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ABSTRACT Short QT syndrome (SQTS) is a genetic disease characterized by constantly short QT
intervals and high risks of sudden death. SQTS6 is one of the identified SQTS genotype variants associated
with the CACNA2D1 S755T mutation. However, the pathogenesis of SQTS induced arrhythmias remains
unclear. To identify the underlying mechanisms of SQTS6 induced arrhythmias, a multi-scale human
ventricle model comprising cell to organ levels was built. Cellular data was fitted at the cell level to
reproduce the electrophysiological alterations reported in experiments. The influences were further explored
at tissue and organ levels using idealized strand or tissue sheet models, and realistic ventricular slice and
three-dimensional organ models. Simulation results suggested that, at the cellular level, the action potential
duration (APD) and the effective refractory period (ERP) of myocytes were significantly abbreviated in the
mutation condition. The unevenly changed APD and ERP led to transmural heterogeneity remodeling, and
resulted in decreased temporal vulnerability. In addition, the S755T mutation shortened the critical length
for initiating reentrant spiral waves, which enhanced the spatial vulnerability and provided substrates for
reentry arrhythmias. Regarding the sustainability of arrhythmias, the evoked spiral waves or scroll waves
persisted in the mutation condition but did not persist in the wild-type condition. The present study clearly
suggested that the CACNAIDC S755T mutation can facilitate the initiation and maintenance of ventricular

arrhythmias, and therefore contributes to higher risks of ventricular arrhythmias in SQTS6 patients.

INDEX TERMS Inherited heart disease, short QT syndrome, simulation, ventricular arrhythmia.

I. INTRODUCTION

Short QT syndrome (SQTS) is a rare but dangerous inherited
cardiac channelopathy characterized by marked shortened
QT intervals, and is associated with an increased risk of
abnormal heart rhythms and even sudden cardiac death (SCD)
in individuals with a structurally normal heart. SQTS was first
reported in 2000 [1], and since then great efforts have been
made to unveil the genetic and cellular basis of SQTS. Up to
now, totally eight SQTS genotype variants have been recog-
nized [2] and are associated with gain-of-function mutations
to K* channel genes (SQTS1-3) [3]-[7], loss-of-function
mutations to Ca?t channel genes (SQTS4-6) [8], [9], and
mutations to other channel genes including Na™ (SQTS7)
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[10] and anion exchanger (SQTSS8) [11]. Among these vari-
ants, SQTS6 is caused by mutations to the CACNA2DI
gene where a serine to threonine substitution occurred (i.e.,
p-Ser755Thr, or S755T). Due to that the CACNA2DI gene
encodes the Caya28 — 1 subunit of the L-type calcium chan-
nel, the corresponding ionic current Ic,y, is the major affected
current. According to the experimental observations by Tem-
plin et al. [9], both the channel kinetics and the conductance
of Icar, could be changed in the mutation condition. In partic-
ular, small positive shifts of both activation and inactivation
curves were found in those cells with the mutant Cayo8 — 1
subunit, and the amplitude of Ic,1, was significantly reduced
by more than 70%.

L-type calcium channels are responsible for the excitation-
contraction coupling of cardiac muscle, and play major roles
in the plateau phase of cardiac action potential. The S755T
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FIGURE 1. Fitting results for /¢, . Dots, circles, and error bars are experimental data from [9], whereas the solid lines are the
model fits. (A) Steady-state activation curves for wild-type (black) and S755T (red) conditions. (B) Steady-state inactivation

curves. (C) Current-voltage (I-V) curves.

‘loss-of-function’ mutation will induce dysfunctions of Icar
and then result in abnormal excitations of cardiomyocytes
that finally lead to arrhythmias [12]-[14]. Though the molec-
ular mechanisms for SQTS6 and the clinical electrocardio-
graphic characteristics were well documented in Templin
et al’s study [9], there are yet no experimental studies on
how the S755T mutation affects the propagation behaviour
of excitation waves and provides substrates for ventricular
arrhythmia.

