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Chapter 1

Introduction
According to Barker’s theorem disease originates in the womb. Barker (1999) and his team
uncovered a relation between abnormal fetal growth and the development of diseases like
coronary artery disease, hypertension, and diabetes in later life. According to his theorem,
those children who are already suffering from health problems in their prenatal life are the
same persons that suffer most health problems in adult life. Therefore Barker stresses
the need for preventing abnormal fetal development. This implies the need for an accurate
means of monitoring fetal well-being. Congenital anomalies of the heart are more common
than anomalies in any other organ with about one percent of the children affected. Thence,
this calls for monitoring the fetal heart. One way of monitoring the fetal heart activity is fetal
magnetocardiography. Fetal magnetocardiography (MCG) is the recording of the magnetic
fields generated by the fetal heart’s electric activity. The scope of this thesis is to evaluate
this technique and its ability to reflect the electrical phenomena taking place within the fetal
heart. An important aspect for fetal magnetocardiography in order to become a clinical
accepted tool, is that it is not only able to measure fetal heart activity, but it has also
to be a method, whose readings are reliable for diagnosis. This reliability aspect will be
the central theme throughout this thesis. Although this thesis will focus on the reliability
of fetal magnetocardiography, other methods like fetal electrocardiography and Dopplerultrasound will be discussed as well as they provide important clues on the origin of the
magnetic field measured.

1.1

Reliability of the fetal magnetocardiogram

For a proper operation, a fetal magnetocardiogram (MCG) has to reflect the electrophysiological processes taking place in the fetal heart. If not, the fetal MCG has
to be used cautiously in the diagnosis of fetal heart diseases. Moreover, it needs to
be investigated, which aspects of the recorded signals can be trusted and which not.
This reliability aspect is not restricted to the fetal MCG magnetometer system as
there are other factors involved. The question is whether the changes in the magnetic
field over the maternal abdomen can be predominately ascribed to the fetal heart and
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which other factors play a role in the formation of the magnetic field over the maternal abdomen. As the magnetic data recorded over the maternal abdomen contains
much more than fetal heart data alone, the fetal heart signals need to be extracted
from the recorded signals. Hence, the algorithms in this signal-processing stage need
to be robust and their flaws need to be known. In order to evaluate the reliability of
fetal magnetocardiography, three aspects are considered, the duration, the amplitude
and the ratio of the different depolarisation/repolarisation waves in the fetal magnetocardiogram. As the field of fetal magnetocardiography is developing, the question
is raised how to spot irregularities in the fetal heart functioning. For this purpose the
signals need to be compared with other methods such as postnatal ECGs. Although
the techniques are alike the differences need to be known. Throughout this thesis the
different aspects of fetal magnetocardiography mentioned will be addressed in order
to answer the question whether the fetal magnetocardiogram is reliable for diagnosis.
In the next section the layout of this thesis will be described, followed by a short
historic overview of the methods used to monitor the fetal heart and a description of
fetal magnetocardiography.

1.2

Layout of this thesis

In chapter 2, the signal-processing techniques will be discussed as currently used in the
Biomagnetic Center Twente. The averaging and filtering techniques will be discussed
as well as the influence of the magnetometer system itself. It will be investigated to
what extent the signals will be dependent on the signal processing algorithms.
In chapter 3 the volume conduction problem will be introduced. The volume conductor consists of all tissues surrounding the fetal heart. As the currents generated in the
fetal heart flow through these tissues, the differences in conductivity of these tissues
influences the magnetic field over the maternal abdomen. Direct measurements of
the volume conductor influence are not feasible, as it is not possible to separate the
contributions to the magnetic field generated by the fetal heart from those due to the
currents in the other tissues in the maternal abdomen. Hence, the volume conduction
may compromise the reliability. The direct measurement of the current density in the
fetus and maternal abdomen is not possible due to practical reasons. Hence, simulations are used to estimate the effects of the volume conductor. These simulations are
used to answer the question whether the amplitudes or the amplitude ratios in the
fetal magnetocardiogram can be trusted. In chapter 3, the volume conductor models will be introduced which are used in these simulations, as well as the numerical
techniques needed to perform the simulations. The bounds of the conductivity of the
tissues present in fetoabdominal volume conductor will be estimated.
The vernix caseosa is a fatty layer, which covers the skin of the fetus in the last
trimester of gestation. Since this layer plays an important role in the volume conduction problem, chapter 4 will be dedicated to its role in the volume conduction
problem. As this thin layer covering the fetus demands a refinement of the modeling
techniques, these modeling techniques are introduced in this chapter and a new one
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will be introduced which allows for modeling thin layers which contain holes and are
not homogeneous. Simulations using this technique show that the vernix caseosa has
a profound effect on the volume conduction problem. These simulations are used to
estimate the influence of this layer on the intracardiac time intervals, the amplitudes
and amplitude ratios of the various waves in the PQRST-complex. As the models
can be used to compute both the magnetic field as well as the electric potential, both
fetal ECG and MCG are considered. It will be shown that holes in the vernix caseosa
need to accounted for in the model in order to produce a simulated fetal ECG map
which is similar to the ones measured.
Chapter 5 is also dedicated to the volume conduction problem. In this chapter the
influence of the changing volume conductor throughout gestation will be discussed as
well as inter-individual differences. In this chapter the models of chapter 4 are extended with realistic geometrical data obtained from MRI-images of pregnant women.
This chapter will be dedicated to two questions, namely whether the amplitude of the
fetal MCG signals can be used for diagnostic purposes and up till which accuracy the
ratios between the amplitudes can be estimated. Because in some cardiac diseases
large P-waves are encountered in comparison to healthy cases, a large P-to-QRS ratio
may point to a fetus a risk. Thence, the discussion on the accuracy of the ratios
will focus on the P-to-QRS ratio. In order estimate the variability of the amplitude
and the ratios, models of the second and third trimester of gestation have been made
which include the vernix caseosa and the amniotic fluid. At the end of this chapter it
will be shown that the field near the maternal abdomen can be described as the field
of a magnetic dipole, where this magnetic dipole is located in the vicinity of the fetal
heart. Hence, this model can be used optimise the pickup-coil of the magnetometer
system.
In chapter 6, measurements that are obtained during normal pregnancy and the variations observed between the different individuals will be discussed. A database is
presented consisting of data collected by a number of research groups in various countries, that can be used as reference. This database contains the intracardiac time
intervals, which can be used for establishing what values can be expected to be normal during uncomplicated pregnancy and hence for determining which values are not
expected to be normal. This database is the first study, which compares the data
measured by the various research groups involved in fetal MCG studies and is the
first attempt to come to a measure that is independent of the magnetometer system
and the interpreter of the signals.
In chapter 7, several malfunctions of the fetal heart and their reflections in the fetal
MCG will be considered. Apart from being reliable, fetal magnetocardiography has
to provide data that is useful for classifying fetal cardiac disorders. Therefore, the
second question to be answered is whether fetal MCG enables the distinction between
different cardiac disorders. Four examples will demonstrate new insights in the ability
of fetal MCG in detecting live-threatening heart conditions as well as less serious ones.
The importance of detecting the P-wave in the fetal MCG will be demonstrated.
Finally, in chapter 8 conclusions will be formulated and recommendations for further
improvement.
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1.3

Monitoring the fetal heart

Monitoring the fetal heart dates back more than a century. In the late 19th century
it was recognised that the fetal heart rate could be found by means of ausculation.
The first attempt to record the electrical activity of the fetal heart directly was in
1906 by Cremer (Cremer, 1906). By means of a set of electrodes attached to the
maternal abdomen, fetal heart activity was picked up and amplified, showing the first
recorded fetal QRS-peaks. During the remaining part of the 20th century numerous
improvements have been made in fetal ECG equipment as well as improvements in the
understanding of the propagation of the fetal heart signal (Bolte, 1961; Hon and Lee,
1964; Oldenburg and Macklin, 1977; Brambati and Pardi, 1980; Pardi et al., 1986;
Oostendorp et al., 1989; Piéri et al., 2001). However, despite the advantage of being
a cheap and non-invasive method, transabdominal fetal electrocardiography (ECG)
suffers from the fact that the acquisition of the fetal ECG cannot be guaranteed.
Piéri et al. (2001) found an average success rate of about 60 percent during the last
trimester of gestation and a reduced measurability around weeks 28 until 34 with
success rates as low as 30 percent. In this case the success rate was defined as the
percentage of the total recording time, in which a reliable fetal heart rate could be
obtained. Apart from the low overall average success rate of about 60 percent large
individual differences in success rate were found between recordings. In figure 1.1,
an example of a fetal ECG is given. In this case the signals have an amplitude of
about 20 µV, which is large for a fetal ECG. In most cases the R-peaks are difficult
to discern from the background noise.
The discovery of the Josephson-effect in 1962 (Josephson, 1962) led to the invention of
SQUID-magnetometer systems in the late sixties. These systems made it possible for
the first time to record very tiny magnetic fields such as the magnetic field originating
from the fetal heart, which is of the order of a picotesla at a few centimeters distance
from the maternal abdomen, see figure 1.1. The first fetal magnetocardiogram was
measured in 1974 by Kariniemi et al. (1974). In the following 25 years the interest in
fetal magnetocardiography slowly grew. At first most biomagnetometer systems in the
world were focused on the adult heart and brain, however at the start of the nineties
fetal MCG became more popular. At the moment about ten groups in the world are
collecting fetal MCGs on a regular basis. Most of them use systems originally designed
for the measurement of magnetoencephalograms or adult magnetocardiograms. However some groups are now using or are planning to use magnetometer arrays specially
designed for fetal magnetocardiography (Kandori et al., 1999; Robinson et al., 2001;
Rijpma et al., 1999). The present activity in the field focuses on improving the current
systems for fetal magnetocardiography, the investigation of fetal heart defects and the
establishment of a reference database. The latter consists of values measured during
normal pregnancies that can be used for comparison with the measurements obtained
in ill fetuses (Stinstra et al., 2001b). Over the last ten years, the first documented
cases of arrhythmia (Achenbach et al., 1997; Wakai et al., 1998; van Leeuwen et al.,
1999; Menéndez et al., 2000; Quartero et al., 2001; Menéndez et al., 2001) and congenital heart disease (Hamada et al., 1999; Golbach et al., 2001; Kähler et al., 2001)
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Figure 1.1. Recordings of various methods to monitor the fetal heart. Upper row is a fetal
MCG obtained using a magnetometer at approximately 2 cm from the maternal abdomen
(week 36). The second and third row represent simultaneous recordings of a fetal MCG and
ECG (M=maternal and F=fetal). The fourth row is a fetal CTG in which the fetal heart
rate is measured during several minutes. The lower two graphs represent recordings of the
ultrasound imaging technique.
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investigated by means of fetal magnetocardiography have been reported in literature.
Not only cardiac diseases have been investigated, intrauterine growth retarded fetuses
have been investigated as well as twin pregnancies (van Leeuwen et al., 2001a). Wakai
et al. (2000b) even investigated a case of ectopia cordis, a condition in which the heart
is developing outside the chest of the fetus.
Other methods of monitoring the fetal heart rate include methods such as the direct
recording of the sound produced by the fetal heart and echocardiography. Talbert
et al. (1984) reported the development of a microphone system, which attached to
the abdominal wall could register the opening and closing of the valves in the heart.
Apart from a couple of literature citations in the 1980s, this technique remains mainly
unused.
At the moment ultrasound is the most common technique used to study the fetal heart
rate. This technique became popular in the 1980s and still dominates the centers
for fetal surveillance. Currently, the realm of ultrasound consists of a wide variety
of techniques and devices ranging from a Doppler-ultrasound device for obtaining a
cardiotocogram (CTG) displaying the fetal heart rate, to ultrasound imaging devices
with color-Doppler imaging possibilities and options to reconstruct three-dimensional
images. The latter reconstruct an image of the anatomy of the fetus within the womb
and attempt to map movements of, for instance, blood flow on top of this image.
The technique is based on ultrasonic waves with frequencies in the MHz range that
are reflected at the different interfaces within the maternal abdomen and fetus. An
ultrasound image is created by focusing the ultrasound transducer array along a line
and recording the reflected waves. In this way an ultrasonic image is created along
this line in the body. In the so called B-mode ultrasound scan, the line along which
the ultrasound scan is made is varied in angle and a two dimensional image is created.
By scanning this two dimensional plane continuously, a moving image is created of
the fetus and for instance the heart. In order to increase the temporal resolution, the
M-mode scan has been created. In this mode the ultrasonic beam is not varied in
direction, but the angle under which the ultrasonic beam is insonated is kept constant.
Hence instead of having to make multiple scans under different directions in order to
make one two-dimensional image, each scan along the same direction is a sample in
time. In order to make variations more clear the ultrasonic image along this beam
is displayed as a function of time. In this way a two-dimensional image is created in
which the structure along a line is depicted as a function of time. Hence, this mode
is often used to study moving structures such as the heart. The B-mode is used to
study the morphology of the heart and the M-mode is used to study, for instance,
arrhythmia. The latter scan is performed by focusing the ultrasonic beam in such
a way that the image crosses the fetal heart and preferably both the ventricles and
atria. In figure 1.1, such an M-mode scan is depicted. In this figure, an M-mode
tracing of an atrioventricular heart block is shown in which the atrial and ventricular
rate differ by a factor 2, see chapter 7.
Another way of studying movements is using Doppler-ultrasound. In this technique
Doppler shifts are recorded of the reflected ultrasonic waves. These shifts occur when
particles such as blood cells or structures such as the heart wall move towards or

