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Abstract

This study aimed to simulate the geometric changes re-
sulting from intrauterine growth restriction (IUGR) in a
realistic biventricular heart model and assess their impact
on cardiac electrophysiology. Geometric alterations were
based on echocardiography measurements from IUGR pa-
tients. The model exhibited a reduction in left ventricle
sphericity index and an increase in left ventricular wall
thickness. Results showed a significant prolongation of the
ORS complex duration and an increase in R-wave magni-
tude when compared to control geometry, consistent with
clinical findings. However, a modest increase in the T),
interval, which aligns with clinical observations, is ob-
served, while the QT interval shows a prolongation that
contradicts clinical results. These findings suggest that
while the simulated geometric changes reproduce certain
clinical observations, others are not reproduced suggest-
ing additional factors, such as changes in electrical activa-
tion and/or ionic remodeling influencing cardiac electro-
physiology in IUGR, to be tested in future investigations.

1. Introduction

An unfavorable intrauterine environment leads to the de-
velopment of fetal intrauterine growth restriction (IUGR)
and causes the cardiac muscle to adapt to the restricted
conditions. IUGR affects 7-10% of pregnancies, with a
significantly higher incidence in developing and underde-
veloped countries compared to developed countries [1].
Cardiac remodeling induced by IUGR includes changes in
cardiac geometry, such as a reduction in the sphericity in-
dex (Spl) (apex-to-base length (L) over basal diameter (¢),
Spl = L/¢ ) as reported by [2]. Additionally, there is an
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increase in the ventricular wall thickness, or width, (WV),
predominantly affecting the left ventricle [3]. Together,
these changes contribute to a more globular heart shape.
Although cardiac remodeling may be compensated for in
the first few months of life [4], evidence suggests that the
sequels of ITUGR can persist through childhood, adoles-
cence, and even into adulthood [5], and its presence has
been associated with cardiac diseases.

The remodeling induced by IUGR results in changes in
the electrophysiological behavior of the cardiac muscle,
causing variations in the angles of depolarization and re-
polarization, as measured by vectorcardiography (VCG)
in preadolescents and adults [5, 6]. Besides, simulations
on computational models have shown changes in depolar-
ization and repolarization angles in VCG due to alterations
in the Spl. However, the magnitude and direction of these
changes vary across different angular projections [7].

Geometric alterations have been shown to affect electri-
cal activation as evidenced by changes in the duration of
the depolarization and repolarization phases in ECG data
when comparing preadolescents with IUGR and controls
[8]. However, it is not yet clear how a wider left ventricular
W and a shorter £ affect electrophysiological properties.

A prolonged QRS duration (QRS,) is a parameter asso-
ciated with anatomical and functional cardiac abnormali-
ties. This parameter is considered a predictor of congestive
heart failure [9], incident atrial fibrillation [10], and death.
In the repolarization phase, prolonged durations of the QT
interval and the T-peak to T-end interval (7},.) have been
identified as predictors of ventricular arrhythmias in severe
cardiac conditions [11]. Additionally, the T},./QT ratio is
considered an index of arrhythmogenesis [12].

The changes in the Spl, sequelae of IUGR, have been
modeled in silico, under the hypothesis that an increase in
the left ventricular VW would affect the T-wave morphol-
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ogy, influencing the 7T}, interval. However, in [8], no sig-
nificant change in 7T}, a reduction of 1 ms in the QT in-
terval, and an increase of 1 ms in the QRS were found.

Given the minimal changes observed in the T-wave and
QRS parameters in simulations with just a reduced Spl,
it was proposed to evaluate the impact of increasing the
left ventricular width V. In this context, the objective of
this study was to not only reduce the Spl but also increase
the left ventricular width W in silico, simulating the geo-
metric remodeling resulting from IUGR, to understand its
impact on the QRS, and the 7}, and QT intervals, which
are markers associated with ventricular arrhythmias.

