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Abstract

Cardiovascular remodeling induced by intrauterine
growth restriction manifests in adulthood by more globular
ventricles, as evidenced by in vivo measurements. The an-
gle between the dominant vectors of the QRS and T-wave
loops has been reported to be significantly altered as a
result of the induced remodeling. To investigate whether
the more globular ventricular shape was a major factor
contributing to such alteration, we performed electrophys-
iological simulations in a human biventricular model for
control and in a model obtained by deforming the con-
trol one to represent a more spherical left ventricle (SLV).
Transmural ventricular heterogeneities and a Purkinje net-
work were included. 12-lead ECGs were calculated, from
which spatial QRS and T-wave angles were computed. The
angle between the T-wave and the XZ-plane was found to
increase in the SLV model, showing a variation similar to
that reported in in vivo studies. However, the angle be-
tween the dominant vectors of the QRS and T-wave loops
projected onto the XY-plane was lower for control, con-
trary to clinical observations in IUGR adults. Other clin-
ical results could not be reproduced in our simulations ei-
ther. Our findings suggest that a more globular left ven-
tricular shape leads to changes in the angles of QRS and
T-wave loops, but further research is needed to fully un-
derstand these changes and the underlying mechanisms.

1. Introduction

Intrauterine growth restriction (IUGR) and low birth

weight are factors predisposing to increased risk of heart

disease in adulthood [1]. IUGR is associated with car-

diovascular remodeling, which manifests by more globu-

lar ventricles when assessed by the sphericity index, de-

fined as the ratio between the base-to-apex length and the

basal diameter. Specifically, individuals who had IUGR

present an increase in basal diameter, a reduction in base-

to-apex length and, consequently, a more globular ventri-

cle [2]. Previous studies on electrocardiographic (ECG)

signals from adult individuals who suffered IUGR have

shown that the angle between QRS and T-wave dominant

vectors is significantly different than in control individu-

als, possibly reflecting the cardiovascular remodeling sub-

sequent to IUGR [3]. Importantly, such changes have been

suggested to be associated with higher cardiovascular mor-

tality [1].

The impact of IUGR-induced remodeling in the heart

over the course of time has been investigated in the lit-

erature. In children and preadolescents, studies including

echocardiography, blood pressure and/or ECG measure-

ments have evidenced that changes in the anatomy or func-

tion of the heart persist at six months of age and after more

than 10 years later [2,4]. Research on adult individuals has

corroborated some of the results observed in children and

preadolescents. Over vectorcardiogram signals generated

from standard 12-lead ECGs, statistically significant dif-

ferences between individuals who suffered IUGR and con-

trols were found in the angle between the dominant vector

of the QRS-complex and the dominant vector of T-wave

projected on the frontal plane [3]. These variations were

postulated as possible markers of IUGR-induced cardio-

vascular risk. Currently, little is known about the morpho-

physiological factors that cause this angular variation in in-

dividuals who had IUGR and the potential mechanisms un-

derlying its relationship with cardiovascular risk in adult-

hood. In this study, we conducted an electrophysiologi-

cal modeling and simulation study using human biventric-

ular geometries for control and for spherical left ventricle

(SLV). From the simulated electrical activity in each of the

two geometries, ECG signals were calculated and the an-

gles between the dominant vectors of the QRS-complex
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and T-wave loops were evaluated. The extent to which the

simulated change in LV shape could explain differences in

the quantified angles as those reported in the literature for

adults who suffered IUGR were determined.

2. Materials and methods

A control biventricular geometry was obtained from im-

age data of a patient with no history of cardiovascular dis-

ease. By applying loads onto this control geometry, an-

other SLV geometry was derived as in in vivo studies.

The three-dimensional biventricular models included

transmural heterogeneities, corresponding to endocardial,

midmyocardial and epicardial tissues in proportions of

50%, 20% and 30% of the wall thickness, respectively.

Human ventricular cell electrophysiology was represented

by the O’Hara-Rudy action potential (AP) model.

Muscle fiber direction was assigned to each node of

the tetrahedral mesh using a rule-based method [5]. The

value of the longitudinal diffusion coefficient was 0.0025

cm2/ms and the transversal-to-longitudinal conductivity

ratio was set to 0.25. Purkinje fibers for electrical stim-

ulation were implemented in the model using a method

based on fractal projection [6]. The complete His-Purkinje

network was modeled by additionally including the bun-

dle branch, which was divided into three different parts, as

in [7], following ex vivo and in vivo experimental reports

(Figure 1). In the right ventricle, one part reaches the an-

teroapical region. In the left ventricle, one part reaches

the posterobasal location and the other one, the apex.

The diffusion coefficient in the conduction system was set

to 0.0068 cm2/ms. In the Purkinje-myocardial junctions

(PMJ), the diffusion coefficient was 0.0013 cm2/ms and

we incorporated a transition stage between each PMJ and

the endocardium [8].

Figure 1. Biventricular model. a) Bundle brunch, b) Purk-

inje network on the control model, c) Purkinje network on

the SLV model.

Simulations were performed using the software ELEC-

TRA implementing the Finite Element Method, used in

this study to solve the monodomain model of electrical

propagation in cardiac tissue [9]. APs were simulated

while pacing at a cycle length of 1000 ms. The stimulus

current applied onto the His Bundle had an amplitude of

200 mA and a duration of 0.5 ms.

12-lead ECGs were simulated by placing virtual elec-

trodes in the standard ECG lead positions on the torso

and computing the extracellular potentials [10]. From the

simulated ECGs, the angles between the dominant QRS

and T-wave vectors were computed using the method de-

scribed in [3] and compared with the results reported there

for adult individuals who had IUGR and controls.