16

Chapter 1

away from the transducer. This allows for monitoring the fetal heart as well as the
detection of fetal arrhythmias. This technique is used in two kinds of devices, one built
for the sole purpose of obtaining the fetal heart rate lacking any imaging possibilities.
In the other devices this technique is integrated with imaging ultrasound machines.
Despite the common use of Doppler-ultrasound devices for obtaining the fetal heart
rate, these devices have a number of disadvantages. For instance, the elastic belt that
holds the ultrasonic transducer in place for long term usage is found to be unpleasant
(Piéri et al., 2001) and needs continuous repositioning in order to keep the fetal heart
in line with the transducer. To complicate matters the received signal is subjected
to a lot of noise and artifacts, therefore a lot of signal-processing is used in order to
determine the fetal heart rate. However, these signal processing techniques are far
from flawless and they are known to produce erroneous fetal heart rate data under
certain circumstances (Dawes et al., 1990). They are notorious for doubling or halving
the fetal heart rate or making educated guesses during those short intervals in which
noise inhibits the fetal heart rate detection. Especially during episodes of high fetal
heart rate variability problems can occur. Furthermore, due to the signal-processing
strategies employed, the beat-to-beat variability may not be observed at all. Another
application of Doppler-ultrasound is the integration of the technique with ultrasound
imaging. In this way, moving particles can be localised and be used for instance to
measure the blood flow in the fetal aorta, whose velocity will relate to the mechanical
action of the heart. In this way the heart rate can be established as well.
Safety is a matter of concern as the fetus is subjected to a beam of ultrasonic waves.
For instance, Stanton et al. (2001) found that diagnostic ultrasound induces a change
in the number of mitotic and apoptotic cells in the small intestines of mice and they
hypothesise that DNA may be damaged by intense ultrasonic waves. In a study by
Tarantal et al. (1995) monkey fetuses that were frequently exposed to ultrasound,
showed for instance a smaller birth weight and a reduction in the number of neutrophils in the blood (type of white blood cell). Especially the Doppler-ultrasound
mode in modern equipment produces ultrasonic beams with a high power density,
some over 0.5 W/cm2 (Harrington and Campbell, 1995). Hence, these kinds of monitoring the fetal heart should be limited in order to avoid heating up of the tissue
insonated with the ultrasonic beam.
Each technique has its own advantages and drawbacks. For instance, ultrasound
imaging allows for investigating the morphology of the fetal heart and studying its
mechanical functioning using the M-mode. Although techniques like fetal ECG and
MCG cannot reveal the morphology of the fetal heart, they allow for studying the
electrical activation of the fetal heart, which is origin of the mechanical functioning
of the fetal heart. Although these techniques are all labeled as being non-invasive,
the ultrasound techniques still rely on the insonation of sound waves into the body,
whereas the fetal MCG is a truly non-invasive technique in which the body is not even
touched. Whereas fetal ECG and Doppler-ultrasound data are obtained for longer
periods (extending up to 24-hour monitoring), fetal MCG and ultrasound imaging can
only be obtained for short periods of time, as mother and child are not allowed to move
during measurement. Fetal MCG is at the moment performed in magnetically shielded
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rooms with complex magnetometer systems requiring a lot of technical attention.
Ultrasound imaging is still in need of an expert to operate the transducer and a skilled
operator is needed to detect arrhythmias using M-mode. Although the temporal
resolution of ultrasound is improving, the proper diagnosis of fetal arrhythmia is still
not flawless. For instance, Kleinman et al. (1985) describe a case where an arrhythmia
caused by retrograde atrial activation was mistaken for sustained supraventricular
tachycardia by the M-mode tracings. Due to this incorrect diagnosis a treatment of the
tachycardia was initiated with medication that was potentially harmful for the fetus in
case of an arrhythmia caused by retrograde atrial activation. Most medication directly
invokes on the underlying electrical activation of the fetal heart, i.e. the behaviour
of the ionic channels in the cardiac cells are often the target of the medication in
order to increase or slow down the electrical activation. Fetal MCG can improve the
classification and thence the treatment as it reflects the electrical activation directly.

1.4

Fetal magnetocardiography

1.4.1

The origin of the fetal MCG

The origin of the magnetic field and the potential measured at the abdominal surface
is located within the heart muscle. The heart muscle, like other tissues in the human
body, consists of cells surrounded by a membrane. This membrane separates two
electrolytes, i.e. the interstitial fluid and the intracellular fluid. Both fluids exchange
ions, like potassium, sodium and chloride ions through the cell membrane, which
is selectively permeable for these ions. Normally, the sodium concentration in the
interstitial fluid is at least a factor ten larger than in the intracellular fluid and vice
versa for the potassium concentration. These concentration differences are the driving
forces behind the current source in the fetal heart. When the myocardiac cells are in
rest the cell membrane is permeable for potassium ions, but not for the other ions.
Due to the difference in potassium concentration, potassium ions diffuse from the
intracellular fluid towards the extracellular fluid. As a result, the cell gets negatively
charged stopping the efflux of potassium ions. Hence, in equilibrium the potential
across the cell membrane is about -90 mV (Berne and Levy, 1993).
When a cell is excited, the transmembrane potential difference becomes less negative.
This causes the cell membrane to become more permeable to sodium. This triggers an
influx of sodium ions into the cell, charging the cell with positive charges. Since the
cell membrane is now more permeable to sodium, the potential difference over the cell
membrane rises to +30 mV (depolarisation). The influx of sodium is counterbalanced
by an electrical force opposite in the direction of the concentration gradient. The
raise in potential causes the cell membrane to become more permeable to potassium
and less to sodium again lowering the potential difference over the cell again. In
cardiac cells, the repolarisation due to the efflux of potassium is temporarily cancelled
by an additional influx of calcium ions keeping the potential at a level of about 10 mV for about 150 ms. However, the efflux of potassium progresses and ensures
a return to the resting potential. These transmembrane potential changes due to
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Figure 1.2. The cardiac muscle of an adult as current source.

activation are called the action potential. The depolarisation process is illustrated in
figure 1.2. As the activation of cardiac cells reduces the differences in concentrations
between the intracellular and extracellular fluids, each cell membrane contains an
active mechanism, which pumps the potassium and sodium ions back, maintaining
the concentration gradients. This pump consists of an integral membrane protein
called Sodium-Potassium-ATPase. This protein uses chemical energy stored in the
cell to pump potassium and sodium against their concentration gradients allowing an
almost infinite sequence of activation and deactivation.
When a cell is activated at one side and not at the other, it causes a current flow in
the intra- and extracellular fluid, see figure 1.2. At the activated side sodium ions
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Figure 1.3. The volume currents originate from the depolarisation front and from the
repolarisation of cells and spread through the extracellular volume of the fetoabdominal
body. All these currents together generate the magnetic field measured outside the body.

enter the cell charging the cell positively. This charge is carried away again by the
outward flow of potassium ions in the non-activated part of the cell. Not only does
the activation at one side cause volume currents to flow, it also raises the potential
over the cell membrane between the activated and non-activated parts. This raise in
the transmembrane potential, causes this part to be activated as well. Hence, due to
the activation at one side, the activation spreads along the cell membrane depolarising
the entire cell interior. As a result the current source for the volume currents moves
along the depolarisation front. In normal cells, the depolarisation front would stop at
the other end of the cell. However in heart tissue, special gap junctions between the
muscle cells exist which allow the depolarisation front to move from the cell membrane
of one cell to the cell membrane of the next cell. In fact, these gap-junctions consist
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of tiny tubes linking the different cells. As they link all the muscle cells in the heart,
a continuous depolarisation front starts at one side of the heart and will subsequently
depolarise all the cells in the heart. The repolarisation of the cardiac cells is caused
by the closure of the sodium channels and the opening of the potassium ones in the
cell membrane and also coincides with volume currents. However, the role of the
gap-junctions in the repolarisation is not completely understood.
The simultaneous depolarisation of many heart cells cause volume currents that can
be measured at the surface of the maternal abdomen, see figure 1.3. These volume
currents flow primarily in the extracellular volume of the tissues surrounding the fetal
heart. As the density of cells varies for the different tissues in the fetoabdominal
volume, the volume current distribution is highly dependent on the properties of the
surrounding tissue. The volume currents that reach the surface of the abdomen give
rise to potential differences at the abdominal surface. The fetal electrocardiogram
thence reflects the fetal heart activity.
Not only do the volume currents ensure the existence of the fetal ECG, they contribute
as well to the magnetic field. The magnetic field measured outside the maternal
abdomen consists of a contribution of the volume currents spreading through the
body as well as the currents flowing within the cardiac muscle cells. This magnetic
field is called the fetal MCG. That this magnetic field can be measured is a result of
the synchronous activity of many heart cells, the magnetic field of a single cell cannot
be measured. However, the resulting magnetic fields are still weak and therefore
extremely sensitive sensors are needed to measure the fetal MCG. A comparison with
other magnetic field strengths is given in figure 1.4. As a consequence, special care
is required in obtaining the fetal MCG signals in order to reduce disturbances, such
as fluctuations of the earth’s magnetic field and the magnetic fields generated by
electrical devices and power-lines.
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Figure 1.5. Artistic impression of the measurement setup. In the upper figure the patient
in supine position underneath the magnetometer is shown. The distance between the fetal
heart and the pickup coils is in the order of 10 to 15 cm. In the lower figure the layout
of the 19-channel magnetometer system is shown. In this figure a cross section is depicted
with five channels for measuring the magnetic field.

