency of graft-induced ectopic beats; ventricular

Figure 3 A re-entrant VT mechanism dominates over a focal mechanism in patch remuscularization, but partial engraftment of PSC-CM patches exac-
erbates VT burden due to conduction slowing through the patch. (A) Schematic of experimental set-up. The emergence and rate of focal ectopic propa-
gations from graft myocardium was observed for PSC-CMs embedded within a cut-out of the ventricular myocardial wall; the surface area-to-volume
ratio of the graft was altered. (B) Frequency (b.p.m.) of graft-induced focal ectopic propagations across different graft geometries (i.e. surface area: volume
ratio) and conductivities. (C) Remuscularization with a PSC-CM patch (radius = 3.2 cm) applied to segment of infarct (L1) along the anterior, inferior LV
of P1 (left inset) was simulated; simulated pacing occurred at the starred site. Electrical propagation across the patch was observed under baseline (left),
partial engraftment (middle), and complete engraftment (right); activation maps (top) and conduction velocity maps (bottom) indicate the sequence of
epicardial electrical activation and local conduction velocity, respectively. (D) Bar graph of inducibility (dark blue) and VT burden (VBS, light blue) for P1
under conditions of partial and complete engraftment; dashed lines indicate inducibility (dark pink) and VT burden (light pink) at baseline. (E) Activation
map and pseudo-ECG of the single emergent VT morphology induced in P1 when complete engraftment was simulated.
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myocytes in the host myocardium can act as a strong electrotonic sink
to suppress the intrinsic automaticity of PSC-CMs in the graft. Because
PSC-CM patches have a larger surface area-to-volume ratio, they did not
exhibit spontaneous beating. In the context of patch remuscularization,
we concluded that focally driven VTs arising from the intrinsic automa-
ticity of PSC-CMs were unlikely and that a re-entrant driver VT mecha-
nism would be more plausible.

With this established, we next hypothesized that partial PSC-CM
patch engraftment following transplantation could be especially arrhyth-
mogenic because of conduction delay at the host–graft interface. This
could be a transient phenomenon that occurs during the natural pro-
gression of host–graft coupling or could be persistent if fibrosis were to
develop at the host–graft interface. We tested this in P1, where we simu-
lated remuscularization with a PSC-CM patch along the apical anterior
LV, a representative site directly over the infarct (Figure 3C). The radius
of the patch was 3.2 cm, slightly smaller than the largest patches investi-
gated in vivo.17 When P1 was electrically paced, electrical activation and
CV across the PSC-CM patch under conditions of partial and complete
engraftment were studied and compared with those at baseline prior to
remuscularization. Compared with baseline (Figure 3C, top left), electrical
activation was significantly delayed under partial PSC-CM patch engraft-
ment (Figure 3C, top middle). Electrical waves initially failed to propagate
across the PSC-CM patch proximal to the pacing site (indicated by star),
which gave rise to subsequent retrograde electrical propagation. CV
maps indicated that CV was depressed across the entire PSC-CM patch
(Figure 3C, bottom middle vs. bottom left). Contrarily, electrical activa-
tion across the PSC-CM patch when engraftment was complete was
very similar to that at baseline (Figure 3C, top right vs. top left); bidirec-
tional conduction block and conduction slowing occurred distal to the
pacing site where the PSC-CM patch covered a larger region of scar.
Additionally, local CV across the PSC-CM patch was significantly faster
and mirrored that of the underlying host myocardial substrate (Figure 3C,
bottom right vs. bottom left). CV was faster in regions adjacent to non-
infarcted myocardium and slower in regions adjacent to grey zone myo-
cardium, indicating that the electrical activation of host myocardium
drove electrical propagation across the PSC-CM patch. Therefore, par-
tial patch engraftment had the additional effect of reducing CV through
the patch; electrical propagation through the patch became reliant on
poor coupling between PSC-CMs.

Consequently, VT burden of P1 was elevated under conditions of par-
tial patch engraftment when compared with baseline (Figure 3D). In total
(Figure 3D), inducibility and VT burden of P1 under conditions of partial
engraftment were 0.15 and 0.30, respectively; under conditions of com-
plete engraftment, inducibility and VT burden were much lower (0.05)
and surprisingly lower than those of baseline. Under conditions of partial
engraftment, VT was induced from three pacing sites, all on S2. Two dis-
tinct VT morphologies were detected (Supplementary material online,
Figure S6). One of the morphologies resembled the baseline morphology
B2 (Supplementary material online, Figure S6, top). While the other mor-
phology initially resembled B2 as well (Supplementary material online,
Figure S6, bottom), subsequent figure of eight re-entrant waves moved
around infarcted regions of the anterior LV; host–graft conduction
delays contributed to these meandering breakthroughs. Under condi-
tions of complete engraftment however, VT was only induced from 1
pacing site on S2. The VT morphology (Figure 3E) was emergent (E6, see
Supplementary material online for all annotated morphologies); re-en-
trant waves anchored to scar along the anterior LV near the septum and
propagated through the patch.