In this study, an in silico investigation was conducted
to reproduce the electrophysiological activities in the
absence and presence of the CACNAIDC S755T mutation.
By constructing a multi-scale virtual heart, we successfully
expanded the molecular and subcellular alterations reported
in previous studies to the tissue and organ levels. Simulation
results on these higher levels comprehensively unveiled the
arrhythmogenic substrate in SQTS6, and provided possible
pathological links between the CACNAIDC S755T mutation
and ventricular arrhythmias.

Il. METHODS

A. FITTING Icq, OF WILD-TYPE AND CACNA2D1 S755T
MUTATION

The L-type calcium current in the TNNP06 model [15] was
calculated as:

Ical = gcadffofcass4
(V — 15)F2 0.25Cagse®V—19F/RT _ Cq,
x RT e2(V—15F/RT _ |

ey

where gcgr 1S the maximum /¢y, conductance. d is the acti-
vation gate, f1 and f> are the slow and fast voltage inactivation
gates respectively. F represents the Faraday’s constant, R is
the ideal gas constant, and 7T is the temperature in kelvins.
Ca; and Ca, are separately the intracellular and extracellular
Ca®* concentrations.

The steady-state activation curves in the wild-type and the
CACNA2D1 S755T mutation conditions were fitted using the
following Boltzmann equations:

1
doo,WT = 1 + e2(—11.19-V)/5.26

(@)
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1

doo,8755T = 1 + ¢2(-8356-V)/6.12 3)

Also, the steady-state inactivation curves were fitted using:
1

Joo,wr = 1 + e(V133.90)/7.89 @)
1

foo,8755T = )

1 + ¢(V+30.72)/8.15

In the wild-type cell model, a scaling factor of 0.838 was
applied to gca. to achieve the same Ic,;, amplitude in the
baseline model. The scaled gc, was further downregulated
by 0.77 to fit the I-V curve and reproduce the effects of
S755T mutation on Icy. Fig. 1 presents the voltage depen-
dence of the fitted Ic,r together with the experimental data,
demonstrating a good agreement between simulation and
experimental results.

B. SINGLE CELL SIMULATION
The Ten Tusscher et al. biophysically detailed model
(TNNPO6 model) [15] for human ventricular action potential
was used in this study. The changes of cell membrane poten-
tial were described using:
0V _ Ui + i)
3  Cm

Lion and Iy are separately the total ion channel current and
stimulus current. Cy, is the membrane capacitance.

The modified Ic,; for wild-type and CACNA2DI
S755T mutation conditions was incorporated into the
TNNPO6 model. The same I, was used in all three cell
types, i.e., no transmural heterogeneity of the Ic,1, depression
in mutation conditions was considered. Action potentials
were evoked by a series of supra-threshold stimuli with an
amplitude of 52 pA/pF and duration of 1 ms. The basic
cycle length was 800 ms that corresponds to the normal
heart rate 75 per minute. Fifty stimuli (S1) were applied
to the cell model to achieve its steady state. The last AP
were recorded for measuring APD, AP overshoot, maximum
upstroke velocity, and resting membrane potential.

The effective refractory period (ERP) was measured using
the S1-S2 protocol consisting of 50 S1 stimuli and an S2 stim-
ulus. The S1 stimuli were applied at a frequency of 1.25 Hz

(6)
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with an amplitude of 52 pA/pF and duration of 1 ms. The
premature stimulus S2 that had the same amplitude and dura-
tion as S1, was applied at some diastolic intervals after the
AP evoked by the last S1 stimulus. The ERP was measured
as the smallest diastolic interval for which the overshoot of
the S2-evoked AP reached 80% of that induced by the S1
stimulus [16].

C. MULTI-SCALE TISSUE MODELS FOR HUMAN
VENTRICLES

The tissue models for simulating action potential propagation
were described using the monodomain equation [17]:

aV I I
Y _v.p- (VV)( ion + Istim) )
at Cm

where D is the diffusion coefficient tensor for describing the
intercellular electrical coupling via gap junctions.