1.4.2

Measuring the fetal MCG

In figure 1.5 an overview is given of the measurement setup. The magnetic field sensor
is a low Tc DC-SQUID which is cooled by means of liquid helium. In order to be
as close as possible to the fetal heart, the mother is asked to lie in a supine position
underneath the cryostat filled with liquid helium. The measurements take place in
a magnetically shielded room and the recorded signals are fed to a computer system
located outside the shielded room. The magnetometer system can be repositioned
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Figure 1.6. The SQUID system. In the upper left graph, the I-V characteristic of a DCSQUID is shown for two values of applied flux. In the upper right graph the flux-to-voltage
transfer of a SQUID is shown for a bias current large enough to ensure a potential difference
over the junctions. In the lower graph the SQUID read-out scheme is drawn, showing the
feedback loop and the phase-sensitive detection system.

over the maternal abdomen using a wooden gantry, which holds the magnetometer in
a position above the abdomen. By means of this gantry the magnetometer system is
repositioned between measurements in order to find a good position for obtaining a
fetal MCG.
The heart of the magnetometer system is the SQUID (Superconducting Quantum
Interference Device). This extremely sensitive sensor for magnetic flux needs to be
cooled by liquid helium (4.2 K) in order to become superconducting. It consists
of a superconducting ring with one or two weak links. The DC-SQUID used to
measure the fetal MCG consists of a ring with two identical weak links (Weinstock,
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1996). Although the two superconducting parts of the SQUID are separated by a
non-superconducting domain, a superconducting current is able to tunnel through
the junction, when the gap is small enough (Josephson, 1962). In order to measure
the magnetic flux that passes through this superconducting ring, the ring is connected to a current source generating a bias current through the SQUID. When the
current through the junctions exceeds the amount of current that can pass through
the junctions resistanceless, a potential difference across the junction is created. This
potential difference over the junctions is a high frequent signal and only the average potential over the junction is measured. When a magnetic flux is applied to the
ring, a screening current in the superconducting ring will compensate the change in
the flux and the average potential difference measured over the junction is changed.
If the flux applied through the superconducting ring is changed by exactly one flux
quantum (Φ0 = h/2e) the average potential difference over the junction is the same.
In figure 1.6 the I-V characteristic for a DC-SQUID is given. This I-V characteristic
is depending on the externally applied flux. In case exactly n flux quanta are applied
the upper curve is attained and for n + 21 the lower curve. All other cases have an
I-V characteristic somewhere in between the two former cases. The SQUID is now
operated with a bias current chosen such that the voltage changes periodically with
the applied flux as shown in the upper right graph of figure 1.6. The flux-to-voltage
transfer is non-linear, the sensor is operated in a flux-locked loop. By introducing a
feedback system in which the measured flux is applied to a feedback coil next to the
SQUID, the system can be used as zero-detector, see lower graph of figure 1.6. In this
case the flux through the SQUID is kept constant. Often a phase-sensitive detection
scheme is used in which a reference signal is applied to the feedback coil and a phasesensitive detector is present in the feedback loop. Using this technique the frequency
of the signal that needs to be amplified is shifted to an operating bandwidth where
the amplifier is more sensitive. In our case an oscillator with a frequency of 100 kHz
is used for the phase-sensitive detection scheme. A more detailed description of the
SQUID system used is given by Houwman (1990).
In order to couple the magnetic flux present above the maternal abdomen into the
SQUID a flux transformer is used. A fluxtransformer consists of a superconducting
wire wound such as depicted in figure 1.7. As the superconducting wire is kept in a
superconducting state by means of liquid helium, each change in the magnetic field
induces a current that keeps on flowing due to the lack of any resistance in the superconducting wire. This superconducting current induces a magnetic flux opposing the
induced flux. Thence, the total flux through the fluxtransformer is kept constant this
way. Hence, flux entering the fluxtransformer must be compensated by the superconducting current, which generates a counterbalancing flux. This counterbalancing
flux is distributed between the pickup coils and the coil on top of the SQUID. A part
of the applied flux is inductively coupled into the SQUID by the coil on top of the
SQUID. The configuration given in figure 1.7 is a gradiometer. This configuration
consists of two coils at a certain distance wound in opposite direction. In case this
gradiometer is subjected to a homogeneous magnetic field, the net flux coupled into
the fluxtransformer is zero. Hence, the fluxtransformer is sensitive for sources close

24

Chapter 1

SQUID

superconducting
shield

Figure 1.7. Scheme of a fluxtransformer in gradiometric setup. A gradiometer consists of two coils wound
in the opposite direction of each
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on top of the SQUID in order to couple flux into the SQUID. The fluxtransformer is made of a superconducting wire and hence the total flux
through the loop is constant.
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to the pickup coil and not sensitive for sources far away as these will render magnetic
fields, which approach a homogeneous field at these distances.
A variety of fluxtransformers has been used to measure the fetal MCG. In figure 1.8,
three different sets of fluxtransformers are shown. The first is a vector-gradiometer.
This fluxtransformer consists of three sets of coils. In order to measure the magnetic
field vector, the coils are wound in such way that they pick up the magnetic flux
in three perpendicular directions. The fluxtransformer consists of three elliptically
shaped coils, which are engraved in a cylinder under an inclination. The coils are under
an angle of 120 degrees with the other coils. Hence, recording the actual magnetic
field vector is only approached by this configuration as the magnetic field that passes
through each of the coils is not homogeneous and only a spatial average is recorded.
In order to reject homogeneous fields, a second set of coils wound in the opposite
direction is located at distance of 6 cm along the axis of the cylinder. Hence, this
configuration will be referred as a “vector”-gradiometer. The second fluxtransformer
tested consists of two magnetometers of which the upper coil can be moved up and
down along the vertical axis. Hence, a gradiometer signal with a variable baseline
can be made with this system by combining measurements obtained with the upper
and lower coil. The last configuration used is the 19-channel system, which was
originally constructed for magnetoencephalography measurements. Hence, the array
of 19 gradiometers are located in an array in which the axis of the gradiometers are
perpendicular to a sphere of a radius of 125 mm, representing the head. All three
systems have been used in such a way that the vertical axis of the fluxtransformer is
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Figure 1.8. Overview of the different kinds of fluxtransformers used at the Biomagnetic
Center Twente for obtaining a fetal MCG. In the upper left corner the vector-gradiometer
system is shown. In this system three elliptic coils are wound around a cylinder to measure the gradient along the z-axis of the three components of the magnetic field. In the
upper right corner the variable baseline gradiometer is shown. This system consists of two
magnetometers which can be repositioned along the z-axis during measurement in order to
simulate a baseline change. The lower one is the 19-channel system, which was originally
designed for brain measurements. It consists of 19 gradiometers covering a circular surface
with a diameter of approximately 10 cm.
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oriented more or less perpendicular to the maternal abdomen.
The measurements take place in a magnetically shielded room, in order to avoid an
abundance of environmental noise. This magnetically shielded room consists of a
layer of aluminum and two layers of µ-metal. The layer of aluminum is used to shield
against the higher frequencies by means of eddy currents induced in the layer. The two
layers of µ-metal serve to shield the room against low frequency fields. The µ-metal
layers have such a high magnetic permeability that the magnetic field lines prefer to
flow through these metal layers instead of through the magnetically shielded room
itself. The shielding factor of the two layers of µ-metal for DC-fields is about 1200,
while for AC-fields at 0.1 Hz it is only a factor 70 (Wieringa, 1993). For frequencies
above 1 kHz the shielding factor is more than 60 dB due to the aluminum layer.
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Chapter 2

Signal-processing
This chapter deals with the signal-processing procedures applied during our investigation
of fetal magnetocardiography. The fetal MCG measurements are contaminated by a considerable amount of noise if, for instance, compared to an adult ECG. Hence, the signals
have to be processed in order to help their interpretation. Since every method of signal
enhancing is based on a set assumptions, the reliability of the processed signals may be
compromised when these assumptions represent a poor description of the real situation.
In this chapter I will elucidate some of these assumptions and their impact on the reliability
of the fetal magnetocardiogram. The procedures in this chapter are part of the automated
algorithm used to process the fetal magnetocardiograms.

2.1

Objectives signal-processing

The primary objective of processing fetal magnetocardiograms is the extraction of
parameters to be used for the diagnosis and classification of a heart disease. Moreover,
the signal-processing procedures should simplify the read-out of these parameters and
help to estimate how reliable the measurement is. The following parameters are
thought to be of interest for the interpretation of the fetal magnetocardiogram.
• Fetal heart rate. The fetal heart rate, for instance, provides information
whether the fetal heart is activated from the central nervous system or may
point to a conduction disorder in the fetal heart.
• Intracardiac time intervals. The intracardiac time intervals are the durations
of the different waves in the cardiac complex, see figure 2.1. These intracardiac
time intervals play a role in the detection of diseases like the long-QT-syndrome,
first degree heart block and other conduction disorders. A more elaborate discussion on intracardiac time intervals can be found in chapter 6.
• Shape and amplitude of the cardiac complex. In adult ECG analysis, the
shape and amplitude play an important role in detecting heart diseases. However, the role of the amplitude in fetal magnetocardiography is limited due to
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complicated volume conduction effects and the lack of accurate knowledge on
fetal lie and especially on the position of the fetal heart in relation to the magnetometer system. Volume conduction effects and the difficulties in interpreting
the amplitudes are discussed in chapter 5.
• Amplitude ratios within the cardiac complex. As the amplitudes of the
various waves depend considerably on the volume conductor, analysing the ratios
of the various waves may provide an alternative. For instance, a large P-to-QRS
ratio may point to atrial hypertrophy, i.e. thickening of the atrial wall, and this
may reveal an underlying congenital heart disease.
• Fetal heart rate and cardiac complex. Finally, all of these parameters
mentioned above interact with each other. For instance a change in the fetal
heart rate may be accompanied by complexes that show different shapes, amplitudes and intracardiac time intervals. Examples of such cases are described
in chapter 7.

