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The potential distribution in a three dimensional model of the abdomen during pregnancy 
was studied numerically. Magnetic Resonance Imaging scans were used to construct a 
three dimensional model with eight different compartments of the abdomen: fetal body, 
vernix caseosa layer, placenta, uterus fluid, soft tissue, spinal cord, fat and muscles. 
Each compartment was assigned with its own conductivity and the integral form of 
the conservation volume conductor equation was solved by a finite volume method. 
The surface potential distribution of the maternal abdomen was studied for different 
compartment conductivity and for varying dipole source locations and orientations in the 
fetal heart. The present study supports the hypothesis that the reduction in the amplitude 
of the abdominal fetal electrocardiogram around the 30th week of gestation is related to 
the appearance of a low conductive isolating layer around the fetus. The study shows that 
an opening in the vernix caseosa layer increases the amplitude of the abdominal fetal ECG 
with the creation of a preferred signal pathway. It is also shown that the surface potential 
distribution depends on the fetal posture. Thus, choosing the correct bipolar recording and 
the appropriate sites of the recording electrodes may result in an increase in the peak to 
peak amplitude of the fetal ECG. 
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INTRODUCTION 

Fetal ECG recordings have shown a decrease in 
amplitude around the 30th week of gestation. Several 
studies investigated possible causes for this unex- 
pected observation. Based on fetal ECG recordings at 

multiple sites of mainly patients near term, Kahn [ 11 
and Roche and Hon [2] suggested that the fetal ECG 
is conducted to the surface of the abdomen by distinct 
pathways. Both papers suggested that the oro-nasal 
cavity of the fetus might serve as a distinct pathway. 
Kahn [ 11 further proposed preferential conduction 
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through the umbilical cord to the placenta. On the 
other hand, Taccardi [3] concluded from his obser- 
vations that the medium between the fetal heart and 
the maternal abdomen could be described as electri- 
cally homogeneous. These studies and others [l -71 
suggested two main hypotheses concerning the vol- 
ume conductor electrical behavior of the abdomen 
during pregnancy: the uniform volume conductor and 
the preferred conduction pathway. The fetal ECG 
recorded from an abdominal lead system showed 
that prior to 28 weeks of gestation the hypothesis of 
a uniform volume conductor might be valid, while 
after 34 weeks the conduction pathway hypothesis 
should be preferred [3,4]. The decrease was related 
to the appearance of a low conductive isolating 
layer around the fetus, the vernix caseosa [8]. After 
34 weeks of gestation, it was suggested that a pre- 
ferred signal pathway, possibly through the umbilical 
cord [ 11 and the oro-nasal cavities of the fetus [ 1,2], 
is created and the abdominal fetal electrocardiogram 
increases in amplitude. The arrangement of differ- 
ent compartments of abdomen and the posture of the 
fetus during pregnancy also affect the pathways along 
which the electrical currents generated by the fetal 
heart are conducted to the abdominal surface [2]. 

Oostendorp et al. [5,7,9] studied the electrical 
conduction of the ECG from the fetal heart to the 
abdominal surface using a theoretical model of the 
maternal abdomen during pregnancy. The geometry 
of the maternal abdomen was determined by echo 
scanner. The maternal abdomen and the fetal body 
with an electrically isolated layer were defined. To 
simulate the situation of current escaping from open- 
ings (holes) in the vernix caseosa layer, a model 
with a source consisting of two monopoles was used. 
Their simulations, verified by multi-lead recordings 
of the fetal ECG, showed that early in pregnancy the 
conduction can be described by an homogeneous 
model, while in late pregnancy the conduction is 
dominated by the isolating effect of the vernix 
caseosa layer. 

The motivation for the present study was to inves- 
tigate the pathways along which the electrical cur- 
rents generated by the fetal heart are conducted 
to the surface of the maternal abdomen. A three 

dimensional numerical model of the abdomen dur- 
ing pregnancy with a dipole source in the fetus heart 
was employed. The model is based on MRI images 
to obtain a realistic shape of the geometry and the 
integral form of the volume conductor conserva- 
tion equation was solved by a finite volume method. 
The effect of modifying the electrical and geomet- 
rical properties of the tissue between the source and 
the recording sites on the surface fetal ECG are 
investigated. The surface potential distribution on 
the maternal abdomen was also studied for varying 
dipole source locations and orientations in the fetal 
heart representing different postures of the fetus. 