For one-dimensional (1D) simulation, a 15 mm long
transmural 1D strand with 100 nodes was constructed. The
strand length was set to 15 mm to be consistent with
the normal range of human transmural ventricle width
(4~14 mm) in previous studies [18], [19]. The propor-
tions for transmural cell types were 25:35:45 for ENDO,
MID, and EPI cells, which were identical to previous stud-
ies [20]. The isotropic coefficient was set to 0.154 mm?/ms
to get a conduction velocity of 71.9 cm/s, which is
very close to the 70 cm/s that recorded in the human
myocardium [21].

For the idealized two-dimensional (2D) simulations,
the 1D strand was expanded in the y direction to form a
15 x 60 mm? tissue sheet. Isotropic cell-to-cell coupling was
assumed in the idealized model, and the isotropic coefficient
was kept the same as in the 1D strand. For the realistic
2D ventricle tissue slice, the D was anisotropic and the
coefficients along and perpendicular to the fiber orientation
were set to 0.154 and 0.0385 mm?/ms respectively. For the
realistic three-dimensional (3D) bi-ventricle geometry, the
anisotropic coefficients were the same as in the 2D realistic
tissue slice.

D. NUMERICAL DETAILS

The differential equations for the membrane potential and the
gating variables were solved by the Forward Euler method
with a time step of 0.02 ms. The spatial resolution was
0.15 mm in the 1D strand and the idealized 2D tissue sheet.
For the realistic 2D ventricular slice and the 3D bi-ventricle
simulations, the spatial resolution was 0.2 mm kept from the
geometry reconstructed from DT-MRI [22], [23]. Neumann
boundary conditions with zero-flux were implemented at
geometry boundaries [24].

For the computations of the 1D strand and the ideal-
ized 2D sheet models, OpenMP [25] was used for paral-
lelization. For the computations of the realistic 2D and 3D
models, the optimized GPU algorithm proposed in [26] was
used.
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E. MEASUREMENT OF VULNERABLE WINDOW IN 1D
STRAND: THE TEMPORAL VULNERABILITY

The temporal vulnerability to the unidirectional conduction
block was investigated using the 1D strand model. For any
location on the strand, a premature stimulus (S2) applied to
the refractory tail of a previous excitation wave (S1) could
induce the unidirectional block. The exact time window when
the unidirectional conduction block happened was recorded
as a vulnerable window (VW). The strength and duration of
the S1 stimulus was applied to the first 0.45 mm segment in
the endocardial side. The S2 stimulus was also applied to a
0.45 mm long segment on the strand.

F. CRITICAL SUBSTRATES TO INITIATE REENTRY IN 2D
SHEET: THE SPATIAL VULNERABILITY

The spatial vulnerability to reentry arrhythmia was inves-
tigated using the 2D tissue sheet. The formation of spiral
waves needed not only the strict time window (i.e., vulnerable
window) that the premature stimulus occurs, but also a mini-
mum stimulus size for spiral waves to survive. The minimum
stimulus size was defined as critical size, and its height was
named critical length if the width is fixed. The S1 stimulus
was applied to the area on the endocardial side of the sheet to
initiate a planar wave, and the S2 stimulus was applied to a
local epicardial region during the vulnerable window to evoke
the unidirectional propagation that can lead to reentry.

G. INITIATION OF REENTRY IN THE ANATOMICAL 2D
VENTRICULAR SLICE AND 3D VENTRICLE

In the anatomical 2D slice, the S1 stimuli were applied on
multiple sites of endocardium as previous studies [27] to
reproduce the activation pattern observed in [28]. The spiral
wave was also evoked by a premature stimulus S2, which
was applied on a local area of the left epicardium during the
vulnerable window.