2. Materials and methods

For the development of this study, we started with a real-
istic biventricular heart model and its torso [13]. The mesh
of the control model (C) consisted of 332,396 nodes and
1,977,117 elements. To generate the globular model (G),
we began with the control model and altered its Spl based
on data measured in subjects with [TUGR [2]. For the glob-
ular anatomy, both ventricular VW were increased by 40%
while keeping the endocardial dimensions, followed by a
9% shortening in the longitudinal direction. The geomet-
ric changes are summarized in Figure 1. Once the globular
model was developed, it was remeshed (357,308 nodes and
2,144,025 elements). Both models utilized tetrahedral el-
ements. Three beats were simulated, with a stimulus trig-
gered every 1000 ms, having an amplitude of 200 mA and
a duration of 0.5 ms.
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Figure 1. a) Fiber architecture and Purkinje network, b)
transmural and apico-basal heterogeneities, and ¢) C and G
models with £, ®, Spl, W and volume representations.

For the activation and electrophysiological propagation
in the C model, a fiber architecture was incorporated us-
ing a rule-based method [14] and a Purkinje network
based on a fractal design [15] (Figure 1.a). For the G
model, the same network used in the C model was adapted
to the endocardial surface of the ventricles. The ven-
tricular walls were divided into 30% endocardium, 30%
mid-myocardium, and 40% epicardium. Additionally, the

model was segmented into three sections along the apex-
to-base direction (B, M, A: base, middle, and apex respec-
tively), with the conductance Gk reduced progressively
from 0% at the apex, to 49% in the middle, and 96% at the
base (Fig. 1.b).

With the incorporation of the torso, a pseudo-ECG
(pECG) was calculated with its 12 leads. The pECG was
delineated, identifying the beginning and end of the QRS
complex, and the peak and end of the T-wave, using an au-
tomatic delineator based on the Wavelet transform [16]. A
single-lead delineator was used, adding a multilead rule to
compute the mentioned parameters. Subsequently, a spa-
tial transformation based on principal component analysis
was performed, generating a new independent lead. A new
lead (PCAqrs lead) was created using the QRS signal seg-
ment as the learning data set for the spatial transformation
parameters and another new lead (PCA~ lead) using the
T-wave signal segment. The new leads were delineated
again to identify the fiducial points: the peak of the R-
wave, the beginning and end of the QRS complex were
measured over lead PCAqRgs, the peak of the T-wave, and
its end over lead PCA (Figure 2).

QRS,y QRS

g
N
S

LN /\_Io.s mv
AL I\
al [T (D
V2 _,\[—\/l /V’_\/_
L —\/. | |
o I
s LA AL
wl LA AL
lQRSd | |
I o
PCA Toe ar M
] 1.1 15 » 1.9 2.3_
Figure 2. The independent 8§ pECG leads from the C

model with marks on QRS and T-wave onset and end with
red long lines, R and T peaks with red squares and circles
respectively. Similarly, PCAqrs and PCAt with defini-
tions of QRSy, Tpe, and QT shaded in purple.
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ECG data Simulation

Control (n = 60) TUGR (n = 33) p-value C g
QRS (s) 0.083 (0.074 - 0.089) | 0.087 (0.081 - 0.090) | 0.039 0.064 | 0.076
The,c (s) 0.076 (0.074 - 0.081) | 0.078 (0.076 - 0.083) | 0.030 0.076 | 0.079
QT, (s) 0.391 (0.376 - 0.406) | 0.389 (0.381-0.399) | 0.703 0.340 | 0.344
Tpe,o/QT: 0.196 (0.188 - 0.207) | 0.202 (0.196 - 0.212) | 0.020 0.223 | 0.229
QRS, (mV) 2.98 (2.42 - 3.57) 3.11 (2.38 - 3.64) 0.553 1.86 | 2.04
T, (mV) 0.82 (0.63 - 0.99) 0.77 (0.56 - 0.89) 0.318 1.21 1.33

Table 1. Median and interquartile range and p-value for intervals QRS 4, Tpe ., @T¢, and T ./ QT., and amplitudes QRS,,
and T,, measurements on the control and IUGR subjects groups [8]. The two most right columns show the results obtained

in the simulation of the C and G models.