Overall, we demonstrated that a re-entrant mechanism dominates
over a focal mechanism in patch remuscularization. Moreover, we
highlighted how partial engraftment of myocardial tissues can elevate
arrhythmogenic propensity by contributing to conduction delay be-
tween host and graft myocardium as well as conduction slowing by
unmasking poor electrotonic coupling between PSC-CMs in the graft.
The next sections will explore the relative importance of various other
parameters under conditions of complete engraftment. Annotations of
all observed VT morphologies can be found in the Supplementary mate-
rial online.

3.3 Complete engraftment: transplantation
location has a dominant effect on VT
burden
In the first set of simulation experiments under conditions of complete
engraftment, we sought to determine whether VT burden is affected pri-
marily by transplantation location or cell orientation. Myofibrils in the
ventricles rotate from endocardium to epicardium and preferential con-
duction occurs along the myofibrils.32 Similarly, anisotropic conduction
in patches can arise from PSC-CM alignment induced through micropat-
terning.18 Remuscularization with PSC-CM patches (radius = 3.2 cm)
was simulated at two different locations (L1, L2) along the infarct in both
P1 and P2 (Figure 4A). In P1 (Figure 4A, top), L1 was located along the api-
cal anterior LV, while L2 was along the lateral LV free wall. In P2
(Figure 4A, bottom), L1 was located along the basal inferior LV, while L2
was along the lateral LV free wall. L1 was centrally located over the in-
farct, while L2 straddled infarcted and non-infarcted myocardium. The
rationale for the latter is that improved perfusion from host vasculature
in non-infarcted myocardium can boost PSC-CM patch viability.13,46 Five
different PSC-CM myofibril orientations were simulated for each site: 0�,
±45�, and 90� orientations relative to the native myofibrils in conditions
of anisotropic conduction and random myofibrils under isotropic
conduction.

In P1, remuscularization at L1 resulted in VT induction and corre-
sponding VT burden of 0.05 regardless of PSC-CM myofibril orientation
(Figure 4B, left). Remuscularization at L2, however (Figure 4B, right),
resulted in significantly elevated VT inducibility (mean = 0.112) and VT
burden (mean VBS = 0.278) that fluctuated with different PSC-CM myo-
fibril orientations. Inducibility and VT burden changed with different
myofibril conditions without an obvious relationship to degree of mis-
alignment. Compared with baseline, remuscularization at L1 reduced
both inducibility and VT burden. Contrarily, remuscularization at L2 ei-
ther increased or did not change inducibility and VT burden compared
with baseline. Elevated VT burden at L2 was due in part to an increase in
the number of distinct VT morphologies (Figure 4D). A single emergent
VT morphology was observed when remuscularization occurred at L1.
However, numerous VT morphologies were observed when remuscula-
rization occurred at L2, including one observed at baseline and several
emergent ones. Specifically, remuscularization at L1 gave rise to the
emergent morphology E6 (Figure 4E). At L2, the baseline B2 and emer-
gent E7 morphologies were the most prevalent.

In P2, remuscularization at L1 was sensitive to transplantation orienta-
tion but not conduction anisotropy (Figure 4C, left). Inducibility and VT
burden were 0.0263 and 0.0526, respectively, for myofibril orientations
0�, ±45�, and random. For myofibril orientation 90�, inducibility and VT
burden were 0.0132. Remuscularization at L2 resulted in an inducibility
and VT burden of 0.0132 regardless of patch myofibril orientations
(Figure 4C, right). Compared with baseline, remuscularization at both
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..sites elevated VT burden but more so at L1. Analysis of the emergent VT
morphologies induced (Figure 4F) indicateed that more distinct VT mor-
phologies were observed when remuscularization occurred at L1 (E7,
E8, E9, E11) as opposed to L2 (E1).