Ill. RESULTS

A. SIMULATION OF I¢cq; IN WILD-TYPE AND

CACNA2D1 S755T MUTATION CONDITIONS

The steady-state activation and inactivation curves for
wild-type and CACNA2DI S755T mutation conditions are
shown in Fig. 1. As observed in the figure, both activa-
tion and inactivation curves of S755T showed slight positive
shifts (towards depolarization). Beside the channel kinet-
ics, the S755T mutation largely reduced the L-type calcium
channel conductance. Resulted current-voltage curves (I-V
curves) are plotted in Fig. 1C.

B. SIMULATION OF ACTION POTENTIALS IN WILD-TYPE
AND CACNA2D1 S755T MUTATION CONDITIONS

Changes of action potential characteristics in the CACNA2D]
S755T mutation myocytes were simulated using the
Tusscher-Noble-Noble-Panfilov (TNNP06) model with the
modified Ic,r. Steady-state action potentials for the endocar-
dial (ENDO), middle (MID/MCELL), and epicardial (EPI)
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FIGURE 2. Simulation of action potentials and /¢, time courses. (A) Steady-state (1.25 Hz) action potentials (Ai) and the
corresponding I, (Aii) for EPI cells. Solid and dashed lines represent wild-type and S755T conditions respectively. (B)
Steady-state action potentials (Bi) and the corresponding Ic,, (Bii) for MIDDLE cells. (C) Steady-state action potentials (Ci)
and the corresponding I, (Cii) for ENDO cells. (D) Peak amplitude of /¢, of three cell types in wild-type and S755T
conditions. (E) Transmural APD difference between ENDO and MID cells, and between EPI and MID cells in wild-type and
$755T conditions. (F) Transmural ERP differences in wild-type and S755T conditions.

TABLE 1. Action potential properties for Wild-Type and S755T conditions.

Wild-type CACNA2D1 S755T

EPI ENDO MID EPI ENDO MID
APD2s 197.30 192.56 261.50 7558 44 79.04 L1 8530 4
APDsy 272.20 271.28 358.86 1643044  165.00 44 193.56 L4
APDyy 301.14 300.42 391.94 197.18 44 196.76 44 228.78 L1
Viest -85.57 -85.59 -85.45 -86.18 -86.19 -86.16
dV/dtmax 392.72 393.64 392.66 416.79 417.08 417.14
Overshoot |  41.81 42.90 41.98 43.42 4428 43.52

myocytes at a pacing cycle length of 1.25 Hz were plotted
in Fig. 2. As observed in the first column, action poten-
tials of all three cell types were significantly abbreviated,
with altered plateaus and accelerated repolarization courses.
Among three types of myocytes, the MID cell experienced
the largest reduction of APD that dropped by 163.2 ms whilst
the other two types were 103.7 and 104 ms respectively. The
abbreviation of APD was attributed to the decreased Iy, in
CACNA2D1 S755T cells, which was only thirty percent of
that in the wild-type condition (see Fig. 2Aii-Cii for Icap
courses and Fig. 2D for comparisons of the peak amplitude
of Icar.). Detailed AP characteristics are listed in Table 1.
The unevenly shortened APD also changed the transmu-
ral heterogeneity in the ventricular wall. Specifically, APD
differences (AAPD) between ENDO and MID, and EPI

75378

and MID, were all decreased from more than 90 ms to
about 30 ms. Transmural ERP differences (AERP) were also
decreased by a similar extent. The comparisons of AAPD and
AERP are plotted in Fig. 2 E&F.

C. INVESTIGATING THE VULNERABILITY TO REENTRY

ARRHYTHMIA IN SQTS6 — 1D AND 2D SIMULATIONS

We first investigate the temporal vulnerability in the
SQTS6 condition using a 15 mm long 1D strand model.
Initiating reentry arrhythmia requires not only a premature
stimulus, but also an appropriate time period within which
the evoked excitation wave would propagate towards only
one side before it degenerated into spiral waves. The unidi-
rectional conduction block phenomenon can be simulated in
the 1D strand (shown in Fig. 3A&B), and the time period
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FIGURE 3. Simulation results of the vulnerable window in the 1D strand
model. (A-B) Unidirectional conduction block in wild-type and CACNA2D1
$755T mutation strands. (C) Distribution of vulnerable windows across
the strand. Black and red belts stand separately for the wild-type and the
$755T mutation conditions. (D) Comparison of the average width of VWs
in the two conditions.

when such phenomenon occurs is defined as a vulnerable
window (VW). The width of the vulnerable window is a
rational indicator for the tissue’s temporal vulnerability, since
the wider VW makes premature stimuli more likely to evoke
unidirectional conduction blocks and reentry arrhythmias.
Fig. 3C plots the overall distribution of the VW across the
1D strand. The average width of VWs was decreased from
4.5 ms to 1.5 ms.