Methods 

Scanning and image processing of MRI slices 

MRI axial images at a distance of 2.5 cm from each 
other were scanned with an HP ScanJet Plus scanner 
with 16 Gray-levels and 150 dots per inch resol- 
ution. Noise reduction using median filtering [ 101 
and contour following algorithm [ 111 were applied to 
the image. Seven main compartments were extracted 
from the image and an isotropic homogeneous con- 
ductivity was assigned to each one of them [ 12- 161. 
The conductivity of the fetus body, the amniotic fluid, 
the placenta, the spinal cord bone, the spinal cord 
muscles, the soft tissue and the fat were 0.40, 1.66, 
1.55, 0.00041, 0.3, 0.222, 0.333 Siemens, respec- 
tively. The extremities of the fetus are not included 
in the model. These compartments can be seen in 
Figure 1 (panel A), where a typical image processed 
MRI scan is presented. The MRI scans were taken at 
the 28th week of gestation. An additional layer repre- 
senting the vernix caseosa around the fetus was added 
manually. The distribution of ths layer around the 
fetus is not homogenous. The thickness and the con- 
ductivity of the vernix caseosa layer can be changed 
in the numerical model. An opening in this layer next 
to the fetus head was used to simulate the oro-nasal 
cavity of the fetus. This opening serves as a preferred 
pathway along which the electrical currents gener- 
ated by the fetal heart are conducted to the surface of 
the maternal abdomen. 
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FIGURE 1 The horizontal (panel A) and the sagital (panel B) planes taken from the three dimensional model of the abdomen with 
the spherical coordinate system ( r ,  8, 4) used. The fetus head, the vemix caseosa layer, the amniotic fluid, the placenta, the spinal 
cord, the muscles and the fat are shown by the shaded regions. 
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Construction of the 3 0  model from the 2 0  
MRI scans 

In order to construct the 3D abdominal model from 
the 2D MRI scans, a cubic spline interpolation 
was used to define mid-section data, including the 
boundaries between the compartments. The appro- 
priate conductivity is assigned to each compartment. 
Figure 1 shows the horizontal (panel A) and the 
sagital (panel B) plane cuts from the 3D model of 
the abdomen as well as the spherical coordinate 
system (r ,  8,Cp; 0 5 Q 5 n, 0 5 Cp I 21r) used in the 
computations. The vernix caseosa layer employed 
in the breech and cephalic positions, respectively, 
is shown in the sagital plane with openings in the 
upper and lower parts of the fetus body. 

Numerical solution of the potential due 
to a dipole source in the fetal heart 

The volume conductor problem is assumed to be 
quasi-static, linear, and the capacitive components 
of the electric impedance of the body tissues are 
neglected [ 171. The bioelectric sources, which are 
related with the movement of ions across the cell 
membrane, are represented as a current source. The 
potential distribution in the presence of current 
sources in a control volume V with the face S is 
given by the Gauss law 

~ ( T V @ .  d S  = J, I dV,  (1) 

where (T is the conductivity, @ is the potential 
and I is the current volume source density. The 
boundary conditions specify no current flow into 
the air, i.e. aa@/an = 0, (n  is the normal to the 
outer boundary). In physiological applications of 
the volume conductor equation (l), a discontinuous 
variation of the conductivity (T that may be as 
large as two orders of magnitude is very common 
because of the presence of several compartments 
with distinct material properties. 

Approximation of the volume conductor equation 

A finite volume method (FVM) for solving a four 
concentric sphere model of the head to investigate 

the influence of skull thtckness on the scalp potential 
distribution was developed in our laboratory [18,19]. 
This efficient solver was also used for solving a 
two dimensional model of the head to investigate 
the left-right asymmetry of visual evoked potentials 
in brain damaged patients [20,21]. In a subsequent 
study, the finite volume methodology was extended 
to solve the 3-D integral volume conductor equation 
in general geometry and arbitrary distribution of 
electrical conductivity [22]. 