3.4 Complete engraftment: increasing
patch thickness exacerbates conduction
slowing and VT burden as compared with
patch diameter
The effect of cell dosing on arrhythmogenesis has yet to be explicitly in-
vestigated in published pre-clinical large animal studies. In our next set of
simulations, the dosing effect of PSC-CM remuscularization was investi-
gated by altering patch size. PSC-CM patches with different radii (1.6 and
3.2 cm) and thicknesses (0.3, 1, and 2 mm) were simulated at both sites
L1 and L2 in P1 (Figure 5A) and P2 (Figure 5E). The generation of viable,
thick myocardial tissues is limited by the ability to create and integrate
dense vascular networks to date, however.17 PSC-CMs were aligned and
properly oriented to the local myofibres (i.e. 0�). We made this decision
based on the preceding results and the fact that transplanted PSC-CMs

have been observed to ultimately align with the local host
myofibres.13,17,26

Inducibility and VT burden changed in a site-dependent manner in re-
sponse to altered patch dimensions in both P1 and P2 (Figure 5B and F,
respectively). Consistent across all sites for both P1 and P2 however, in-
ducibility and concomitantly VT burden almost always increased when
patch thickness was increased regardless of patch radii. At L1 in P1 and
across all patch thicknesses (Figure 5B), VT burden was notably reduced
relative to baseline (light pink-dashed line) when patch radius was
1.6 cm. This was not the case when patch radius was 3.2 cm or when
remuscularization occurred at L2; increasing patch thickness from 0.3 in-
creased VT burden beyond that of baseline. Increased inducibility with
increased patch thickness was driven in part by the fact that CV through
the PSC-CM patch was reduced in thicker patches for both P1 and P2
(Figure 5C and G, respectively). This suggested that electrotonic interac-
tions with the host myocardium can accelerate impulse propagation
through the patch. Across both P1 and P2 (Figure 5D and H, respectively),
the number of distinct VT morphologies did not noticeably correlate
with patch depth or radii. The number of VT morphologies in P2 in-
creased when patch thickness or radius was increased; this was not the
case in P1, however. Details regarding VT morphologies across different

Figure 4 VT burden is more affected by transplantation location compared with patch myofibril alignment. (A) Complete engraftment of PSC-CM
patches (radius = 3.2 cm) was simulated at two different epicardial sites (L1 and L2) in P1 (top) and P2 (bottom). L1 was centrally located over the infarct,
while L2 straddled infarct and non-infarcted myocardium. For each site, different myofibril alignments in PSC-CM patches (0�, ±45�, 90� , random) were
simulated. Bar graphs show inducibility (dark blue, overlaid) and VT burden (light blue) for each transplantation site, L1 (left) and L2 (right), across all
patch myofibril orientations for (B) P1 and (C) P2; mean inducibility and VT burden of all myofibril alignments are shown in grey. Dashed lines indicate in-
ducibility (dark pink) and VT burden (light pink) at baseline. (D) Number of distinct VT morphologies observed in P1 across all myofibril alignments when
remuscularization occurred at L1 compared with L2; emergent morphologies are distinguished from ones observed at baseline. (E) All unique VT mor-
phologies and the frequency they were induced in P1. In total, seven different unique morphologies were induced ranging from one previously observed
at baseline (B2) to numerous emergent ones (E6, E7, E8, E9, E10, and E11). Complete VT morphology annotations can be found in the Supplementary
material online (F) All unique VT morphologies and the frequency they were induced in P2.
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..patch dimensions for P1 and P2 are annotated in Supplementary material
online, Tables S1 and S2, respectively.

3.5 Complete engraftment: changes in VT
burden is specific to transplantation
location during simulated PSC-CM patch
maturation
In the final set of experiments, we sought to determine how the matura-
tion of PSC-CM patches altered dynamics of inducibility and VT burden.
Maturation of electromechanical coupling between PSC-CMs enable
synchronized spontaneous contractions of patches in vitro; CV has also
been observed to increase across myocardial patches with time spent in
culture.47 Several studies have also indicated that PSC-CMs can ionically
and morphologically mature in vivo.22–24,26 However, complete PSC-CM
maturation in vitro has remained elusive despite numerous efforts to rep-
licate the process of in vivo maturation.47–49 Because a comprehensive
and detailed ionic characterization of maturing PSC-CMs has yet to be
published, our ability to model intermediate stages of ionic PSC-CM mat-
uration was limited. Therefore, maturation of PSC-CM patches was
modelled in four stages (Figure 6A). In the first three stages, maturation of
electrotonic gap junctional coupling alone was simulated; myofibril con-
ductivities were increased from 10% to 40% and 100% of that of normal
myocardium. In the fourth and final stage, membrane kinetics of PSC-CM
patches were modelled by that of non-infarcted myocardium. This set-
up would allow us to test how inducibility and VT burden could be af-
fected by patch maturation state as well as how they could reasonably
evolve in vivo. Remuscularization with PSC-CM patches (radius = 3.2 cm)
was again simulated at sites L1 and L2, in patients P1 and P2 like before

(Figure 4A); myofibres in patches were aligned to those of local host myo-
fibres (i.e. 0�).