2.2

The signal-processing procedure

In figure 2.2, the general signal-processing scheme is given. Most techniques used to
extract the fetal MCG are adapted from fetal ECG. For instance, several methods
have been described using a coherent averaging technique to reconstruct the cardiac
complex from noisy data (Hon and Lee, 1964; Rompelman and Ros, 1986). Also for
detecting cardiac complexes within a noisy signal many methods have been devised
over the years (e.g. van Oosterom, 1986; Woolfson et al., 1990). In this chapter, the
application of such techniques in the fetal MCG research and its impact on obtaining
reliable signals is discussed.
The signal-processing scheme starts by filtering the signal by means of a band-pass
filter in the range from 2 to 120 Hz. This frequency range is chosen as most of the
signal energy of the fetal MCG is concentrated in this bandwidth, as will be shown
in the next section. By this filter the baseline wandering, which is predominantly
due to breathing, is suppressed as well as the noise from the measuring system. As
the signals are obtained in a magnetically shielded room, the contribution of 50 Hz
interference is minimal. Hence, often no 50 Hz filter is applied. Only when a clear
50 Hz contribution is visible in the signal, a 50 Hz filter is used.
As the signal energy of the maternal signal and fetal signal largely coincide, the maternal MCG is suppressed using information from the time-domain. For this purpose,
the maternal ECG is measured simultaneously with the fetal MCG (usually between
both wrists). From the ECG, the time instants are retrieved at which the maternal
R-peaks occur in the maternal ECG. As the maternal MCG is coherent with the
maternal ECG, these time instants do indicate when a maternal R-peak is observed
in the recorded magnetic signal. By averaging the maternal complexes in the magnetic signal, a template of the maternal cardiac complex is made. This complex is
subsequently subtracted at all the time instants where a maternal complex is found.
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Average fetal MCG

In the next the step the fetal R-peaks are detected in the magnetic signals by means
of a threshold and a matched filter. The detected R-peaks are subsequently used to
derive a graph of the fetal heart rate. In the last step of the process, the detected
R-peaks are used for coherently averaging the fetal MCG. This average is again used
to derive the parameters such as the intracardiac time intervals and the ratios between
the different waves. An example of a signal processed with the procedure described
above is given in figure 2.3.

2.3

Description of the recorded signals

2.3.1

Variety in signals

This section will exemplify the variety of signals that are encountered in fetal magnetocardiography. To start with, different magnetometer systems have been used, all
having a different resolution and a different set of pickup-coils. In order to visualise
the variety in signals recorded, several recordings have been depicted in figures 2.4
and 2.5. The first figure lists five recordings obtained with the vector-gradiometer
system. All of these examples show the time traces from three channels, representing
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Figure 2.3. Example of a fetal MCG recording and how these signals are processed.
Upper graph: time traces of the maternal ECG, the measured MCG signal, the MCG
signal after filtering with a band-pass filter and 50 Hz filter, and of the MCG signal after
filtering and subtraction of the maternal signal. Lower left graph: the fetal heart rate
extracted from the measurement expressed in beats per minute (bpm). Lower right graph:
an average cardiac complex (109 complexes).

three components of the magnetic field vector. All of the signals display a repeating
pattern of maternal and fetal QRS-complexes. As both have a different shape and
amplitude, a distinction can be made between both. The fetal heart displays a rate
of about 130 beats per minute (bpm) and that of the mother is in the range of 70 to
90 bpm.
The five examples show that the signal-to-noise ratio is not constant and may vary
per channel and week of gestation. In general it is believed that recordings during
early pregnancy are more noisy due to a small fetal signal, however this is not always
the case. For instance, the first recording in figure 2.4, displays a signal-to-noise ratio
achieved in the 22nd week of gestation that is better than the one in most recordings
obtained at the end of gestation. Repeating the measurement of this patient four
weeks later, resulted in a poorer signal-to-noise of the fetal MCG.
The conditions under which a fetal MCG has to be recorded are often not the same.
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Fetal MCG of a 22-week
old fetus obtained by
the vector-gradiometer
system.

Fetal MCG of a 30-week
old fetus obtained by
the vector-gradiometer
system.
The signal
shows artifacts of an insulin pump used by the
patient.

Fetal MCG of a 33-week
old fetus obtained by
the vector-gradiometer
system. Here P-waves
are visible in the raw
signal.

Fetal MCG of a 37-week
old fetus obtained by
the vector-gradiometer
system in a smaller
noisy cryostat.

Fetal MCG of a 37-week
old fetus obtained by
the vector-gradiometer
system, showing the impact of fetal movement.

Figure 2.4. Examples of measurements obtained by the vector-gradiometer system. The
three time traces depict the three components of the magnetic field as a function of time.
The vertical axis is in arbitrary units.
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In the Biomagnetic Center Twente the measurements normally take place in a magnetically shielded room in order to block out variations in the earth’s magnetic field
and in magnetic fields generated by electrical equipment and moving magnetic objects. For example, one of our patients was diabetic and carried an implant for insulin
injection. Although switched off, the device produced a lot of artifacts. The result of
this measurement is shown in the second recording of figure 2.4. Although the fetal
trace is still visible, a lot of baseline wandering is measured. As children of diabetic
patients are thought to have a higher risk for cardiac abnormalities (Greene, 1999;
Ryan, 1998), this kind of patients will be indicated for fetal MCG screening when
fetal MCG will enter the clinic. Hence, a signal-processing program should be flexible
enough to cope with this kind of signals.
A more common form of baseline wandering is shown in the third recording. The
source of these changes in the amplitude is not exactly known. Most probably they
are due to movements of mother or child. In most cases the baseline wandering is
linked to maternal breathing. Recordings of movement due to breathing, showed a
high correlation with the baseline wandering in the MCG.
That the signal-to-noise ratio is not only depending on the magnitude of the fetal
signal is shown in the fourth example. In this case a smaller cryostat was used to
keep the vector-gradiometer at a temperature of 4.2 K. The metallic layers of the
radiation-shield inside the wall of this cryostat, did produce a lot of white noise, as
can be seen in the figure. The last example also shows a phenomenon often recorded.
In this fetal MCG, the sign of the R-peak suddenly changes due to fetal movement.
In figure 2.5, examples of measurements with the variable baseline system and the 19channel system are shown. The variable baseline system was designed for experimental
use only. As it is fitted in a smaller noisier cryostat, the signal-to-noise ratio is
poorer. However the use of this smaller cryostat enabled us to move the pickupcoils more easily over the abdomen. The variable baseline system consists of two
magnetometers at a variable distance. Combining both channels electronicly creates
again a gradiometer. As magnetometers are used in the system, it is more sensitive
for 50 Hz interference. Normally the 50 Hz sources are at a large distance from the
pickup-coils and hence in a gradiometer setup both coils will record about the same
amount of 50 Hz and these contributions will cancel each other. As for a magnetometer
channel this is not the case the 50 Hz component will be seen and its contribution
is only diminished after electronicly subtracting both channels. The examples of the
19-channel system show recordings of a similar quality (the level noise in the signals
is about a factor 2 larger)as the vector-gradiometer system. With both systems it was
occasionally possible to distinguish P-waves in the raw signal, even before filtering or
averaging the data.

2.3.2

Noise sources

In order to detect fetal cardiac disorders, the signal-processing procedures should be
flexible. To make a distinction between the fetal signal and all the other sources, these
sources should be identified. The more is known about a noise source, the higher the
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Fetal MCG of a 34week old fetus obtained
by the variable baseline
system.

Fetal MCG of a 27-week
old fetus obtained by
the 19-channel system.
This fetus is suffering
from a complete atrioventricular block.

Fetal MCG of a 39week old fetus obtained
by the 19-channel system. This fetus has premature atrial contractions.

Figure 2.5. Examples of measurements obtained by the variable baseline system and the
19-channel system. The upper graph depicts the two magnetometer channels of the variable
baseline system. In this case the coils are 8 cm apart. The lower two graphs depict the four
channels of the 19-channel system with the best signal-to-noise ratio.

chance is that it is recognised in the fetal MCG signal. In figure 2.6 the major noise
sources are listed.
In every fetal MCG measured in the Biomagnetic Center Twente, the maternal MCG
could be distinguished as well. The amplitude of the maternal QRS-complex is comparable to that of the fetal QRS-complex. The amplitude of the fetal QRS-complex
varies in amplitude and shape for each channel as can be seen in figure 2.4.
Other sources of noise include, for instance, movements due to breathing and fetal
movement. In figure 2.7, two examples of such influences are depicted. In the upper
graph simultaneous recordings are shown of an adult MCG and the movement of
the chest due to breathing. The latter was recorded using a system consisting of a
DC-light-source and a light-sensor. The resistance of this sensor is dependent on the
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Figure 2.6. Illustration of the
main sources of noise in the fetal MCG.

intensity of the light, and therefore it is dependent on the distance between the lightsource and the sensor. With the light-source at a distance of 0.5 m, this measurement
setup had a sensitivity of 0.02 V/cm. The relation between the light intensity and the
distance is not linear. However, for movements of a few centimeters at a distance of
0.5 m from the source, the relation could be approximated by a linear one. The sensor
was attached to the subject lying underneath the magnetometer-system with the lightsource mounted at a distance of around 0.5 m. Measurements with and without the
sensor were made to assure that the light-sensor did not interfere with the MCG
measurement. When looking at the graphs in figure 2.7, a striking similarity is found
between the low-frequent baseline wandering of the MCG and the motions recorded
by the light sensor. Hence, it is concluded that most of the low-frequent signals
originate from breathing. The measurements were repeated for different subjects.
The amplitude of the breathing artifacts was different for each person. For some
almost no baseline wandering was found and for others it was about a factor five
times as large as the one shown in figure 2.7. A number of factors may explain these
differences, such as food with a high content of metal that was consumed before the
measurements, or some magnetic object moving along with the subject’s movements.
In the lower graph of figure 2.7, a completely different influence of movements is shown.
In this case, it is the fetus that is moving and the fetal MCG signal changes abruptly
in shape and amplitude (within a few seconds). The fetal movement could not be
measured itself, because a measurement with, for instance, ultrasound would interfere
with the fetal MCG. However, fetal movement is the most probable explanation of this
change in signal. Hence, when averaging fetal MCG data, one should be aware that
the fetal cardiac complex could change its shape and amplitude due to fetal movement.
Especially, in the early weeks of gestation the fetus is able to move freely within the
uterus. Measurements suggest that the periods in which movements are absent have a
mean duration of 4 minutes (with a maximum of 11 minutes) for the gestational age of
8-20 weeks, 5 minutes (maximal 17 minutes) for weeks 20-30 (Nijhuis, 1994), thereby
limiting the number of complexes that can be used in the averaging procedure.
Not all noise results from the body, the magnetometer system also produces noise.
This noise consists of thermal noise of the cryostat and noise of the SQUID-system.
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The time trace of an adult MCG measured above the abdomen and signal from a lightsensor measuring abdominal movements. The small peaks in the lower trace depict the
MCG. In order to show the correlation between the abdominal movements and the MCG
signal, one minute of data is depicted.

Fetal MCG in which the amplitude and sign of the fetal QRS-complex abruptly changes
due to fetal movement.

Figure 2.7. Two examples of influences due to movement. In the upper graph the lowfrequency changes in the baseline are due to breathing. In the lower graph a change in the
fetal cardiac waveform is shown due to fetal movement.

The latter noise stems from the SQUID as well as from the amplifiers and other
electronic components in the SQUID read-out electronics.
Measurements performed in a small BTI-cryostat, turned out to be limited by cryostat
noise. By varying the distance of the pickup-coil with regard to the bottom of the
cryostat, it turned out that the background noise level of the measured data changed
in amplitude. Hence, the white noise measured was due to the cryostat and it was
not limited by the SQUID and its electronics. Changing the cryostat resulted in a
drop of the white noise level by about a factor 7. The noise levels are depicted in
figure 2.8. This cryostat noise is caused by thermal motion of the electrons in the
radiation-shield. The difference in cryostat noise can be explained by the geometry
of the cryostat and the materials used in the radiation-shield. In the small cryostat
the walls are close to the pickup-coil and thence the random motion of the electrons
generate a relatively large flux in the pickup-coil. The
√ measurements in this noisy
cryostat had a background noise level of about 12 fT/
√ Hz. Measurements performed
in the larger cryostat had a noise level of about 2 fT/ Hz. The latter number is about
the expected noise level, that was measured for the low Tc-SQUIDs in combination
with the readout-electronics used in the magnetometer system (Houwman, 1990).
Analysis showed that while using the noisy cryostat for fetal MCG measurements no

Signal-processing

37

Figure 2.8. The power spectral density measured with
the same system under similar conditions using two different cryostats. The upper graph is obtained using
a small BTI-cryostat and the
lower graph using a larger
CTF-cryostat. In the last
case the noise is limited by
the SQUID-system.