In the FVM, the physical domain is divided into 
a large number of arbitrary hexahedron cells, known 
also as the primary cells. The division is performed 
by generating an appropriate mesh. The faces of 
each cell are denoted by <, q and <, according 
to the direction of the curvilinear coordinates. The 
indices i ,  j ,  k are assigned to the center of each 
cell, while the eight vertices correspond to i f 1/2, 
j f 1/2, k f 1/2. The faces of the cells are given 
by the normal area vectors S I ,  where 1 = (4, q or <). 
The discrete potential function unknowns @j.j,k are 
defined at the center of the cells (not at the vertices 
as in most discretization methods) to simplify the 
calculation of the fluxes. 

The Gauss law (1) is discretized for each primary 
cell. It is approximated by the second-order-accurate 
scheme 

(av@. S')i+l/Z.j,k - (aV@. s')i-I/2,jjk 

+ (uV@ ' s ')i,;+l/Z.k - (av@ ' s ')i.j-l/Z,k 

+ (aV@ * SC)i,j,k+l/2 

- (aV@. s C ) i , j , k - l / 2  = (Iv)i,j,k (2) 

Each term in the left-hand-side represents the current 
flow through the relevant face, while the right-hand- 
side is the current volume source in the cell. The 
boundary condition (zero current flow) is applied 
by setting to zero the appropriate current flow term 
in Equation (2). 

The gradient for each face of the primary cell is 
calculated from the integral definition 

1 
v @ = v i @ d s .  (3 1 

A spherical coordinate system r, 8, 4 (Figure 1) 
with equally spaced intervals was employed in the 
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present calculations. The mesh included 91 x 70 x 
72 points in the r ,  8, 4 directions; respectively, 
resulting in a total of 460,000 mesh points. The 
resolution in the radial direction was 1 mm, while 
along 8 and 4 an increment of 2.6" and 5" was 
employed, respectively. The discrete equations are 
solved by the iterative successive over relaxation 
method. The optimal over-relaxation parameter is 
selected by a trial and error procedure. The conver- 
gence criterion, based on the residual, is lop6. 

The implementation of Equation (2) for bioelec- 
tric cases is confronted with several problems. The 
abrupt change of the conductivity poses difficulties in 
the discretization and in the numerical solution of the 
volume conductor equation because of the disconti- 
nuity of the potential gradient. Also, the Neumann 
conditions specified on the outer boundary result in a 
singular algebraic system of equations that requires 
the satisfaction of a discrete compatibility condition 
to ensure the existence of a solution. Finally, the 
current flow near geometric singularities (such as 
singular lines or points) should be calculated differ- 
ently. The treatment of these issues in the present 
finite volume method is elaborated in [18,22]. 

Several cases were solved, differing in the thick- 
ness, conductivity and shape of the vernix caseosa 
layer and in the location and orientation of the dipole 
source in the fetal heart. The cases include: 
1. Models without a vernix caseosa layer, with a 

closed vernix caseosa layer and a vernix caseosa 
layer with an opening in the vicinity of the fetus 
head. 

2. Models with varying dipole location and orien- 
tation in the fetal heart. 

3. Models with varying conductivity of the vernix 
caseosa layer (but with a constant 3 mm in 
thickness). 

4. Models with a vernix caseosa layer of varying 
thickness (but with a constant conductivity of 
1.4 x Siemens). 

RESULTS 

Figure 2 shows the potential distribution on the 
abdominal surface for three cases simulating the 

cephalic posture with a radial dipole in the fetal 
heart. In panel A, the potential is shown for a model 
without a vernix caseosa layer, while in panels B 
and C, a model with a closed vernix caseosa layer 
and a model with an opening in the vernix caseosa 
layer in the vicinity of the fetus head is shown, 
respectively. In the model with the closed vernix 
caseosa layer, the peak surface potential amplitude 
reduces to 0.40 arbitrary units (AU) compared to 
5.78 AU in the model without the layer. Introducing 
an opening in the vernix caseosa layer increases the 
amplitude to 0.50 AU (a 25% increase compared to 
the model with the closed layer). 

Arbitrary units (AU), rather than physical units, 
are employed in the present work. Several consider- 
ations led to this choice. The magnitude of the cur- 
rent source density is unknown. On the other hand, 
the magnitude of the potential depends linearly on 
the current source density. Therefore, the potential 
is defined up to an arbitrary factor. The value of 
this factor is irrelevant since in the present study 
we are comparing values (e.g. preferred recording 
sites) rather than being interested in absolute values. 
Consequently, arbitrary units are satisfactory. 