3. Results

The control model had a sphericity index of 1.54 (base-

to-apex length = 70.73 mm, basal diameter = 45.83 mm),

whereas the SLV model 1.32 (base-to-apex length = 63.66

mm, basal diameter = 48.17 mm), which is in line with the

mean IUGR-related sphericity change reported in [2].

The transformation from 12-lead ECGs to orthogonal

leads X, Y and Z was based on the inverse Dower′s method

[11] and are presented in figure 2 for the control and SLV

geometries.

Figure 2. Orthogonal leads X, Y, and Z derived from 12-

lead pseudo-ECG.

The angles between the dominant vector of the depo-

larization and repolarization loops, shown in Figure 3, as

well as the projections onto different planes are presented

in Table 1 for control and SLV models. These results are

compared with those obtained in vivo in control adults with

term birth and normal weight for gestational age and in

adults with IUGR at birth [3]. As can be seen from the

table, the angle between the QRS and T-wave loops (θRT )
both projected onto XY-plane (frontal plane), was lower

for control, which disagrees with results presented in [3].

The angle between QRS loop (φR) and the XZ (trans-

verse plane) and YZ (sagittal plane) planes, decreased in

the SLV model, whereas it increased when computed for

the XY-plane. The angle of the T-wave (φT ) projected

on the XZ and YZ planes, showed an increase in the SLV

model, while it showed a reduction for the XY-plane. The

difference between the dominant vectors of the QRS and

T-wave loops (φR − φT ) projected on the three planes, all
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Table 1. Mean ± standard deviation of loop angles: *p-value<0.05, **p-value<0.01 indicate significant differences

between control and IUGR groups in [3].

Adults

Angle Control IUGR Control Simulated SLV Simulated

(degrees) n = 54 n = 33 n = 1 n = 1

θRT−XY 13.49 ± 13.65 9.26 ± 8.47∗∗ 14.77 23.83

φR−XZ 32.85 ± 9.08 35.68 ± 6.12 9.21 5.60

φR−XY 29.47 ± 13.02 22.07 ± 11.80∗∗ 73.52 77.40

φR−Y Z 40.72 ± 12.05 44.17 ± 9.81 13.53 11.24

φT−XZ 29.39 ± 10.61 33.15 ± 10.67∗ 30.05 33.01

φT−XY 14.42 ± 8.68 14.48 ± 9.41 48.54 45.01

φT−Y Z 54.83 ± 9.52 51.52 ± 12.13 25.65 26.76

φR−XZ − φT−XZ 3.45 ± 9.61 2.54 ± 8.43 -20.84 -27.41

φR−XY − φT−XY 15.05 ± 14.14 7.59 ± 14.58∗∗ 24.97 32.38

φR−Y Z − φT−Y Z -14.11 ± 13.99 -7.35 ± 13.96∗∗ -12.11 -15.51

increased for the SLV model. Of all these results, only the

ones referred to φT−XZ agree with those reported in [3]

for IUGR individuals vs controls.

4. Discussion

Electrophysiological simulations were conducted in a

control biventricular model and a more globular model ob-

tained from it to simulate the change in sphericity induced

by IUGR. Characterization of the angle between the domi-

nant vectors of depolarization and repolarization projected

onto different planes showed differences between the con-

trol and SLV models, but these were in most cases not

concordant with the results presented in [3] for adults who

had IUGR vs controls. Specifically, out of the five angles

that were shown to be significantly different for control

and IUGR groups in [3], we could only reproduce similar

results for one of them.

In our study, the angle between the T-wave loop and the

XZ-plane increased in the SLV model, showing a variation

similar to that reported in [3] for IUGR individuals vs con-

trols. On the other hand, the angle between the QRS and

T-wave loops on the XY-plane (θRT−XY ) increased by 9

degrees in the SLV model with respect to control, whereas

in [3] it was significantly reduced in the IUGR group. Sim-

ilarly, we observed an increase in the angle between the

QRS loop and the XY-plane (φR−XY ) for the SLV model,

while results in the literature indicated that IUGR individ-

uals had a reduction in that angle. The other two angles

showing significant differences in [3] were those between

the dominant vectors of QRS and T-wave loops in the XY

and YZ planes. The change in IUGR vs control was oppo-

site to the one we found for SLV vs control.

One potential reason underlying the discrepancies be-

tween our results and those in the literature might lie on the

fact that the Z lead presents an amplitude notably higher

than X and Y leads. This may have an important impact

on the calculation of the dominant vectors of the QRS and

T-wave loops and, thus, on their angles and should be in-

vestigated in future studies.

Several limitations should be acknowledged. The SLV

geometry was built by applying loads onto the control ge-

ometry, but more elaborated methods to artificially built

spherical LV geometries as well as the use of geometries

from patients with and without IUGR will be explored in

future studies. Also, a fixed proportion of transmural het-

erogeneities was simulated, while it is well known that

variations in such heterogeneities markedly influence ECG

repolarization [12]. A fractal-based structure of the Purk-

inje network was incorporated into the biventricular mod-

els to make electrical propagation more realistic. How-

ever, its impact on ventricular activation and repolarization

should be further analyzed.

5. Conclusions

Electrophysiological simulations in biventricular mod-

els representative of control and of globular shape associ-

ated with IUGR-induced remodeling reproduce only par-

tially the changes in the angles of the QRS-complex and

T-wave loops reported in patients. Further research is re-

quired to shed light on the factors contributing to IUGR-

induced changes in ECG depolarization and repolarization

and the involved mechanisms.
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Figure 3. Vectorcardiogram 3D of depolarization loop
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