Inducibility and VT burden evolved in a site-dependent manner in re-
sponse to simulated maturation of PSC-CM patches in both P1 (Figure 6B)
and P2 (Figure 6D). In P1, progression from maturation stages 1 to 3 did not
alter inducibility or VT burden when remuscularization was simulated at L1
(Figure 6B, left); both remained at 0.05. At stage 4 maturation where the
patch was modelled as non-infarcted myocardium, P1 was no longer induc-
ible for VT (inducibility and VT burden = 0). At L2 however, progression
from maturation stages 1 to 3 increased inducibility and VT burden
(Figure 6B, right). Inducibility and VT burden were at a maximum at stage 2
(0.158 and 0.792, respectively). At stage 3, inducibility and VT burden
remained slightly elevated compared with stage 1 (0.117 and 0.467 com-
pared with 0.125 and 0.500, respectively). Unlike at L1, P1 remained induc-
ible for VT at stage 4 maturation; inducibility and VT burden were
dramatically reduced (both 0.025), however. At L1, the number of distinct
VT morphologies did not change across maturation stages 1 through 3
(Figure 6C, left). At L2 however, the number of distinct VT morphologies
changed across maturation stages 1 through 3 (Figure 6C, right). Four distinct
VT morphologies were observed (three emergent and one baseline) at
stages 1 and 3. At stage 2, five distinct VT morphologies were observed (4
emergent and 1 baseline). Only a single morphology was observed at stage
4. In P2, progression from maturation stages 1 through 3 did not alter induc-
ibility or VT burden when remuscularization was simulated at L1 (Figure 6D,
left; 0.0263 and 0.0526, respectively) or L2 (Figure 6D, right; both 0.0132).
For stage 4 maturation at L1, inducibility and VT burden of P2 were both
0.0132. P2 was no longer inducible for VT for stage 4 maturation at L2. At
L1, two distinct VT morphologies were observed across maturation stages
1 through 3 (Figure 6E, left); at stage 4, only a single distinct VT morphology

Figure 5 VT burden increases when PSC-CM patch thickness is increased. (A, E) Complete engraftment of PSC-CM patches with different radii (r =
1.6 and 3.2 cm) and thicknesses (depths = 0.3, 1, and 2 mm) was simulated at sites L1, L2 in (A) P1 and (E) P2; patch myofibres were aligned to the local
myofibres (i.e. 0�). (B, F) Inducibility and VT burden of (B) P1 and (F) P2 for each transplantation site, (L1, left and L2, right) and for patches with smaller
(purple) compared with larger (blue) radii across different patch thicknesses. (C, G) Normalized conduction velocity (relative to that of non-infarcted
myocardium) vs. patch thickness for different transplantation sites and patch radii in (C) P1 and (G) P2. (D, H) Number of distinct VT morphologies across
different patch radii and thicknesses in (D) P1 and (H) P2.
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..was observed. At L2, only a single VT morphology was observed across all
stages 1 through 3 (Figure 6E, right). The frequency of specific VT morpholo-
gies across maturation stages for remuscularization sites L1 and L2 in P1
(Figure S6A) and P2 (Figure S6B) can be found in the Supplementary material
online.

These results indicate again that the site of remuscularization is an im-
portant determinant in the dynamics of VT burden during PSC-CM patch
maturation. Across both patients and remuscularization sites, complete
PSC-CM patch maturation (i.e. stage 4) dramatically reduced VT burden.
VT burden was even completely alleviated at the appropriate remuscula-
rization site.

4. Discussion

This study provides a broad in silico investigation of the arrhythmia conse-
quences of direct remuscularization in two biophysically detailed,

personalized human ventricular models of post-MI patients. Direct
remuscularization was simulated with PSC-CM patches applied to the
ventricular myocardium just beneath the epicardial surface. In this way,
direct contact between host and graft myocardium would enable elec-
tromechanical integration of the graft. First, we determined whether VT
would be driven by focal or re-entrant mechanisms. For the latter, vari-
ous treatment conditions were studied in the 3D post-MI ventricle mod-
els including engraftment state (i.e. partial vs. complete), site of
remuscularization along the infarct, myofibril orientation of PSC-CMs in
patches, patch size (i.e. patch diameter vs. thickness), and patch matura-
tion. The objective was not to do an exhaustive sweep of treatment con-
ditions but rather to identify important parameters that could contribute
to the emergence of graft-induced arrhythmias. To this end, VT burden
in both post-MI models at baseline was quantified to establish a baseline
that more accurately determined arrhythmogenicity across simulated
remuscularization conditions. This particular step was imperative be-
cause remuscularization alters the patient-specific, 3D structure of