Figure 3 shows for the three models of Figure 2 
the potential on a horizontal cross-section through 
the radial dipole. In all three panels the increment 
between the potential contour lines is 0.15 AU. On 
the boundaries between the compartments, the poten- 
tial is continuous but there is a discontinuity in 
the slope due to the different conductivity. Yet, 
the flux aa@/ar is continuous because the current 
source is continuous across the boundaries of the 
compartments. The potential amplitude as well as 
its gradient (that is proportional to the current) are 
larger for the model without the vernix caseosa layer 
(panel A). The amplitude decreases in the model of 
the vernix caseosa layer with an opening (panel C), 
and it becomes very small in the model of the closed 
vernix caseosa layer (panel B). This is due to the fact 
that the high resistance vernix caseosa layer attenu- 
ates the potential significantly. The current density 
is distributed according to the tissue resistivity. Con- 
sequently, it becomes larger in the opening region, 
where the resistance is low (high conductivity). 
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FIGURE 2 The surface potential distribution in three models of the abdomen: a model without a vernix caseosa layer (panel A), a 
model with a closed layer (panel B) and a model with an opening in the vernix next to the fetus head (panel C). The radial dipole is 
located in the lower part of the fetus representing the cephalic position. 
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FIGURE 3 
presented in Figure 2. 

The potential distribution in a horizontal cross-section through the radial dipole in the fetal heart for the three models 
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TABLE I The effect of Vernix Caseosa con- 
ductivity on the surface potential in a model 
with a radial diuole (a = 1.4. lop6 Siemens) 

layer (the conductivity is 1.4 . lop6 Siemens in all 
the cases). Variations in the thickness of the vernix . .  
layer significantly affect the potential amplitude. A 

Vernix Potential Relative peak amplitude of 5.78 AU was found on the surface 
potential for the abdominal configuration without a 
vernix caseosa layer). Adding a 2 or 3 mm layer 

Conductivity [AUI Potential 
[Siemens] [%I 

0% 0.502823 99.987 
a 0.50289 1oo.Ooo 
2a 0.503049 100.031 
4u 0.503352 100.091 
1 Oa 0.50426 100.272 

potential amplitude less than 0.1 %. Figure 4 plots 
the peak amplitude of the surface potential (together 
with a decayed exponential best fit curve) for the 
cases of varying thickness of the vernix caseosa 

6 

n 
Vl .2 5 c 

b 

of vernix caseosa with the same conductivity as the 
amniotic fluid (1.6 Siemens) reduces the amplitude 
to 1.1  and 0.40 AU, respectively. 

Abdominal models with different postures of the 
fetus were also solved. The fetus posture is modeled 
by changing the location and orientation of the 
dipole source. A dipole source was located in the 
upper and lower regions of the fetus, represen- 
ting cephalic and breech positions of the fetus, 

I I I I I I I I I I I I 
0 1 2 3 4 5 

Vernix Caseosa Thickness (mm) 
FIGURE 4 The peak surface potential amplitude for varying thickness of the vernix caseosa layer with a radial dipole (the conductivity 
of the layer is 1.4. Siemens). The dotted line is the exponential best fit curve. 
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FIGURE 5 The surface potential distribution for three models: a model without the vernix caseosa layer (panel A), a model with a 
closed layer (panel B) and a model with an opening in the vemix (panel C). A tangential dipole is located in the lower part of the 
fetus representing the cephalic position. 
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FIGURE 6 The potential distribution in a horizontal cross-section through the tangential dipole of the three models presented in 
Figure 5. 
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FIGURE 7 
conductivity of the layer is 1.4. 10@ Siemens). The dotted line is the exponential best fit curve. 

