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Abstract

Congenital heart disease (CHD) is a leading cause of
infant death. To diagnose CHD, recordings from abdomi-
nal fetal electrocardiograms (fECG) can be used as a non-
invasive tool. However, it is challenging to extract the fetal
signal from fECG recordings partly due to the lack of data
combining fECG recordings with a ground truth for the
fetal signal, which can be obtained by using a scalp elec-
trode during delivery. In this study, we present a computa-
tional model of a pregnant female torso, in which we simu-
late fetal and maternal ventricular excitation during sinus
rhythm to derive fECGs, so as to enable isolated measure-
ment of the fetal and maternal signal contributions.

1. Introduction

Congenital heart disease (CHD) is a common birth de-
fect arising in early pregnancy stages during the develop-
ment of the heart [1], and is a leading cause of infant death
with a prevalence of about 7–10 per 1000 live births [2,3].
Diagnosing CHD during pregnancy has been found to de-
crease risk of mortality and improve patient outcome fol-
lowing post natal surgery [4]. The current most common
fetal monitoring technique is Doppler ultrasound, used in
for instance cardiotocography (CTG). However, the wave-
form of the electrocardiogram (ECG) may contain impor-
tant information about the cardiac electric activity beyond
what CTG provides [5].

Currently, analysing the fetal ECG non-invasively is
challenging mainly because of the low signal-to-noise ra-
tio. A lack of limited reference data, comprising simul-
taneous non-invasive fetal ECG recordings from abdom-
inal electrodes and an invasive fetal scalp electrode, fur-
ther complicates the extraction of the direct fetal signal [6].
Previous work has addressed the lack of data by creating
a fetal ECG simulator in which each cardiac source is rep-
resented by a moving dipole [7]. In this study, we simu-
late the fetal and maternal cardiac activity using an image-
based finite element model to obtain realistic abdominal
electrocardiogram.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                          (b)               (c) 

Figure 1. Combination of (a) Oxford and (b) Femonum
model into the (c) pregnant torso model.

2. Materials & Methods

2.1. Geometrical mesh construction

A geometrical mesh was constructed by combining an
MRI-based whole body pregnant model [8–10] with a car-
diac biventricular geometry built from CT images embed-
ded in an anatomical female torso [11]. The biventricular
geometry was used to represent both the maternal and the
fetal heart.

The combination of models was performed by scaling,
translating and rotating the female torso to match the preg-
nant whole body model using Paraview [12], as well as
adapting the biventricular geometry to the fetus (Figure 1).

Manual adjustments were to made the maternal ribcage
and uterus in Meshmixer [13] to avoid overlapping mesh
surfaces. A finite element volume mesh consisting of al-
most 18 million tetrahedral elements with an average ele-
ment size of 500 µm was generated using gmsh [14]. The
myocardial fiber orientations were assigned using a rule-
based method [15]. To represent the vernix caseosa; a low-
conducting layer which is present on the skin of the fetus
during the last trimester [16], all elements directly con-
nected to the nodes on the fetal body surface mesh were
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Table 1. Conductivity values for extracardiac tissue.

Tissue Conductivity (S m−1) Reference
Amniotic fluid1 1.25 [22]
Torso and fetus 0.216 [21]
Maternal rib cage 0.02 [21]
Maternal lungs 3.89 · 10−2 [21]
Vernix caseosa 10−5 [23]

1Value chosen to reflect third trimester (week 27-40).

classified as vernix caseosa.

2.2. Electrophysiological properties

2.2.1. Ionic models and assigned conductivi-
ties

Ionic current properties of the maternal heart were mod-
elled using the Ten Tusscher model of human ventricular
cardiomyocytes [17] . For the fetal heart, a modified ver-
sion of [17] adapted to match fetal ventricular electrophys-
iology, was used [18]. Tissue propagation was modelled
with the pseudo-bidomain approach [19] as implemented
in openCARP [20] with a time step of 10 µs. Following
[21], intracellular and extracellular conductivity tensors in
the myocardium were set to gi = (0.27, 0.081, 0.045) and
ge = (0.9828, 0.3654, 0.3654) S m−1 in the longitudinal,
transverse and normal direction. For the extracardiac tis-
sue, the assigned isotropic conductivities can be found in
table 1.

In accordance with [21], the epi-, mid-myo and endocar-
dial layers were defined as 30, 25 and 45 % of the myocar-
dial width. In addition, the delayed rectifier current (IKs)
was adjusted with an exponential gradient scaling between
the apex and base, with 5.0 and 0.2 as the respective bound-
ary values.