Figure 6 Changes in VT burden during simulated maturation of PSC-CM patches is specific to transplantation location. (A) Schematic of simulated
PSC-CM patch maturation across four stages. In the first three stages, maturation of gap junctional coupling was simulated by increasing PSC-CM patch
conductivities from 10% to 40% and 100% of non-infarcted myocardium. In the final maturation stage, membrane kinetics and conductivities in the PSC-
CM patch were represented by that of non-infarcted myocardium. (B, D) VT burden across stages of simulated PSC-CM patch maturation in (B) P1 and
(D) P2 for remuscularization locations L1 (left) and L2 (right). (C, E) Number of distinct VT morphologies across stages of simulated patch maturation in
(D) P1 and (E) P2 for locations L1 (left) and L2 (right).
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surviving myocardial pathways around the infarct which have been previ-
ously shown to play an important role in VT.28,50,51 We report here sev-
eral key findings.

The first is that a re-entrant VT mechanism dominates over a focal
mechanism in patch remuscularization. This was highlighted by two
observations. First, PSC-CMs in an isolated myocardial patch were suffi-
ciently coupled such that spontaneous beating would occur in a synchro-
nous manner with beats emerging every �1.6 s (37.5 b.p.m.) as
commonly observed in vitro. Secondly, graft myocardium comprised of
PSC-CMs would beat at only a fraction of this rate when coupled to host
ventricular myocytes. The emergence and rate of spontaneous graft-in-
duced ectopic propagations were dictated in part by source-sink effects
between the host and graft myocardium; the host myocardium acted as
an electrotonic sink to suppress PSC-CM automaticity within the graft.
Specifically, we highlighted how increasing graft surface area interfacing
with host myocardium as well as increasing electrotonic coupling be-
tween PSC-CMs in the graft reduced the frequency of and even
completely suppressed graft-induced ectopic beats; both of these en-
hanced the ability of the host myocardium to suppress PSC-CM automa-
ticity within the graft. Consequently, thin myocardial patches never
spontaneously beat when fully engrafted. Even if they did, resting sinus
rate (�60 b.p.m.) would override the slower rate of emergent graft-in-
duced ectopic propagations. Thus, our results indicated that re-entrant
as opposed to focal drivers would underlie VT in patch
remuscularization.

This is in stark contrast to the recent observations that transient graft-
induced VTs that emerge following PSC-CM injection are focal in nature.
This is supported by two observations: (i) clinical pacing maneuvers
were unable to terminate VTs and (ii) ectopic beats were observed to
originate from sites of engrafted PSC-CMs.23,26 While it has been pro-
posed that PSC-CM automaticity due to immature membrane kinetics is
to blame, how focal VTs in vivo with rates of >240 b.p.m. arise from PSC-
CMs that spontaneously beat <60 b.p.m. in vitro remains an outstanding
question. It is believed that the decline of PSC-CM automaticity due to
in vivo maturation contributes to the reduction of the frequency and se-
verity of VTs. Similar graft-induced VTs have not been observed or
reported with transplantation of PSC-CM patches to date, however.17,52

Thus, we propose an alternative hypothesis for graft-induced VTs fol-
lowing PSC-CM injection in the light of a fundamental difference be-
tween remuscularization via cell injection vs. patch—that is the degree
of electrotonic coupling. In cell injection, electromechanical junctions
are just being established between both individual PSC-CMs and PSC-
CMs and host ventricular myocytes. In patch remuscularization however,
electromechanical junction formation occurs between PSC-CMs and
host myocytes because PSC-CMs have been allowed to couple in vitro.
Moreover, electrotonic coupling between PSC-CMs in myocardial
patches is sufficient to maintain synchronous spontaneous beating. This
is not the case following PSC-CM injection, however. Following their in-
jection in vivo, PSC-CMs would beat dyssynchronously because they are
poorly coupled and exhibit heterogeneous membrane kinetics. The dys-
synchrony of PSC-CMs within a graft or between grafts could transiently
give rise to fast-rate focal ectopic propagations that are not observed in
our simulations. As electromechanical coupling improves however, we
believe that the rate of persistent graft-induced focal ectopic beats
would slow—similar to what we observe in our simulations. When
slowed however, the interaction of graft-induced ectopic beats with si-
nus beats could initiate re-entry. The fundamental VT mechanism could
therefore reasonably shift—from a graft-induced focal driver (as cur-
rently hypothesized) to a graft-induced, focal trigger but re-entrant

driver. To date, large animal studies that have investigated transient VT
after PSC-CM injection into the post-MI ventricles have only done so at
a snapshot in time when VTs were the most widespread (i.e. approx.
10 days following injection).23,26 VTs were observed to persist up to
more than several weeks in some of the animals. With improved PSC-
CM electromechanical integration, these VTs could reasonably transition
from a focal to a re-entrant driver mechanism. This could further explain
why VT persists for significantly longer in some animals as opposed to
others. Regardless, quantitative electrophysiological assessment of PSC-
CM engraftment in vivo combined with more biophysically detailed simu-
lations that better model discontinuous wave propagation is needed to
validate this hypothesis; this remains particularly challenging experimen-
tally, however.53