The peak surface potential amplitude for varying thickness of the vernix caseosa layer with a tangential dipole (the 

TABLE I1 The effect of Vernix Caseosa conduc- Figures 5,  6, 7 and Table II present the results - 
obtained for the cases simulating the cephalic pos- 
ture with a tangential dipole. Figure 5 depicts the 

tivity on the surface potential in a model with a 
tangential dipole (a = 1.4. lop6 Siemens) 

Vernix Potential Relative surface potential distribution. For the case with- 
out the vernix caseosa layer (panel A), a biphasic 
potential distribution with a peak-to-peak ampli- 

Conductivity [AUI Potential 
[Siemens] [%I 

0.50 9.16582 99.999 
U 9.16586 1oo.Ooo 

2l7 9.16593 100.001 
4a 9.16607 100.002 
IOU 9.16650 100.007 

respectively. Tangential dipole orientations were 
used to simulate certain posture positions such as 
right and left anterior, or right and left posterior. 

tude of 17.80 AU was obtained with a positive 
peak amplitude of 7.93 AU at the lower-left part 
of the abdomen, and a negative peak amplitude of 
-9.87 AU at the top-right part of the abdomen. 
In the model with the closed vernix caseosa layer 
(panel B) a biphasic surface potential distribution is 
obtained with a smaller peak-amplitude of 4.97 AU. 
Adding an opening in the vernix caseosa layer 
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(panel C) changes the potential into a more mono- 
phasic distribution with a negative peak amplitude of 
-8.5 AU on the lower-left region of the abdomen 
and a small positive peak on the top-right region 
(a 85% increase compared to the model with the 
completely closed layer). 

Figure 6 shows the potential distribution in a 
horizontal cross-section through a tangential dipole 
in the fetal heart. The potential distribution is shown 
for three cases: (i) a model without a vernix caseosa 
layer (panel A), (ii) a model with a closed vernix 
caseosa layer (panel B) and (iii) a model with an 
opening in the vernix caseosa layer (panel C). 

Table I1 presents the dependence of the peak sur- 
face potential amplitude on the conductivity of the 
cases with an opening in the vernix caseosa layer, 
corresponding to the results presented in Table I for 
a tangential dipole. In the present case, an even 
smaller sensitivity of the surface potential to the 
conductivity of the vernix caseosa layer is found, 
proving that the conductivity of the layer has no 
effect, independent of the orientation of dipole. 
Figure 7 shows the dependence of the peak sur- 
face potential amplitude on thckness of the vernix 
caseosa layer for the tangential dipole cases (the 
conductivity is 1.4. lop6 Siemens in all the cases). 
The best fit to a sigmoidal (Boltzman) curve is 
also shown by the dotted line. The thickness of 
the layer has a pronounced effect on the surface 
potential, similar to the findings for a radial dipole 
(see Figure 6). For example, adding a 3 mm layer 
of vernix caseosa reduces the potential amplitude to 
9.17 AU from a value of 17.8 AU in the absence of 
the layer. Similar results were obtained for the cases 
simulating the breech position. 

Figure 8 shows an example of a typical fetal ECG 
waveforms extracted at the 39th week of gestation 
using an improved data acquisition system deve- 
loped in our laboratory [23-261. The recording was 
performed from three leads: two unipolar leads on 
the left and right side of the abdomen (Panels A and 
B, respectively), and a bipolar lead between the two 
sides of the abdomen. A negative QRS amplitude 
of 8 pVolt was recorded on the left side (panel A) 
and smaller positive amplitude of 2 pVolt on the 

right side. For the bipolar lead, positive QRS ampli- 
tude of 12 pvolt was recorded. These results are in 
agreement with the results of the present model with 
an opening in the vernix caseosa layer (Figure 5 
panel C) showing a negative peak amplitude on the 
lower-left region of the abdomen and a small pos- 
itive peak on the top-right region of the abdomen. 
According to the QRS amplitudes obtained at t h~s  
stage of pregnancy, one AU of the amplitude used in 
the present model is approximately equal to 1 pVolt. 

DISCUSSION 

Bolte [8] studied the variability of the fetal ECG 
waveforms throughout the second half of gesta- 
tion. He found that the amplitude of the fetal 
ECG decreases rapidly between 26 and 30 weeks 
of gestation. Subsequently, the fetal ECG magni- 
tude increases gradually until term. Oldenburg and 
Macklin [4] employed vector-cardiograms record- 
ings from the fetus in utero to study the fetal 
ECG signal transmission to the maternal abdominal 
surface. They suggested that a uniform conduc- 
tion of fetal ECG currents exists between 20 and 
28 weeks of gestation and that preferred signal path- 
way appears to develop after 34 weeks of gestation. 
Oostendorp et al. [7] constructed a model of the 
maternal abdomen with an isolating layer around 
the fetus to estimate the magnitude of the fetal ECG 
in the case that the fetus is completely covered by 
an electrically isolating layer of vernix. Employing 
a dipole source at the fetal heart position, they 
found that the maximum potential difference at the 
maternal abdomen was below the detection level of 
the recording equipment (5 pV) throughout the QRS 
interval. 