After the investigation of the temporal vulnerability,
the transmural 1D strand model was expanded to an idealized
2D sheet model to explore the spatial vulnerability to reentry
arrhythmia in SQTS6 condition. Spatial vulnerability can be
quantified by measuring the minimum tissue size for a prema-
ture stimulus S2 to successfully initiate a spiral wave, which
is defined as critical size. It can be further simplified by fixing
the width of the S2 stimulating area and measuring critical
length of it. Simulation results are demonstrated in Fig. 4.
From the figure we can see that the measured critical length
in the SQTS6 tissue was significantly shorter than that in the
wild-type condition and was even less than half of its original
length (15.4 mm vs. 35.7 mm), indicating highly increased
chances to initiate reentry arrhythmias in the SQTS6 tissue.

D. INVESTIGATING THE SUSTAINABILITY OF REENTRY
ARRHYTHMIA IN SQTS6 — 2D AND 3D SIMULATIONS
USING REALISTIC GEOMETRIES

To further investigate the potential influences of the
CACNA2DI S755T mutation on sustainability of reentry,
simulations were conducted using realistic 2D and 3D
geometries. The 2D simulation results of spiral waves in
S755T mutation and wild-type conditions, evoked by a pre-
mature stimulus (S2) applied on a local area of the left
epicardium, are shown in Fig. 5. It can be observed that
spiral waves could be formulated in both cases, however,
their lifespans were not the same. In the 2D tissue slice of
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the CACNA2D1 S755T mutation, shown in Fig. SA, the spi-
ral wave evoked by S2 could keep spinning for more than
4 cycles. This type of reentry, named functional reentry that
characterized by spinning around a functional core, lasted
about half a second and then transformed to anatomical
reentry that the excitation wave propagated through the reen-
trant circuit existed between left and right ventricles. The
formulated anatomical reentry showed no sign of termination.
In contrast, the evoked spiral wave in the wild-type tissue
could barely sustain for 1 cycle before it drifted out of the
epicardial boundary, with a limited lifespan that lasted only
550 ms. The phenomenon was presented in Fig. 5B.

We then simulated the formation of reentry arrhythmia in
a 3D bi-ventricle model to mimic a more realistic situation.
The normal sinus excitation wave was evoked by a series
of sequential stimuli (S1) applied to the endocardium. The
premature stimulus S2 of —104 pA/pF was applied to the
upper region of the left ventricle when the refractory tail
of S1 appeared. Similar to that in the 1D strand simulation,
the S2 that applied during the vulnerable window led to a uni-
directional conduction block. Simulation results are shown in
Fig. 6. It can be observed that the unidirectional conduction
block could be evoked in both wild-type and S755T mutation
conditions after time delays of 360 and 250 ms separately
from the previous S1 conditioning excitation wave. The ear-
lier refractory tail in the S755T condition was an overall
presentation of the shorter APDs of S755T mutation cells.
The evoked unidirectional conduction block was evolved into
scroll waves only in the mutation group, and these scroll
waves were sustained throughout the whole simulation period
of 5000 ms. In contrast, the scroll wave could not maintain
in the wild-type situation due to its long wavelength. The
wavefront caught up to the end of the refractory tail and
self-terminated with a lifespan of less than 300 ms.