In addition to altering the emergence of graft-induced spontaneous
ectopic propagations, the second main finding is that electrotonic inter-
action between the host and graft modulates electrical conduction
through the latter. This was highlighted by two observations. First, elec-
trical conduction through the patch as well as between the host and
patch was slowed when engraftment was incomplete; conduction slow-
ing could be especially noticeable at low host–graft conductivities. When
engraftment was complete however, CV through the patch increased
despite the fact that electrical conductivity in the patch remained
unchanged. Thus, conduction slowing arising from partial PSC-CM patch
engraftment can be particularly arrhythmogenic, highlighting the fact that
there would be a vulnerable window during the early stages of patch in-
tegration. Secondly, CV through the patch was also reduced when patch
thickness was increased to 1 and 2 mm. Increasing patch thickness had
the effect of reducing the electrotonic effect of the host myocardium; in
thinner patches, the rapid electrical propagation of the underlying host
myocardium accelerated and drove electrical conduction across the
patch. Slowed conduction across the patch arising from increasing patch
thickness had the effect of increasing VT inducibility and thus VT burden.
Re-entrant VTs could be a foreseeable complication of patch remuscula-
rization, especially with thicker myocardial patches and when conduction
velocities in vitro remain a fraction of what they are in vivo.18 Although this
result is more theoretical because patches of these thicknesses have yet
to be consistently manufactured due to limitations in engineering vascu-
lature,54,55 it highlights how graft geometry can have an impact on electri-
cal conduction. This also provides additional evidence for the likelihood
of globular graft regions contributing to the emergence of re-entrant VT
following PSC-CM injection at later stages of engraftment. The lack of
graft-induced VTs with patch remuscularization17,52 to date could poten-
tially be attributed to the competing dynamics of graft survival vs. engraft-
ment. We remain hopeful, however, that technical advances in tissue
engineering and developmental biology will help address both the feasi-
bility of creating larger myocardial tissues and those with more mature
electromechanical properties.

The third main finding is that the patient-specific post-MI fibrotic sub-
strate is a key factor in arrhythmogenicity in remuscularization with PSC-
CM patches. Based on our study, individuals with large infarcts vulnerable
to VT could be an ideal patient cohort. VT burden was almost always el-
evated in P2 but could be reduced in P1 under identical remusculariza-
tion conditions. Compared with P2, P1 had a much larger infarct. Infarct
size alone is not an accurate indicator for VT vulnerability,28 however.
Additionally, the spatial distribution of scar and heterogeneous peri-in-
farcted tissue plays an important role. Despite this, infarct size could par-
tially explain discrepancies across several pre-clinical large animal studies
studying intramyocardial injection of PSC-CMs.13,14,23,26 Highlighting this,
Liu et al.23 employed a large infarct model (25% of LV) and reported no
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significantly elevated VT burden, while several other studies with smaller
infarcts (�10% of LV) did.13,14,26 An alternative contributing factor is
that the methodology of inducing infarction impacts the distribution of
scar and myocardial tissue that contribute to VT. While cryoinjury can
more reasonably control for infarct geometry and size compared with
coronary ligation,27,56 fibrosis distribution of the healed infarct is less rep-
resentative of ischaemia-reperfusion infarcts. All published large animal
studies have utilized ischaemia-reperfusion to induce MI.13,14,23,26

Because of the inconsistency in infarct geometry and size compounded
by weak statistical power in most pre-clinical studies, however, compari-
son across pooled therapy and control groups is inadequate. Due to the
potential life-threatening nature of VTs, we must ensure that direct
remuscularization therapy does not elevate VT risk and VT burden for
each treated individual as opposed to on average. Therefore, we pro-
pose that pre-clinical studies adopt a more rigorous methodology like
the one that we describe here.