P-waves were observed in the raw data and P-waves were hardly discernible after
filtering with a band-pass filter from 2 to 120 Hz. In √
case the noise was limited by
the SQUID and its read-out system at a level of 2 fT/ Hz more often a P-wave was
found in the raw data. Although averaging helps to reduce the noise level and may
reveal P-waves in noisy signals, there are some diseases where P-waves need to be
detected independently from the R-peaks in order to make a proper diagnosis, as will
be explained in chapter 7.

2.3.3

Frequency contents

In order to determine the frequency range of the fetal MCG signal, a fetal MCG
recording of a 22-week old fetus was divided into the signal from the maternal heart,
the signal from the fetal heart and the remaining noise. The division is made by
determining an averaged maternal PQRST-complex. Using this averaged complex
and the time instants where a maternal R-peak was detected, the maternal signal is
recreated. This signal is subsequently subtracted from the recorded signal. In the
next step the fetal QRS-complexes are detected in the remaining signal and again a
reconstruction is made of the fetal signal, which is subtracted from the recorded signal.
The remaining signal is assumed to contain noise only. The power spectral density
of all three signals was computed. This spectrum was computed by dividing the
signal into intervals of 4096 ms and computing the power spectrum for each interval.
Subsequently all these spectra were averaged. In figure 2.9, the power spectra of the
maternal MCG, the fetal MCG and the remaining noise are shown. The signal power
of the fetal MCG is mostly confined to a frequency range between 10 and 100 Hz, with
a peak at 2 Hz, the fetal heart rate. The maternal signal has a lower frequency content,
although there is a large overlap in the frequency range. Repeating the analysis for
other channels revealed a similar graph. The graph shows that the frequency range
of 10 to 100 Hz is the best range for detecting the fetal MCG, as the signal-to-noise
ratio in this range is largest. In the latter case, it is assumed that the maternal MCG
is suppressed before detecting the fetal signal.
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Figure 2.9. The power spectral density of the maternal
MCG, the fetal MCG and the
remaining noise. This graph
has been obtained by splitting a measured signal into
these three components.

2.3.4

The influence of the magnetometer system

The magnetometer system is a complex system, which may cause deformations in the
fetal MCG signal. Before the signal is digitised, it is amplified and filtered. After the
SQUID-electronics, the signal is amplified by a factor 10, low-frequency disturbances
are suppressed by applying a high-pass filter and the signal is led through an antialiasing filter and subsequently the signal is processed digitally. The high-pass filter
is an RC-network with a cut-off frequency of 0.01 Hz and the anti-aliasing filter is a
fifth-order Bessel filter with a cut-off frequency of 220 Hz. After sampling the signal
with a frequency of 4 kHz, the signal is then electronically resampled to a samplefrequency of 1 kHz. As this system contains many components, they all may interfere
with the fetal MCG and change its shape and amplitude. Another issue of concern
is the feedback loop in the SQUID-electronics, which may give rise to higher order
harmonics in the recorded signal.
In order to examine the influence of this measurement setup, an artificial magnetic
signal was generated that resembled the signal of the fetal heart. This signal was
transmitted by a coil positioned underneath the magnetometer system at a distance
of about 10 cm. In figure 2.10 an example of the input and the output signal is
depicted. The shape of the signal was obtained from an averaged fetal MCG near the
end of gestation. This artificial fetal PQRST-complex was repeated with a frequency
of about 120 bpm. The rhythm of the signal was composed after a rhythm observed in
a real fetal MCG. The experiment was repeated with different amplitudes of the series
of R-peaks. The amplitude of this series was varied in such a way that they resembled
the amplitudes of fetal R-peaks (from 0.5 to 2 pT). The latter range coincides with
the range of R-peak amplitudes, which is normally observed.
The recorded artificial PQRST-complexes are detected in the signal and subsequently
averaged in order to reduce the noise in the signal. In this case 120 complexes were
generated and subsequently averaged. The resulting average has been compared with
the original input. In figure 2.11, a comparison between the transmitted signal and the
retrieved signal is made. This comparison has been made after fitting the amplitude
of the input signal to that of the retrieved signal. As can be seen in figure 2.11,
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Figure 2.10. In the lower time trace the signal is depicted, which is transmitted by means
of a coil into the magnetometer system (input). This signal is generated artificially by means
of a computer. In the upper time trace the signal recorded by the magnetometer system is
shown (output).
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Figure 2.11. In black the artificial
cardiac complex is depicted that was
transmitted by a coil into the magnetometer system. In gray the averaged cardiac complex is depicted
which was reconstructed out of the
recorded signal. In the upper left
and lower right corner enlargements
of the signal are shown, which show
only minute changes in the complex.
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almost no differences between the original and the retrieved signal can be found. As
a diagnosis is drawn from an average by examining its shape, these small differences
should not be of any influence on the diagnosis made by a physician. The analysis
has been repeated with different input signals and different amplitudes of the signals.
It turned out that the system scales linearly in the measurement range and that the
shape of the complex was not affected by the magnetometer system. Hence, the
system can be used for obtaining a reliable fetal MCG.

2.4

Filtering

2.4.1

Band-pass filter

The first stage of the signal-processing procedure is applying a band-pass filter. The
filter is used to suppress baseline wandering and to reduce the noise and interference
in the frequency band from 120 to 500 Hz. Baseline wandering needs to be suppressed
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Pre-detection filter 10-60Hz
The detected maximum
shifts to the left
fetal MCG +
50 Hz interference
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Figure 2.12. Influence of 50 Hz interference. left: This graph shows two averaged fetal
cardiac complexes (n = 100). The upper is computed after detecting the R-peaks with
a pre-detection filter of 10-60 Hz. The lower is the average in case a pre-detection filter
of 10-40 Hz is used. Depending on the bandwidth of the pre-detection filter the 50 Hz is
suppressed. right: The cause of the poor suppression of the 50 Hz in case it is not removed
in the pre-detection filter. Due to the 50 Hz interference the detected R-peak shifts towards
the top of the 50 Hz sine-wave. Due to the increased number of R-peaks detected near the
top of the 50 Hz sine wave, coherently averaging does not suppress the 50 Hz interference.

in order to be able to detect the fetal R-peaks and for enhancing the coherent average.
For these two purposes the filter has to meet different specifications. In case of detecting the fetal R-peaks, it does not matter whether PQRST-complexes are deformed
by the filter as long as the R-peak becomes clearly identifiable. In case the filter is
used for removing noise and interference before coherent averaging, the filter should
not alter the shape of the averaged PQRST-complex. As both specifications differ,
two band-pass filters are used.
As pre-detection filter a finite impulse response (FIR) filter is used with 50 coefficients
and a bandwidth from 10 to 40 Hz. This frequency range is chosen, because it excludes
the power-line frequency of 50 Hz and it does coincide with the bandwidth in which
the fetal cardiac complex has most of its signal energy. That the cut-off frequency
should be well below 50 Hz, is demonstrated in figure 2.12. With a moderate 50 Hz
contribution (about 25 percent of the amplitude of the R-peak), the location, where
the top of the R-peak is detected, may be shifted to an earlier or later time instant if
the R-peak and top of the 50 Hz sine-wave more or less coincide. Due to this process
the number of events detected near the top of the 50 Hz wave is larger than it should
be, as illustrated in figure 2.12. Hence, the phase of the 50 Hz interference is not
uniformly distributed. And as a consequence this interference is not averaged out as
can be seen in figure 2.12.
The pre-averaging filter consists of a separate high-pass and low-pass filter. Together
they form a band-pass filter with a bandwidth from 2 to 120 Hz. The low-pass filter
is again a finite impulse response (FIR) filter. In order to determine the number of
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Figure 2.13. Left graph: the influence of the low-pass filter with a cut-off frequency of
120 Hz on the PQRST-complex. In this figure the number of coefficients used in the FIR
filter is varied. Right graph: the influence of the cut-off frequency of the high-pass filter
on the PQRST-complex.

coefficients to be used in this filter, the effect of the filter on the averaged PQRSTcomplex is analysed. For this purpose a fetal MCG measurement is taken with large
cardiac complexes and almost no baseline wandering. The filter is applied before
averaging the fetal MCG and the average is compared to the one obtained in case
no filter would have been applied. In this case both should be about same. In
figure 2.13, the averages are depicted. In case the number of coefficients is low, the
amplitude of the R-peak decreases. When a larger number of coefficients is taken,
small fluctuations are found succeeding the R-peak (impulse response). Hence, for
this finite impulse response filter the number of coefficients is a compromise. A filter
with 25 coefficients has only a minor influence on the average. The analysis was
repeated for other measurements. As most QRS-complexes are not as steep as the
one in figure 2.13, a cut-off filter of 100 Hz is also sufficient in those cases. For the
graphs in this thesis, a pre-averaging filter with a cut-off frequency of 120 Hz and
25 coefficients is used.
In order to use a FIR filter as high-pass filter, a lot of coefficients are needed. In order
to detect the slow variations on the baseline, the filter needs a large time window. As
this requires a lot of coefficients, the filtering process would be a time consuming one.
Hence, the signal is resampled before filtering and the sample-frequency is decreased
from 1 kHz to 0.1 kHz. This process of decimating the signal by a factor 10 and the
interpolation of the signal after the filtering process has been described by Mosher et
al. (1997). After decimating the signal it is passed through a low-pass filter of 2 Hz,
after which the baseline wandering remains. This signal is interpolated to the original
sample-frequency of 1 kHz and subsequently subtracted from the original signal. In
figure 2.13, the effect of a cut-off frequency of 1, 2 or 4 Hz on the average PQRSTcomplex is shown. It turns out that for a cut-off frequency larger than 2 Hz, the
high-pass filter changes the appearance of the average. Hence, for the fetal MCGs in
this thesis a high-pass filter with a cut-off frequency of 2 Hz is used.
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Figure 2.14. An example of a signal filtered with the pre-detection filter and the preaveraging filter.

Figure 2.15. The signal of a patient who had an insulin pump as implant. Filtering the
signal within a bandwidth from 2 to 120 Hz did not remove the noise. However in this
case the noise was correlated to the maternal heart beat and could be removed by coherent
averaging using the maternal R-peak as trigger.