E. FREQUENCY DEPENDENCY ASSESSMENT OF THE
FUNCTIONAL CONSEQUENCES OF THE S755T MUTATION
Above simulation results suggested that the S755T mutation
caused cell-type-specific shortening of the APD and ERP, and
consequently altered the vulnerability in tissues. However,
this shortening was also expected to be frequency-dependent
due to the restitution properties of cardiomyocytes. To access
the frequency dependency of the functional consequences
of the S755T mutation, the APD- and CV-restitutions, as well
as the temporal susceptibility under different frequencies
were investigated.

The APD- and CV restitution curves are plotted in Fig. 7.
It can be observed in Fig. 7B that CV curves from different
conditions were highly overlapped. This was attributed to the
identical Iy, in all situations. For the APD restitution curves,
it can be seen that the shortening of APD, measured as the
gap between the paired two curves for wild-type and S755T
conditions, was frequency-dependent and became smaller as
DI decreased. To find out whether the different frequencies
would cause different cell-type-specific shortening effects
and lead to different conclusions from that determined under
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FIGURE 5. Simulation results of spiral waves in the realistic 2D ventricular slice. The locations of S2 stimulus were indicated
by black arrows in Ai and Bi and were identical in both situations. (A) S755T mutation (SQTS6). Snapshots from Ai to Aviii
were recorded at the time of 270, 320, 440, 520, 690, 820, 2000, 4000 ms. The spiral wave, as a type of functional reentry,
transformed into anatomical reentry arrhythmia at about 820 ms and persisted since then. (B) Wild-type (control). Snapshots
from Bi to Biv were recorded at the time of 380, 410, 510, 1000 ms. The evoked spiral wave could not sustain for one cycle
and disappear after 1000 ms. (C) Lifespan of reentry in two situations.

1.25 Hz (i.e., BCL at 800 ms), four typical frequencies within
the physiological range were chosen, and AAPD, AERP, and
temporal vulnerable windows were calculated. The results are
shown in Fig. 8 and Fig. 9. It can be observed in Fig. 8 that the
transmural AAPD and AAPD in the S755T condition owned
more flatted changes and was less frequency-dependent com-
paring with the wild-type condition, but the AAPD and
AERP of the mutation condition was always smaller than
its counterpart. Besides, no significant difference was found
between MCELL-ENDO and MCELL-EPI. As for the VW,
the average widths of VWSs under different BCLs were all
decreased in the S755T condition (see Fig. 9). In summary,
the simulation results demonstrated that the functional con-
sequences of the S755T mutation, including the decreased
transmural dispersion of repolarization, and the decreased
temporal vulnerability, were not frequency-dependent.

F. ROBUSTNESS ASSESSMENT OF THE FINDINGS

To evaluate the robustness of above findings, additional
simulations were conducted using another human ventric-
ular myocyte model, the O’Hara-Rudy dynamic (ORd)
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model. Detailed descriptions and results are presented in
the Supplementary Material. Briefly, the simulation results
suggested that the functional consequences of the S755T
mutation were consistent in TNNP06 and ORd models.
Therefore, the major findings including the abbreviated APD
(Figure S1), the decreased AAPD and AERP (Figure S1),
the decreased temporal vulnerability (Figure S2), and the
increased spatial vulnerability (Figure S3), were robust and
model independent.

IV. DISCUSSION

Short QT syndrome is a highly malignant cardiac disease.
Although limited cases and families have been diagnosed
worldwide, such lethal syndrome may be underdiag-
nosed [29]. Most cases were confirmed with identi-
fied life-threatening arrhythmias and family histories of
SCD [3], [4]. In the present study, we utilized a multi-scale
virtual heart to explore the arrhythmogenesis mechanisms
in SQTS6 patients. Functional effects of the CACNAIDC
S755T mutation on genesis and maintenance of ventricular
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FIGURE 6. Simulation results of reentry arrhythmia in the realistic 3D bi-ventricle model. Left two columns are anterior
and lateral views for wild-type, and right two columns for S755T. Snapshots were recorded at the time of
360/250(WT/S755T), 500, 750, 1000 ms. Noteworthy that scroll waves persisted throughout the whole simulation

period of 5000 ms.