For realistic myocardial patch thicknesses, our fourth key finding is
that the site of remuscularization is a critical determinant of VT burden
once engraftment was complete. Other properties tested (myofibril ori-
entation of patch PSC-CMs, patch size, and patch maturation) altered
VT burden in a site-specific way. While certain locations were sensitive
to patch conduction anisotropy and myofibre orientation, other sites
were not. The sensitivity of a remuscularization site to patch myofibril
orientation was patient specific. In P1, remuscularization directly over
the infarct was not sensitive to patch myofibril orientation while it was in
P2. Contrarily, P2 was not sensitive to patch myofibril orientation when
remuscularization straddled infarcted and non-infarcted myocardium
(i.e. L2) while it was in P1. Similarly, PSC-CM patch size altered VT bur-
den in a site-dependent manner indicating that safe PSC-CM dosing in
remuscularization requires one to consider the location of delivery.
Surprisingly, inducibility and VT burden do not necessarily decrease with
reduced remuscularization. Again, where PSC-CM patches are trans-
planted and allowed to engraft appears to play a critical role; patch radius
did appear to positively correlate with severity or the number of distinct
VT morphologies, however. Lastly, the dynamics of VT burden during
simulated patch maturation was also site dependent. Complete patch
maturation (i.e. stage 4) could alleviate VT burden when remusculariza-
tion occurred at specific locations (L1 in P1 and L2 in P2). The site de-
pendence of arrhythmogenicity reinforces the importance of local
conduction slowing and electrophysiological heterogeneity in determin-
ing VT burden and risk.57 How graft myocardium alters these two in the
patient-specific substrate, in both the acute and chronic setting, plays an
important role in determining arrhythmogenicity. Highlighting this is that
PSC-CM patches did not necessarily need to be mature, both ionically
and electrotonically, if delivered to appropriate site in the appropriate
patient (i.e. L1 in P1). Despite the many factors contributing to graft-in-
duced arrhythmias, our result also highlights the potential for remuscula-
rization to both treat HF progression and VT post-MI.

Consistent electromechanical engraftment of myocardial patches
remains an experimental challenge. Details regarding how subepicardial
access to the myocardium in several published studies reporting electro-
mechanical engraftment17,20 remains vague. A layer of epicardial fibrosis
in several rat studies has been observed to inhibit electrotonic coupling
between graft and host myocardium.21,22,38,58 There are several reasons
for how this could have arisen. First, sutures were used to attach the
patches to the epicardium. This anchoring approach itself could contrib-
ute to scarring. Additionally, this methodology could also be inadequate
in anchoring the patch to the epicardial surface giving rise to shearing at
the host–graft interface with each ventricle contraction. Suture-free

anchoring approaches43,59 could be explored to address this. For exam-
ple, engineered myocardial tracts glued to the epicardial surfaces of the
atria and ventricles were reported to restore atrioventricular conduc-
tion in a rat model of complete heart block.43 Outside of strategies to ac-
celerate engraftment, conductive biomaterials that help support
physiological electrical conduction could be deployed60,61 to mitigate
VTs, whether transient or persistent. VT risk could also be mitigated by
only treating patient cohorts with implantable cardioverter defibrillators.
Lastly, physiological and pathophysiological tissue heterogeneity at the
epicardium provides opportunities but also challenges to PSC-CM patch
engraftment. Epicardial fat,62 especially its prevalence in the healed in-
farct,63 could limit where PSC-CM patch can be implanted along the in-
farct for example. However, recruitment and activation of epicardial
cells appears to play a pivotal role in not just infarct healing but the po-
tential to promote myocardial regeneration.64–66

Our long-term objective is to identify remuscularization strategies for
post-MI patients that are not only non-arrhythmogenic but can be used
to eliminate scar-related, re-entrant VTs. This is a particularly challenging
multifactorial optimization problem—where one seeks to optimize me-
chanical contractility constrained to arrhythmia risk. In an initial proof of
concept, we demonstrated that the patient-specific post-MI substrate is
a contributing factor in arrhythmia following direct remuscularization in-
dicating that patient risk stratification is imperative. Additionally, we
demonstrated that partial engraftment of PSC-CM patches is particularly
arrhythmogenic. When engraftment was complete, the site of remuscu-
larization was critical in determining VT burden in PSC-CM remusculari-
zation. Much like ablation therapies for treating VT,31 remuscularization
sites will require optimization. Overall, our study makes an important
contribution in understanding VT dynamics in remuscularization of the
post-MI ventricles with PSC-CMs and establishes a framework to assess
clinical safety and initial steps towards patient-specific optimization of
targeted remuscularization.