In figure 2.14, the effect of the pre-detection and the pre-averaging filter on a fetal
MCG recording is depicted. That the noise cannot always be removed in this manner
is shown in figure 2.15. This figure shows the recorded signal of a diabetes patient,
who had an insulin pump as implant. The pump was switched off during the measurement, but did cause baseline wandering. However the frequency of the interference is
over 2 Hz and using a band-pass filter with a higher frequency would interfere with
the fetal signal. The interference was however coupled to the maternal heart beat.
Possibly, the blood pressure waves coming from the maternal heart moved the implant
slightly up and down. As the implant is probably a bit magnetic, it results in the
coherent movement of this magnetic object with the maternal heart. The interference was suppressed by coherent averaging on the R-peaks of the maternal signal and
subtracting an average maternal MCG that in this case was contaminated with the
interference. In the lower trace of figure 2.15, the result is shown.
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2.4.2

Filtering 50 Hz

When measuring by means of magnetometers instead of gradiometers, the signals
often show a strong 50 Hz component (about the size of the fetal R-peak). Hence,
this component should be removed before averaging. There are several ways to remove
the 50 Hz interference. For instance, using a digital notch filter. These filters can
be constructed in several ways, for instance using a finite impulse response scheme or
an infinite impulse response scheme. However, applying these filters on the recorded
signal interferes with the fetal QRS-complex. One difficulty encountered in the fetal
MCG signal is that it is not stationary in frequency contents. Only at a time scale
of a few seconds does the signal become stationary. Hence, whenever a QRS-peak
passes the filter, an impulse response of the filter will be triggered. The effect of
such a response is demonstrated in figure 2.16. Prior to averaging, the signal was
filtered with a Chebychev II notch-filter with a bandwidth of 1 Hz. Compared to the
non-filtered case the filtered average shows strong artifacts in the complex. Other
digital notch-filters have been tested but they all resulted in some type of impulse
response following the QRS-complex, although not as strong as in the example shown
in figure 2.16. Hence, when using this kind of filters, the QRS-complex may appear
to be prolonged.
In order to avoid this unwanted prolongation of the QRS-complex, a different 50 Hz
suppression scheme has been used. The scheme starts by detecting fetal and maternal QRS-complexes in the pre-detection filtered signal. By means of averaging the
PQRST-complexes are removed from the signal and the signal is band-pass filtered
from 40 to 60 Hz. This leaves the 50 Hz interference as the largest signal in the
recorded signal. Now the amplitude, exact frequency and phase of this 50 Hz interference are estimated. The frequency is estimated using a fast fourier transform of
the signal. The signal is now divided into segments of 2 seconds and for each segment
the best fitting phase and amplitude are determined. By means of comparing the
phase information of the segments it is possible to check whether the estimated frequency is correct. When between the different segments small shifts in phase occur,
the frequency of the fitted sine wave differs slightly from the interference. Using these
phase differences a better frequency can be estimated. The process of estimating the
amplitude and phase of the interference is now repeated. Subsequently the phase and
amplitude information is used to construct the 50 Hz interference signal and subtract
it from the measurement. Simulations with artificial 50 Hz interference (about 20 percent of the amplitude of the fetal R-peak) showed that after two steps the frequency
of the interference was found with an error of 0.02 Hz. The results of applying this
noise suppression scheme is shown in figure 2.16 as well.
Although the 50 Hz suppression scheme does not always perfectly remove the 50 Hz
interference in the signal, it does not introduce artifacts in the averaged fetal cardiac
complexes. Most of the time, the reduction of the 50 Hz interference is enough to
produce useful cardiac complexes. The amplitudes and intracardiac time intervals are
not affected by this filter.
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fetal MCG with 50 Hz noise

Figure 2.16. Influence of 50 Hz on fetal
MCG traces and averages. Upper graph:
The first trace is a measurement contaminated
by 50 Hz, the second trace is after applying
a notch-filter, the last trace is obtained after reconstruction of the 50 Hz sine wave and
subtracting it from the signal. Left graph:
Averaged complexes obtained from the three
signals shown in the graph above (100 complexes).
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Non-linear filter

Another method to extract reoccurring events, i.e. fetal or maternal heart complexes,
from a single channel recording is the use of a state-space projection, such as the
algorithm described by Richter et al. (1998). They applied a state-space projection
to improve the signal quality of a fetal electrocardiogram in order to enhance the
accuracy of fetal heart rate detection.
In this non-linear filtering technique the signal is first reconstructed in the statespace. The vectors in the state-space are extracted from a time series of a single
channel recording using delay coordinates. In such a description a single sample at
time t and m − 1 samples preceding this sample at times t − iτ describe one point in
the state-space. Hence a vector in the state-space reads
b n = (xn−(m−1)τ , xn−(m−2)τ , · · · , xn )
S

(2.1)
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b n is a vector in an m-dimensional space and xn−(m−1)τ are the signal values
Here S
preceding the current value by a time difference of (m − i)τ . Following this procedure
a trajectory in an m-dimensional space represents the signal. An example of such
a trajectory is given in figure 2.17(c). This is in fact a two-dimensional projection
of the first two delay coordinates of the multi-dimensional trajectory. If a fetal or
maternal signal is the dominant ingredient in a recording and each complex is basicly
the same complex, a closed trajectory will appear that will be followed each time a
fetal or maternal complex is found in the signal. However this trajectory will differ
for each complex due to the presence of additional noise. Under the assumption
of all complexes being equal in shape and amplitude, the signal is now filtered by
reconstructing this trajectory and making a local projection on a local basis using a
principal component analysis. The filter processes the points in the state-space, point
by point. For each point in the state-space, the reconstruction starts by finding those
points in the state-space that are close to this point.

bk
U= S


bk − S
bn ≤ 
S

(2.2)

For this collection of neighbouring points, the local center of mass is computed

b mean =
S

X S
bk
|U |

(2.3)

b k ∈U
S

Subsequently, a q-dimensional volume is fitted in the m-dimensional space that locally
approaches the trajectory. This volume can be described as following

b trajectory (α1 , . . . , αq ) = S
b mean + α1 S
b dir 1 + . . . + αq S
b dir q
S

(2.4)

b dir i define in which direction the q-dimensional figure
In this equation the vectors S
stretches. For instance, if q = 2 a plane is used to describe the trajectory locally.
This plane intersects the center of mass and its direction vectors are derived using a
principal component analysis of the points in this local neighbourhood. After establishing this local plane, the point that is processed is projected on this plane. This
procedure is carried out for each point in the state-space. A more detailed description
of this procedure is given by Richter et al. (1998). The result of such a reconstruction is shown in figure 2.17(c) (red line). Hence, the result shown may represent a
denoised signal and the trajectory in the state-space is now translated back into a
single channel recording.
In order to test the performance of this state-space reconstruction, a signal was taken
of a 39 week old fetus. This fetus was diagnosed with a bundle branch block, as
will be described in chapter 7. As the magnetic signal should be comparable to
the fetal electrocardiogram, the same parameters in the reconstruction are used as
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Figure 2.17. Non-linear state-space reconstruction of a fetal magnetocardiogram measured
in week 39 of gestation. The lower right graph is the trajectory in the state space. The blue
line is the raw signal and the red line is the reconstructed signal. In the upper graph signal
I represents the raw signal, signal II is filtered by a band-pass filter between 2 and 120 Hz,
signal III is a non-linear reconstruction using a two-dimensional state-space projection,
signal IV is a non-linear reconstruction using a four-dimensional state-space projection and
signal V is the same as signal III except that the local neighbourhood for reconstructing a
local basis is halved. Finally, the lower left graph displays the averages extracted from the
five time traces.
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Richter et al. (1998) used in their reconstruction of the fetal electrocardiogram, i.e.
bn.
an 11-dimensional state-space and a delay of 4 ms between the samples in vector S
The results of the procedure are shown in figure 2.17(a). In total 20 seconds of data
are processed, as this type of non-linear filter requires a huge computational effort.
From the results it becomes clear that the complexes become better visible in the
time trace after applying the non-linear filter. However after applying the non-linear
filter, details like the P-wave are still difficult to identify and averaging seems still to
be necessary in determining parameters like PR-intervals. Of all five time traces in
figure 2.17(a) an average fetal complex is constructed. These complexes are shown
in figure 2.17(b). From these complexes it becomes apparent that the non-linear
filter has difficulty to distinguish between P-wave and noise and consequently the
amplitude of the P-wave is smaller for the average reconstructed out of the non-linear
filtered signal. Using more degrees of freedom in the state-space reconstruction only
exaggerates this effect. However decreasing the volume in which neighbouring points
are taken for constructing a local basis on which the projection is made, makes the
method less vulnerable for decreasing the amplitude of the P-wave. On the other
hand it decreases as well the effectiveness in removing noise from the time traces and
the performance is not better than a band-pass filter (second time trace and average).
The decrease in amplitude of the P-wave is observed in other measurements as well.
Hence, this state-space reconstruction may help to improve the accuracy of the fetal
heart rate tracings as the R-peaks are more clearly visible. However as long as the
P-wave and the T-wave remain obscured by the background noise in the recordings,
the state-space reconstruction will not help to improve the determination of the intracardiac time intervals, as the P-wave and T-waves will be considered noise and subsequently will be removed. Increasing the dimension of the state-space reconstruction
does not seem to improve the signal quality. Increasing the local projection dimension
from two to three or four does result in better signals, however the apparently cleaner
signals lack even more details of the P- and T-wave. For a reconstruction dimension of
four hardly a P-wave remains in the average, rendering this kind of filtering unsuitable
for diagnosing abnormalities in the cardiac complex.

2.5

Detection and averaging of fetal complexes

2.5.1

Detection of fetal complexes

In figure 2.18, the detection scheme used at the Biomagnetic Center Twente is depicted. The detection algorithm starts by filtering the signal with the pre-detection
band-pass filter. The next step in the process is detecting the R-peaks in the signal.
The R-peak of the QRS-complex is the part of the cardiac complex that is easiest
recognised in the signal. The peaks are detected by means of a threshold. This
threshold is acquired by dividing the signal in pieces of two seconds. For each of the
two second intervals, the largest peak (positive or negative) in relation to the mean
value over this interval is selected. Of all these local extrema the median value is
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Pre-detection filter data with a band-pass filter of
10 Hz to 40 Hz
Divide the signal into sections of 2 seconds
Find the maximum amplitude in each section
Take the median of all R-peak amplitudes as
as a representative R-peak amplitude
Detect R-peaks in the signal using a threshold of
0.65 x median of the R-peak amplitudes
Create a template with detected peaks and
use the template for a matched filter

Figure 2.18. Detection scheme used
to detect the fetal complexes in the
fetal MCG.

Detect peaks again after the matched filter

Reject R-peaks that are closer together than
200 ms

selected. This value represents the size of the average R-peak. The threshold for
detection is now set to 65% of the median size of the R-peak. The latter value was
obtained by trial and error and works in most cases. Almost all the events in the fetal
MCG signals that are processed at the Biomagnetic Center Twente are detected in
this way.
In the next step the cardiac complexes are extracted from filtered signal. These complexes are used to construct a template of the cardiac complex. Using this template
the signal is filtered again and the template serves here as a matched filter. Using
the algorithm described above the events are again detected and a threshold of 65%
of the median value is used again.
The last step in the detection process is checking what the minimum time interval
between two detected R-peaks is. Whenever the interval is shorter than 200 ms,
the R-peak with the lowest correlation in the matched filter is rejected. The latter
assumption that R-peaks cannot follow each other within 200 ms is based on the
refractory period of the ventricular pacemaker cells, which cannot sustain a faster
contraction rate than 300 bpm (van Wezel-Meijler et al., 1997).