arrhythmias were thoroughly investigated. The main findings
are summarized as follows: (i) APD and ERP were signif-
icantly abbreviated in the S755T mutation condition. This
was attributed to the largely depressed Ic,, caused by the
alteration of the Cayap6 — 1 subunit. The MCELL was the
most affected type among the three cell types in the trans-
mural ventricular wall; (ii) the unevenly reduced APD led
to transmural heterogeneity remodeling. AAPD and AERP
of adjacency cell types (AMCELL—ENDO» AMCELL—EPI) Were
reduced; (iii) simulation results of vulnerable windows using
the 1D strand suggested that the S755T mutation decreased
the temporal vulnerability; (iv) simulation results with the
idealized 2D tissue revealed that the S755T mutation short-
ened the critical length for initiating reentry arrhythmia;
therefore, patients with SQTS6 tend to have higher risks of
developing reentry arrhythmias from a view of tissue spatial
vulnerability; (v) simulation results from realistic 2D and
3D models demonstrated that the S755T mutation facili-
tated the maintenance of reentry. The evoked spiral waves
(scroll waves) took the forms of either functional reentry
or anatomical reentry and persisted in the S755T condition;
(vi) the functional consequences of the S755T mutation were
not frequency-dependent. The main simulation results were
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evaluated using two independent cell models, and the con-
sistent results proved the robustness of the findings in this
research. Taken together, the present study provided a com-
prehensive explanation about the mechanisms underlying the
arrhythmogenesis in SQTS6, and substantiated the correla-
tion between the gene mutation at the molecular level and the
clinical characterization at the organ level.

The vulnerable window and the critical length pro-
vide appropriate quantitative indicators for evaluating the
inducibility of arrhythmias, and the S1-S2 protocol is an imi-
tation and reproduction of the arrhythmia initiation process in
patients. Specifically, the S1 stimuli mimic the sinus rhythm,
and the S2 represents the occurred extra- and ectopic beat
in patients. For an ectopic trigger occurred in the ventri-
cle, it does not always induce reentry arrhythmias. Instead,
the trigger must occur during the VW, and requires a mini-
mal size before it finally induces reentry arrhythmias. From
a temporal perspective, the wider the vulnerable window,
the more likely for an ectopic trigger to induce reentry
arrhythmias. While from a spatial perspective, the shorter
the critical length, the higher probabilities for an ectopic
trigger to induce reentry arrhythmias. Therefore, the VW
and the critical length offer quantitative measurements for
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the inducibility of arrhythmias, and have been extensively
adopted in other similar studies [20], [30].

It should be noted that the vulnerable window, as an indi-
cator of the temporal vulnerability, was decreased in the
mutation condition. The generally decreased temporal vul-
nerability was also reported in previous simulation studies
regarding other SQTS variants [27]. This observation along
with the attenuated APD and ERP dispersion were effects
that actually anticipated to be anti-arrhythmic rather than
pro-arrthythmic [27]. In this study, the decreased temporal
vulnerability was a result of the decreased AAPD and AERP
that generated by the uneven abbreviation of the AP repo-
larization phase in three cell types. The MID cell owned
the longest APD, but was also most sensitive to the Icar,
depression among three cell types, therefore a same degree
of Ic,1, would lead to more decrements of APD of the MID
cell comparing to that in EPI and ENDO cells, contributing
to an accentuated transmural dispersion of repolarization and
a decreased temporal vulnerability. An alternative hypothe-
sis for the unexpected simulation results is that transmural
heterogeneity might exist in the distribution of the affected
Cayapé — 1 subunit or the expression level of muted gene,
for example, the altered Caya26 — 1 subunit might be more
abundant in EPI and ENDO cells albeit the identical calcium
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current density in all three cell types. Though the hypothesis
has its plausibility, current experimental data are not suffi-
cient to support more simulations. Therefore the hypothesis
warrants more investigations in the future.