4.1 Clinical Implications
The long-term arrhythmia consequences of remuscularizing the post-MI
ventricles remain unexplored. The addition and engraftment of PSC-
CMs can alter the native myocardial substrate by introducing new chan-
nels and layers of conducting cardiac muscle. We showed that the indi-
vidual patient substrate post-MI is an important consideration for
remuscularization with PSC-CM patches. New re-entrant pathways can
be unmasked, and new pathways can be formed by muscular grafts with
immature PSC-CM membrane kinetic properties and poor electrotonic
coupling. Of all the tested variables, graft location contributed the most
to altering re-entrant VT dynamics and VT burden. Consequently, unop-
timized remuscularization location can give rise to VT despite complete
maturation and engraftment. Taken altogether, our results indicate that
patient risk stratification is needed to identify candidates for remusculari-
zation and that the remuscularization site requires optimization.
Moreover, VT burden can be reduced and potentially alleviated with op-
timized remuscularization in the appropriate patient.

4.2 Limitations
We assumed complete survival and homogeneous coupling of PSC-CMs
in the patches. However, studies of in vivo transplantation of engineered
PSC-CM myocardial tissues have reported up to 20% PSC-CM survival
and engraftment17,20; the subsequent PSC-CM survival and subsequent
spatial distribution were not reported. Real-time tracking of PSC-CM vi-
ability and quantitative electrophysiological assessments of
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.
electromechanical coupling67 in vivo remain quite limited. Of the millions
of PSC-CMs transplanted, only a fraction survives and engrafts.13,17,20

We also assumed homogeneous engraftment of PSC-CM patches to the
host myocardium (i.e. either complete or partial). Heterogeneous en-
graftment is highly likely based on observations of heterogenous conduc-
tion across monolayers in vitro and differences in the microenvironment
(i.e. vasculature density, extracellular matrix composition, trabecular
structure) of scar, peri-infarct, and non-infarcted myocardium. Batch-to-
batch variations and electrophysiological heterogeneity of PSC-CMs68,69

have also previously been reported; however, technological advances
have enabled more robust differentiation and purification of ventricular-
like PSC-CM subtypes. Lastly, the ionic mechanisms underlying mem-
brane kinetics changes that occur during PSC-CM maturation
in vivo13,23,24 and in vitro38,47,48,70,71 have yet to be biophysically character-
ized; as such, we were unable to simulate intermediate stages of PSC-
CM maturation let alone heterogeneous spatial distributions of maturing
PSC-CMs observed in vivo. On a broader note, we are cognizant that
patch engraftment and maturation are both incremental processes that
occur simultaneously. Realistically, there would be intermediate stages
of engraftment and maturation to the endpoints we studied. Our in silico
experiments focused on characterizing endpoints in part because of the
uncertainty regarding the temporal, let alone spatial, dynamics of both
these processes (i.e. PSC-CM alignment, electrotonic coupling within
the graft, host–graft coupling, and ionic maturation). Despite all of these
uncertainties, the principled approach for evaluating the arrhythmoge-
nicity of direct remuscularization outlined here remains a necessary im-
provement to current methodologies. Moreover, the modularity of our
simulation framework72 enables the rapid integration of new experimen-
tal details as they become available. This will enable us to help predict pa-
tient-specific outcomes to specific remuscularization treatment plans
using a characterized batch of PSC-CMs.
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Supplementary material is available at Cardiovascular Research online.

Conflict of interest: None declared.

Funding
This work was supported by the National Institutes of Health [DP1-
HL123271, R01-HL142496, and R01-HL126802 to N.A.T., and F31-
HL152525 to J.K.Y]; a grant from Foundation Leducq to N.A.T. and a
National Science Foundation Graduate Research Fellowship to J.K.Y.;
American Heart Association [16-SDG-30440006 to P.M.B.]; and the Johns
Hopkins University Provost’s Undergraduate Research Award (PURA) to
J.A.L. and W.H.F.

Data availability
The data underlying this article will be shared on reasonable request to the
corresponding author.

References
1. Bergmann O, Zdunek S, Felker A, Salehpour M, Alkass K, Bernard S, Sjostrom SL,

Szewczykowska M, Jackowska T, dos Remedios C, Malm T, Andrä M, Jashari R,
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Translational perspective
If safety from ventricular arrhythmias can be addressed, direct remuscularization with PSC-CMs—achieved either through engineered myocardial
patches or intramyocardial injections—holds the potential to halt heart failure progression post-MI. Using personalized three-dimensional models
of the post-MI ventricles derived from LGE-MRI, we provide evidence that arrhythmogenesis following remuscularization with PSC-CM patches is
driven by a re-entrant as opposed to focal VT mechanism. Moreover, the existing patient-specific fibrotic substrate together with the remusculariza-
tion site was the primary determinant of arrhythmogenesis. These results suggest that the clinical safety of remuscularization can be achieved
through patient-specific optimization guided in-part by computational modelling.
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