2.5.2

Averaging fetal complexes

After detecting where fetal R-peaks are possibly located. An averaging procedure is
applied in which complexes are rejected for averaging if they do not resemble the other
complexes. The procedure is drawn in figure 2.19. The scheme starts by retrieving
the detected complexes and defining an interval surrounding the detected R-peaks
as being the interval of the fetal PQRST-complex. For each of these intervals the
maximum and minimum value reached by the signal (the fetal MCG recording) is
determined. It is assumed that baseline wandering and the maternal complexes are
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Reject complexes with a small or a large amplitude
0.8 x median(ampl) < amplitude < 1.2 x median(ampl)

Make a global template by averaging complexes
and correct baseline template by subtracting linear function

Correct R-peak detection by a cross-correlation of
each complex with the template

Obtain individual complexes and do a baseline correction

Figure 2.19. Averaging scheme applied to obtain an average fetal MCG
from which intracardiac time intervals can be derived.

Reject complexes which do not resemble the template
based on a residue measure

Create average from the remaining complexes

removed by the pre-averaging filter and that the fetal R-peak is the largest peak
within the interval. The difference between maximum and minimum thence reflects
the amplitude of the QRS-complex. From these differences between the maximum
and minimum, the median difference is chosen and all intervals that show a larger
difference between maximum and minimum are rejected if this value is more than
20 percent. The same procedure is followed for complexes that are smaller and the
intervals are rejected if the value is 20 percent smaller than the median value. In this
way intervals with large fluctuations due to movements or the patient touching the
cryostat are not considered in the averaging procedure. These fluctuations are not
always removed by the band-pass filter, as in these sudden movements frequencies
higher than 2 Hz are present.
In the next step of the process, a template of the PQRST-complex is created by
averaging the individual PQRST-complexes. The complexes in this case are aligned
on their R-peaks. After averaging, the template is further modified by flattening
its baseline. The latter is done by taking the first and last 15 ms of the interval in
which the PQRST-complex is located and fitting a straight line through the values
contained by these small intervals of 15 ms. In this case it is assumed that during the
first and last 15 ms no fetal heart activity is present and thence these periods in the
PQRST-complex should represent the iso-electric line. The fitted line is subtracted
from the template in order to flatten its baseline.
The template is used to make a cross-correlation with the individual complexes. This
cross-correlation is used to do a final correction in the time domain. This correction
normally leads to corrections on the position of the R-peak of an order of a few
milliseconds. Due to noise peaks the maximum of the R-peak sometimes shifts with
a few milliseconds. After these corrections, baseline corrections are made in the
individual complexes. Subsequently the difference between the individual complex
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and the template is expressed in the form of a residue

R=

n
X
(Si,complex − Si,template )2
i=1

n

(2.5)

Here, R is the residue and Si is the ith sample of the signal. This expected residue
is based on knowledge of the background noise level plus the fact that the complexes
are not similar. All the complexes with a residue larger than expected are rejected
and not used in the final average
R ≤ 2 × V ar(Snoise ) + ((0.1) × Ampl(R-peak))2

(2.6)

After this step, the final average is computed and the intracardiac time intervals are
manually extracted from the average.

2.5.3

Noise reduction due to averaging

In order to estimate the noise reduction achieved the distribution of the noise has
to be estimated. After removal of the low-frequency components due to movement
and breathing and after the removal of the maternal signal, the remaining noise in
the frequency band from 2 Hz to 120 Hz is primarily caused by thermal noise of
the cryostat or the intrinsic noise of the SQUID-system. In order to estimate the
properties of this noise contribution in the frequency domain, a power spectrum is
made from the noise. This signal is defined as the signal that remains after removal
of the maternal and fetal complexes and the low-frequency components below 2 Hz.
The power spectral density of this signal is given in figure 2.20. It turns out√that
in the frequency range from 10 to 120 Hz the noise is around a level of 3 ft/ Hz.
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In the lower-frequency range, the noise level is somewhat higher, possibly due to an
incomplete removal of maternal or fetal complexes.
In order to describe the noise reduction by the averaging process the following model
is posed for each individual complex

si (t) = f mcg(t) + ni (t)

(2.7)

Here, si (t) is the individual cardiac complex retrieved from the fetal MCG recording
and f mcg(t) is the fetal complex that is assumed not to change during the recording.
Since the noise ni (t) is assumed to be mainly due to thermal noise or noise in the
SQUID-system it is assumed to be gaussian distributed. In order to determine whether
it is gaussian distributed a goodness-of-fit test has been performed (Stinstra et al.,
2001a). In this test, a histogram is made of the noise distribution and the hypothesis
is tested whether this distribution can be explained by gaussian noise. It turned out
that the noise was gaussian distributed (p=0.05).

ni ∼ N (0, σ)

⇒

V ar

X
n



si /n = σ 2 /n

(2.8)

i=1

Hence, the signal-to-noise ratio improves by a factor n, where n is the number of
complexes. The goodness-of-fit test was performed for each sample in the cardiac
complex and it turned out that the estimated standard variance for each sample did
not depend on the position in the QRS-complex (the noise contribution during the
QRS-complex is the same as the one during the P-wave). Hence, the more complexes
are used in an average the less noise remains, however the effectiveness of including
more complexes decreases since the variance scales with n. The number of complexes
cannot be increased indefinitely as the fetal complexes change over time. As the fetus
moves on average every 4 minutes for the gestational age of 8-20 weeks and 5 minutes
for weeks 20-30 (Nijhuis, 1994), the number of complexes that can be averaged is
maximal about 500 (assuming an average fetal heart √
rate of 120bpm). The average
reduction in noise amplitude thence is about a factor 500 ≈ 20.
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Chapter 3

Modeling fetal MCG
In adult ECG the electrical activity of the heart is measured by means of a set of electrodes
attached to the skin at standardised locations. Because the currents from the heart have
to travel through tissues like lung, muscle and skin to reach the electrodes, these tissue
do influence the measured signals. In order to rule out the influence of these tissues, the
adult ECG is measured at fixed positions. The latter ensures that the influence of the socalled volume conductor is about the same for each person, as for every individual the
same tissues are encountered. Because of the many years of experience in this field,
physicians are able to distinguish between effects due to the volume conductor and due
to cardiac disorders. In case of fetal MCG and ECG no such experience is present and
there are no standard positions where the fetal ECG or MCG is measured. To complicate
matters, the fetus is able to move within the maternal abdomen changing layout the volume
conductor. Thence, to allow for a reliable diagnosis by means of fetal MCG or fetal ECG,
the influence on the measured signal of the tissues surrounding the fetal heart should
be estimated. As it is difficult to assess the effect of the surrounding tissues from the
measurements themselves, simulations are used. These simulations are based on volume
conductor models of the maternal abdomen. In this chapter the numerical models are
described, which will be used to estimate the magnetic field distribution as well as the
potential distribution at the abdominal surface.

3.1

Physical model

To estimate the effects of the volume conduction, a mathematical model is constructed
for which the magnetic field distribution near the maternal abdomen (MCG) and
potential distribution at the abdominal surface (ECG) are calculated. The models
described in this thesis for estimating the volume conduction effects, divide the body
into discrete volumes and each of these volumes is assigned an effective conductivity
and dielectric permittivity. An example of such a subdivision is given in figure 3.1.
As the magnetic permeability of biological tissues is only slightly different from the
magnetic permeability of free space, changes in magnetic permeability due to the
presence of various kinds of tissues are ignored. The following linear equations are
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Homogeneous and isotropic
compartments

Figure 3.1. Example of a volume
conductor subdivided into three homogeneous compartments, the fetus,
the amniotic fluid and the maternal
abdomen.

Volume currents in the
volume conductor
Current source

taken to describe the properties of the compartments

J = σ(ω)E
D = (ω)E
B = µ0 H

(3.1)

Here σ(ω) is the effective conductivity of the tissue and (ω) is the effective dielectric
permittivity of the tissues involved. Because at a microscopic scale tissue is very
inhomogeneous, only taking a volume much larger than the cellular scale will allow
for the use of effective properties (Peters et al., 2001b; Peters et al., 2001a). Although
it seems that both σ(ω) and (ω) are independent functions, they are correlated by the
Kronig-Kramer relation. In the model used capacitive effects are taken into account.
Inductive effects and wave properties are assumed to be negligible. These latter
effects do not play a significant role in the volume conduction related to bioelectrical
sources in the body (Plonsey and Heppner, 1967). Hence the Maxwell equations in
this approach read
∇·D=ρ
∇×E=0

∇·B=0
∇×H=J+

∂
D
∂t

(3.2)

It is convenient to write the current density as a sum of two terms

J = −σ(ω)∇Φ + Js

(3.3)

The first term at the right-hand side describes the Ohmic currents outside the source
regions. The second term is non-zero within the source region and consists of the
source currents. The first term represents the current that flows in the extracellular
volume and the second the currents within the cell. A more extensive description
of the source will follow at the end of this chapter. Only when a large number of
cells display synchronous electrical activity the source currents will contribute to the
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macroscopic magnetic field or electrical potential. Inserting equation 3.3 into the
Maxwell equations results in

∇ · ∇ × H = −∇ · [σ(ω)∇Φ] + ∇ · Js +

∂
∇
∂t

·D=0

(3.4)

Applying a Fourier transformation, yields

∇ · [σ(ω) + iω(ω)]∇Φ̂(r, ω) = ∇ · Ĵs (r, ω)

(3.5)

In this equation a complex effective conductivity is introduced to describe the electrical
properties of a certain part of the volume conductor

σ̂(ω) = σ(ω) + iω(ω)

(3.6)

Assuming σ̂(ω) to be independent of the position within a compartment results in the
following equation for each compartment
σ̂(ω)∇2 Φ̂(r, ω) = ∇ · Ĵs (r, ω)

(3.7)

Because the complex conductivity is different for each frequency component, equation 3.5 will result in a different equation for each frequency. This means that the
forward problem has to be solved for each frequency component of the source. The
superposition principle allows for adding up the resulting solutions of each frequency
component in obtaining the final solution.
In order to solve the partial differential equation 3.7 for each compartment, boundary
conditions have to be taken into account. The first boundary condition is the requirement that the potential is continuous across each interface, implying that both the
real and imaginary part of the potential have to be continuous. The second boundary
condition is the requirement that the total current density, including the displace∂
D, perpendicular to the interface separating different compartments
ment current ∂t
is continuous, yielding the following conditions

Φ̂i (r, ω) = Φ̂j (r, ω)

and

σ̂i ∇Φ̂i (r, ω) · ñ = σ̂j ∇Φ̂j (r, ω) · ñ

r ∈ Sij (3.8)

In this equation Sij is the interface separating compartment i and j. The magnetic
permeability of biological tissue is presumed to be the same as the permeability of
vacuum. Hence, H has to be continuous across every interface

Ĥi (r, ω) = Ĥj (r, ω)

r ∈ Sij

(3.9)
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Note that using the complex conductivities, the appropriate boundary conditions and
the Poisson equations for Φ̂ and Ĥ are similar to the ones used in the case that capacitive effects are neglected. Consequently, the electrical potential and the magnetic
field can be calculated in the same way as in the non-capacitive case (Stinstra and
Peters, 1998). Depending on the geometry of the volume conductor model, different
methods will be used to solve the forward problem. Because the capacitive case is
similar to the non-capacitive case except for the complex numbers involved, capacitive
effects are implicitly incorporated in the description of the boundary element method
in the next section.