2.3. Stimulation protocol

Sinus rhythm was simulated over 2.5 seconds by pac-
ing both hearts. Maternal stimuli were delivered in a or-
dered manner to 6 activation sites at 4 time intervals to
reproduce results consistent with experimental findings as
found in [24] with a strength of 100 µA/cm2. Fetal stim-
uli were delivered to all endocardial nodes simultanously
with a strength of 25 µA/cm2. Basic cycle lengths were set
to 690 and 450 ms for the maternal and fetal heart respec-
tively [25, 26].
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Figure 2. Electrode placement for (a) 12 lead ECG (b)
maternal abdominal channels (numbered 1-4) and refer-
ence electrode (numbered 0). (c) Extracellular potential
at t = 31 ms.

2.3.1. ECG measurements

In addition to the standard 12 lead ECG, the body sur-
face potential was extracted at 4 abdominal electrodes and
one reference electrode in order to replicate clinical mea-
surements [27] [28]. The electrode set up can be seen in
Figure 2. The ECG traces were calculated as the potential
difference between the abdominal electrodes and the ref-
erence electrode located on the mid lower abdomen. The
fetal signal was calculated in correspondence with the fetal
scalp ECG, i.e. as the potential difference at the fetal scalp
and an electrode corresponding to the maternal thigh.

3. Results

The extracellular potential shortly after first activation
can be seen in Figure 2c for the torso as well as two cross
sections at the maternal and fetal heart. The 12 lead ECG
for the mother was computed and can be seen in figure 3
which matches well with a clinical ECG recording of a 35
year old female (dashed line) [28, 29].

The 4 abdominal channels can be seen in figure 4 and
the fetal scalp ECG in figure 5. The recordings are com-
pared to simultaneous recordings of abdominal and fetal
scalp electrode during labour [27] [28]. In order to easier
compare synthetic and clinical signals, the abdominal and
fetal scalp ECGs have been scaled between 0 and 1.

Estimated ECG features are calculated for both maternal
and fetal cardiac activity and compared to reference values
in table 2 and 3 respectively.
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Figure 3. Twelve lead ECG of synthetic and clinical
recordings.
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Figure 4. Four maternal abdominal electrodes of synthetic
and clinical recordings. Synthetic and clinical maternal
and fetal QRS complexes are marked with red and blue
circles and stars respectively.
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Figure 5. Fetal scalp electrode from simulation compared
to clinical fetal scalp electrode recording.

Table 2. Calculated ECG features of maternal signal.

Feature Unit Value Reference values
QTd ms 430.00± 4.97 390, 460 [30]
QTc2 ms1/2 517.66± 5.98 370, 480 [31]
RR ms 690 655, 795 [25]

2Bazett´s formula.

Table 3. Calculated ECG features of fetal signal.

Feature Unit Value Reference values
QTd ms 276.75± 13.27 232, 295 [26] 3

QTc ms1/2 412.55± 19.79 352.9, 448.1 [26] 3

RR ms 450 370, 470 [26] 4

3 Values chosen for week 29-35. 4 Approximate values at week 27-28.

4. Discussion

We can observe some differences between the simulated
and clinical maternal 12 lead ECG, particularly for QRS
complexes in lead V5 and V6. However, the close match
in the morphologies is quite good considering we did not
do personalization of the electrophysiological parameters.
The deviation from the clinical recordings could be due to
electrode placement.

For the abdominal ECG, we can see a similar shape in
terms of direction of QRS complex and maternal T-wave.
For the synthetic signal, we can observe a more prominent
maternal T-wave, and a smaller fetal R-peak amplitude due
to the low conducting vernix caseosa layer.

Comparing the fetal scalp ECG, we can observe a more
prominent fetal T-wave for the synthetic signal, as well as
a larger fetal R-peak amplitude.

Furthermore, the fetal and maternal QT duration and fe-
tal corrected QT duration were consistent with clinical ob-
servations. The maternal corrected QT duration is higher
than defined physiological normal ranges. However, the
maternal basic cycle length at 690 ms is slightly shorter
than normal non-pregnant basic cycle length, and Bazett´s
formula has been found to overcorrect for higher heart
rates [32].

5. Conclusion

We successfully created an anatomically detailed and
biophysically accurate pregnant torso model that can sim-
ulate realistic body surface recordings. Simulations using
this model may enable improvements in the recording and
processing capabilities for fECGs, the reliable estimation
of fetal heart rates, and possibly interpretation of fetal sig-
nal morphologies that could improve the overall diagnos-
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tic significance of abdominal fECGs. In future work, we
plan to further investigate the effects of the vernix caseosa
layer in dampening the fetal heart signal. Additionally, the
model generation pipeline developed in this study allows
for the generation of other realistic pregnant torso models
that can represent different fetal stages of development.
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