On the other hand, our simulation results clearly suggested
that the S755T mutation resulted in a marked decrease in
the minimal substrate size required for initiating and main-
taining reentry arrhythmias. This highlights that both tem-
poral and spatial vulnerability need to be evaluated to avoid
biased conclusions and to understand the overall effects by
mutations [31]. In the case of SQTS6, the increased spatial
vulnerability in the mutation condition dominated, and even-
tually contributed to higher risks of developing arrhythmias
in SQTS patients.

The main limitation of this study is the inconsistency
between the simulated and the clinically observed ECGs (see
Figure S4). Specifically, the model successfully reproduced
the shortened QT interval that as a key characteristic pattern
in the ECG from SQTS patients, however, it did not repro-
duce another important observation, i.e., the tall, narrow, and
symmetric T-waves. Instead, the T-wave was flatted. This was
due to the preferentially decreased APD in MID cells that
contributing to an accentuated AAPD in the S755T mutation.
The mechanism underlying such inconsistency remains to be
further investigated. Based on available experimental data
and current simulation results, the role of frequency can be
excluded, as we have shown that the AAPD was decreased in
physiologically relevant BCLs. The transmural heterogeneity
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of IcaL as another potential factor was also investigated. In
this regard, the transmural heterogeneity of Ic,. that based
on the experimental data of the expression of Cavl.2 [32]
was incorporated into the TNNP06 model; however, a uni-
form reduction rate of /¢y still failed to reproduce the tall
T-wave in the strand of SQTS6 (data not shown). The APD
of MCELL was still preferentially decreased in such settings.
Considering the inconsistent T-wave pattern and the unex-
pected decrease of temporal vulnerability in current setting,
we tried an uneven reduction ratio of Ic,, in different cell
types based on the hypothesis that the muted gene is not
equally expressed and the APD of EPI rather than MCELL is
preferentially decreased. Specific model settings and model
outputs are presented in the Supplementary Material. In this
setting, the 1D model successfully reproduced the tall and
narrow T-wave pattern as observed in patients. Noted that the
preferentially decreased epicardial APD also suggested in an
early research on SQTS1 [33]. Due to the lack of molecular or
cellular evidences supporting the heterogeneous expression
of the muted gene in different cell types, the simulation results
based on uniformly decreased Ic,1, were kept. More in-depth
investigations are deserved before eventually unveiling the
complete mechanisms for SQTS6.

The virtual heart model in this study can also act as a
promising tool for screening potential drugs for SQTS6 in
the future. Virtual heart models have been proved to be useful
platforms for studying clinical cardiac arrhythmias [34] and
screening drug cardiotoxicity [35], [36]. It is necessary to
screen drugs according to the type of mutation, as the same
drug does not have the same effect in different SQTS variants.
For example, the Class Ia anti-arrhythmic drug disopyramide
was shown to have a marked QT prolonging effect in SQTS1
but not in SQTS2 and SQTS3 [37]. In our case, as the ionic
changes and pathological phenomena could be presented in
great detail, the restoration degrees of APD and ERP, as well
as that of the critical length may act as important indices for
drug evaluation.

V. CONCLUSION

In this study, we found that the pro-arrhythmic factors of
CACNAIDC S755T mutation mainly arise from an appar-
ently decreased critical size needed for sustained reentry.
Simulation results show that the significantly decreased Icar,
in the mutation condition led to abbreviated APD and ERP
in all cell types. At the tissue level, the simulation revealed
that the critical length for initiating reentry arrhythmia was
shortened, and the evoked spiral waves persisted in the muta-
tion condition but not in the control condition. The simula-
tion results were evaluated under different frequencies and
were assessed using two independent modes, and the consis-
tent outputs suggested that the findings in this research was
not frequency-dependent or model-dependent. These obser-
vations together indicate that the SQTS6 patients tend to
be more vulnerable to the reentry arrhythmia. To sum up,
the present study provides plausible explanation for how the
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gene mutation at the molecular level leads to the ventricular
arrhythmia at the organ level in SQTS6 patients.
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