The present numerical study demonstrated that the 
appearance of an isolating vernix caseosa layer with 
a conductivity of 1.4 . lop6 Siemens causes a signifi- 
cant reduction in the surface potential amplitude. For 
example, a vernix caseosa layer of 1 mm thickness 
reduces the surface potential amplitude by as much 
as 50%. It is in agreement with the experimental 
results of Bolte eta1 [8] that show a decrease 
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FIGURE 8 An example of a typical fetal ECG waveforms extracted at the 391h week of gestation from three leads: two unipolar 
leads on the left and right side of the abdomen (Panel A and B, respectively), and a bipolar lead between the two sides of the abdomen 
(Panel C). 
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in the fetal QRS amplitude from 20 pV to 10 pV 
between 26 and 30 weeks of gestation. A change in 
the thickness of this layer from 2 to 3 mm causes 
a reduction of 40% to 60% in the amplitude of the 
surface potential, depending on the orientation of 
the dipole. These observations suggest that the rapid 
reduction in the fetal ECG magnitude between 26 
and 30 weeks of gestation [8] may be attributed to 
changes in the thickness of the vernix caseosa layer. 
The conductivity of the vernix caseosa layer, how- 
ever, does not affect the amplitude of the surface 
potential (less than 0.1% for a change of the con- 
ductivity by a factor of 20). 

A biphasic potential distribution is found on the 
surface of the abdomen in the cases with tangen- 
tial dipoles (with or without a closed vernix caseosa 
layer). Adding an opening in the vernix caseosa 
layer in the vicinity of the fetus head modifies 
the potential distribution significantly. The poten- 
tial changes into a more monophasic distribution 
and the peak amplitude increases. The current den- 
sity increases in the region of the opening in the 
vernix caseosa. The larger conductivity in this region 
significantly modfies the current distribution in the 
volume conductor, creating a preferred signal path- 
way through the opening, see Figures 3 and 6. These 
results are in agreement with the suggestion of Oos- 
tendorp et al. [7] that as pregnancy progresses, gaps 
appear in the vernix layer and the magnitude of the 
surface potential increases. 

However, the major cause for the gradual increase 
in amplitude of the surface fetal ECG during preg- 
nancy is probably the growth of the fetal heart 
and the accompanying strengthening of the ECG 
source. Moreover, as pregnancy progresses, the fetus 
increases in size and the distribution of amnionic 
fluid becomes less uniform. Consequently, it can 
be speculated that the close proximity of the fetal 
head to the uterine wall and the high conductivity 
of the opening in the vernix affect the current distri- 
bution near the surface, increasing the peak potential 
amplitude. 

In the present study, it has been also shown that 
the posture of the fetus, modeled by the location 
and orientation of the fetal heart dipole, significantly 

affects the peak amplitude of the surface potential 
and its location. Tangential dipoles cause negative 
and positive potential peak amplitudes with peak to 
peak amplitude almost five time larger than in the 
case of a radial dipole. This is in agreement with 
the observations of Roche and Hon [2] who found 
significant correlation with the fetal presentation. 

In conclusion, the present study supports the 
hypothesis that the reduction in the amplitude of 
the abdominal fetal electrocardiogram around the 
30th week of gestation is related to the appearance 
of a low conductive isolating layer around the fetus. 
It has been shown that the increase in the potential 
amplitude as pregnancy progresses might be a result 
of a preferred signal pathway. The present study 
also shows that the surface potential distribution is 
significantly affected by the fetal posture. There- 
fore, selecting the correct bipolar recording with the 
appropriate sites of the recording electrodes might 
result in an increase in the peak to peak amplitude 
of the fetal ECG. The present study clearly shows 
that such a preferable location of the electrodes does 
exist for each case studied separately. 
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