The duration of the QRS complex, the T}, and QT in-
tervals were then measured. Similarly, the amplitudes of
the QRS complex (QRS,) and the T-wave (T,) were mea-
sured, over leads PCAqrs and PCA, respectively.

3. Results

The delineation performed on the PCAgrs and PCAt
leads is shown in Figure 3, for C and G models. The results
of the interval and amplitude measurements are presented
in Table 1, along with the results measured from clinical
ECGs as presented in [8].
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Figure 3. QRS complex and T-wave from the PCAqrs

(left panel) and PCA~ (right panel) leads on the C and G

models. The marks show the onset, peak, and end of the

QRS complex and T-wave.

The G model exhibited a prolonged QRS of 12 ms. The
Tpe interval showed an increase of 3 ms in the G model.
In the same model, the QT interval displayed an increase
of 4 ms, and an increase of 0.006 in the T},./QT ratio.
Regarding amplitude, the QRS, showed a higher value in
the G model with 2.04 mV, and the T, also showed a higher
value of 1.33 mV in this model.

4. Discussion

The present study focused on analyzing the changes in
the duration of markers in the depolarization and repolar-

ization stages simulated in a realistic biventricular control
heart model and a globular model representing the geo-
metric change resulting from IUGR. The parameters that
guided the geometric change in Spl were derived from
echocardiographic measurements performed on IUGR pa-
tients and reported in [2,3]. The increase in thickness WV of
the left ventricular wall was done using the relationship ex-
plained in the materials and methods section, with a greater
increase at the ventricular base (Figure 1.c). The Purkinje
network was adapted to the change in Spl and connected
to the diminished endocardial tissue. This structural adap-
tation reduced the ventricular activation time, although the
change was subtle and it was not perceptible in the pECG
or reflected in the annotations on it (Figure 3).

The G model reduced its left SpI by 8.6% and the right
by 8.4%. When considering only the reduction in Spl in
simulation, without WV modifications, this variation did not
produce significant intervals or amplitudes changes as pre-
sented in [8]. However, an increase in VV of the ventricular
wall has resulted in a significant change in QRS, from 64
ms to 76 ms, aligning with the clinical results shown in
[8]. The geometric changes applied to the G model, on the
other hand, did not produce a large change in the 7T}, inter-
val (an increase of 3 ms), although it is consistent with the
clinical findings [8], where a significant difference in T .
was found (p-value = 0.030), with a median variation of 2
ms. In the QT interval, the simulation showed an increase
of 4 ms, contrary to what was observed in clinical data,
where there is a reduction of 2 ms. In the work presented
by [8], the left ventricular VW was increased by 0.2 mm,
while in the present study, ¥V was increased a maximum
by 2.8 mm at the left ventricular base (Figure 1.c).

The increase in ventricular volume has resulted in a
greater prolongation of the QRS,; and an increase in the
amplitude of the R-wave, QRS, (Figure 3), as measured in
the PCAqrs lead. The variation in ventricular volume had
a minimal effect on the duration of the T-wave; however,
its impact on the amplitude, particularly in the maximum
T, magnitude is more pronounced.
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5. Conclusions

The results of this study have shown that simulating ge-
ometric heart changes resulting from [UGR generates out-
comes consistent with those observed in clinical data. The
increase in QRS; (12 ms) has been amplified when the
ventricular thickness is increased in the simulation. The
increase in T}, aligns with the clinical results, although
the ventricular thickness increase has not significantly aug-
mented this interval (2 ms). Regarding the QT interval,
an increase of 4 ms has been observed, which is not in
line with the clinical observations. The simulated geo-
metric change resulting from IUGR is associated with the
increase in QRS,;, whose prolongation is associated with
heart failure and death. On the other hand, the impact of
the heart geometric change on the T-wave and its charac-
teristic points indicates poor alignment with observed clin-
ical results, suggesting that there may be additional electri-
cal activation modifications and ionic remodeling that have
not been considered in the simulation.
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