3.2

Boundary element method

3.2.1

Numerical approximation

In order to solve equation 3.7 for an arbitrary set of compartments, the boundary
element method is applied. This method is based on Green’s theorem and expresses
the potential at an arbitrary point in space in an integral over the surfaces separating
the different compartments and into an integral over the impressed currents (Barnard
et al., 1967). The following equation was derived for the potential
ZZZ

g(r, r0 )∇ · Js (r0 )dV 0
ZZ
n
X
+
−
−
[σp − σp ]
Φ(r0 )∇g(r, r0 ) · ñdS 0

σi Φ(r) =

p=1

(3.10)
r ∈ Vi

Sp

and for the potential at the interface between the compartments
[σq+ + σq− ]
Φ(r) =
2

ZZZ

g(r, r0 )∇ · Js dV 0
ZZ
n
X
+
−
−
[σp − σp ]
Φ(r0 )∇g(r, r0 ) · ñdS 0
p=1

(3.11)
r ∈ Sq

Sp

The latter equation differs from the first one as a consequence of the discontinuity
in the conductivity at the interfaces. In these equations Sp are the interfaces separating the volumes with a different conductivity and ñ is the outwards pointing
normal to this surface. The conductivities σi− and σi+ are the conductivities of the
volumes separated by the interface. The first conductivity is the one found at the
inside of interface Sp and the latter the one found at the outside. Commonly, the
first integral at the righthand-side is referred as the primary source and the second
integral as the secondary sources. The primary source refers to the potential distribution due to a current source in an infinitely large homogeneously conducting medium
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Linear potential
distribution

F1

F2

Figure 3.2. Linear interpolation of the potential over
an triangle used in the numerical approximation.
F3

and the secondary sources are current sources at the interfaces needed to meet the
boundary conditions in case the volume conductor is divided into different compartments. A similar expression as for the potential was derived for the magnetic field by
Geselowitz (1970), reading
ZZZ

Js (r0 ) × ∇g(r, r0 )dV 0
ZZ
n
X
+
−
Φ(r0 )∇g(r, r0 ) × ·ñdS 0
+ µ0
[σp − σp ]

B(r) = −µ0

p=1

(3.12)

Sp

For homogeneous, isotropic compartments Green’s function g(r, r0 ) reads
g(r, r0 ) =

−1
4π kr − r0 k

(3.13)

Not only the magnetic field can be expressed in terms of the potentials at the interface,
but the current density as well, reading
ZZZ

∇g(r, r0 )∇ · Js dV 0
ZZ
n
X
+
−
+
[σp − σp ]
∇g(r, r0 ) × ∇Φ(r0 ) × ñdS 0

J(r) = −

p=1

(3.14)

Sp

In order to compute the magnetic field, the current density and the surface potential,
integral equation 3.11 has to be solved first. This second-order Fredholm equation
cannot be solved directly as the potential at the interfaces is not a priori known. As
no analytical solutions are available for this integral equation in case of an arbitrary
set of compartments, the potential function is numerically approximated. The numerical evaluation is performed by specifying a finite number of basis functions for
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the potential at the interfaces and finding the linear combination of these basis functions that best fits the integral equation. Commonly, the interfaces are described by
triangulated surfaces and the potential is assumed to be a linear function over each
triangle. An example of such a linear interpolation function is given in figure 3.2.
Hence the potential over a triangle reads
Φ4(q) (Φq1 , Φq2 , Φq3 , r) = Φq1 hq1 (r) + Φq2 hq2 (r) + Φq3 hq3 (r)

(3.15)

In this equation hqi are unit interpolation functions over triangle 4(q) for each potential at the corner of a triangle as defined by de Munck (1992). Inserting these
interpolation functions hqi into the boundary element equation, will result in the
following expression for a point at an interface
n
X
X ZZ
[σq+ + σq− ]
+
−
Φ(r) +
[σp − σp ]
Φ4t (Φt1 , Φt2 , Φt3 , r0 )∇g(r, r0 ) · ñdS 0
2
p=1
4t ∈Sp 4
(3.16)
t
ZZZ
=
g(r, r0 )∇ · Js dV 0
r ∈ Sq

By means of this equation, the potential at each node point of the tesselated surfaces
can be expressed in a sum of the potential values of the other node points and an
integral over the impressed currents. As the impressed currents are assumed to be
known, the latter integral can be solved analytically. Moreover, the potential at each
node point is expressed as a weighted sum of all other potentials and one source term.
Thence, this will result in a set of linear equations that can be solved using a matrix
inversion
b =Φ
b∞ ⇒ Φ
b = (S̄ − Ē)−1 Φ
b∞
(S̄ − Ē)Φ

(3.17)

b is a vector over all potentials at the node points and Φ
b ∞ is the
In this equation Φ
potential at these node points if the volume conductor was an infinite large conducting
medium. Here S̄ is an matrix with diagonal elements (σi+ + σi− )/2 and Ē is a matrix
containing all the integrals over the triangular elements. De Munck (1992) derived
analytical solutions for these integrals in matrix Ē. These analytical solutions are used
to numerically evaluate the elements of this matrix. In order to solve the equation
a reference potential has to be defined, as otherwise matrix (S̄ − Ē) will have an
eigenvalue of zero and no unique solution can be obtained. A reference potential
is obtained by stating that the surface integral of the potential over the outermost
interface is equal to zero.
ZZ
Φ(r)dS = 0
Sout

58

Chapter 3

(3.18)

In the this equation Sout is the outermost interface. Assuming that this interface is
closed and that all current sources are located within the volume enclosed by the surface, this definition is equal to stating that the potential is zero at a point infinitely
far from the volume conductor. All simulations described in this thesis will use this
equation to define the reference potential. A difficulty in calculating the diagonal
elements of matrix Ē is the singularity in Green’s function at r = r0 (Barnard et al.,
1967). To avoid this problem these diagonal elements are calculated using the reference potential condition, because equation 3.18 implies that the sum of all rows
must be one. In order to improve the matrix inversion process, multiple deflations are
performed. This process of multiple deflations has been described by Lynn and Timlake (1980). The formulation of the boundary element method applied achieved the
smallest numerical errors for non-spherical geometries in a comparison of numerical
procedures performed by Ferguson and Stroink (1997). They compared a linear interpolation approach versus a constant potential approach and applied different methods
to obtain the diagonal elements of matrix Ē.
When the potential at the interfaces is known, this potential distribution can be used
to evaluate the magnetic field at an arbitrary point in space. Because the magnetic
field can be directly calculated from the potentials at the interfaces no additional
numerical approaches have to be applied
ZZZ

Js (r0 ) × ∇g(r, r0 )dV 0
n
X
X ZZ
+
−
+ µ0
[σp − σp ]
Φ4t (Φt1 , Φt2 , Φt3 , r0 )∇g(r, r0 ) × ñdS 0

B(r) = µ0

p=1

(3.19)

4t ∈Sp 4
t

For integrals over the triangular elements, Ferguson (1994) derived analytical expressions. These are used in the computation of the magnetic field.

3.2.2

Accuracy of the boundary element method

The boundary element method will be used to predict the magnetic field distributions surrounding the maternal abdomen. Apart from the obvious errors made in
approximating the body by a set of homogeneous compartments, the boundary element method is also vulnerable to numerical errors. There are two sources for these
numerical instabilities. The first is the inversion of matrix (S̄ − Ē). When the changes
in the conductivity at the interfaces are large or the interfaces are spaced closely together, the matrix will become ill-conditioned. Due to a limited numerical accuracy,
the inverse of this ill-conditioned matrix will be subjected to large numerical errors.
The second source of errors is located in the evaluation of the magnetic field. For a
spherical volume conductor the primary and secondary sources will counterbalance
each other and cancel each other in the calculation of the magnetic field of a radial
source. Due to this phenomenon geometries approaching a sphere in combination
with sources in a radial direction will be subjected to large rounding errors as in the
last step of the calculation two large counterbalancing numbers are subtracted.
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Φsurf
Bx
By
Bz
Br

RDM

RDM ∗

M AG

ME

0.060
0.007
0.014
0.007
0.0002

0.039
0.006
0.014
0.003
0.0001

1.045
1.005
1.000
0.994
0.999

0.119
0.007
0.028
0.009
0.0003

Table 3.1. Error indices for a three-layer
model having radii of 0.6, 0.8 and 1.0 and
conductivities of 0.5, 1.7 and 0.2. The
layers represent the fetus, the amniotic
fluid and maternal tissue, respectively.
As source a tangential dipole at an eccentricity of 0.5 was used. This source
eccentricity is larger than in reality in order not to underestimate the numerical
error. These errors serve as lower bound
estimates on the error made in the forward and inverse calculations.

In order to estimate the order of numerical errors in the calculations of the next
chapter, the surface potential and the magnetic field are computed by the boundary
element method for a model consisting of three concentric spheres. As for a spherical
model the potential can be expressed by an expansion in spherical harmonics (Stok,
1986) and an analytical formula exists for the magnetic field outside such a concentric model (Grynspan and Geselowitz, 1973), the results obtained by the boundary
element method can be scrutinized. Since the numerical errors are dependent on the
conductivities, the geometry, the location of the source, and number of elements involved, a spherical model was constructed comparable with the models used in the
next chapter. This spherical model had approximately the same dimensions, number
of elements, and conductivity distribution as the models used in the next chapters.
The current source in the model was a current dipole representing the fetal heart, as
will be discussed later on.
For comparison of the numerical solution with the analytical solution, the relative
difference measure RDM , the modified relative difference measure RDM ∗ and the
magnification measure M AG are used, which read (van Burik, 1999)

RDM =

ba k
kb
xn − x
kb
xa k

RDM ∗ =

bn
ba
x
x
−
kb
xn k kb
xa k

M AG =

kb
xn k
kb
xa k

(3.20)

bn is a vector containing the numerical solution of the surface poIn this equation x
tential or the magnetic field at the node points used in the numerical calculation and
ba is the analytical solution at the same locations. The modified relative
the vector x
difference measure is used to express the differences in the distribution of the potentials or magnetic fields and the magnification expresses the presence of a systematic
magnification factor. Apart from these measures defined to express errors on a global
scale, a fourth measure is defined to state the maximum absolute error occurring,
reading

ME =
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ba )
max(b
xn − x
max(b
xa )

(3.21)

The results are shown in table 3.1. These numerical errors, will be used as a lower
limit for the simulations in the next two chapters. Hence, for the surface potential
a relative numerical error of about 10 percent is expected and the magnetic field is
subjected to even smaller numerical errors of about 3 percent. The accuracy of the
simulations will not be more accurate than these numbers and effects of comparable
magnitude will be flawed by numerical artifacts and thence need not to be considered.

3.3

Fetoabdominal compartments

3.3.1 Division into compartments
The fetoabdominal anatomy is depicted in figure 3.3. All the tissues together form
the volume conductor surrounding the fetal heart. In order to be able to use the
boundary element method in computing the magnetic field and the surface potential,
the fetoabdominal volume needs to be divided into compartments with a homogeneous conductivity. This division is based on knowledge of the conductivity and the
morphology within the fetoabdominal volume. The highest conductivity in the abdominal volume is found in the amniotic fluid and the lowest in the vernix caseosa, a
fatty layer surrounding the fetus. Not only do these layers have the lowest and highest conductivity values, but they also surround the fetus completely. Hence, it seems
logical to split the abdominal volume conductor into four compartments being the
fetus, a layer of vernix caseosa, the amniotic fluid and the remainder of the maternal
abdomen. This division in compartments is sketched in figure 3.3.
Most simulations will be performed using these four compartments, as the computational load is already huge for four compartments. However, in order to further
analyse the volume conduction problem, these compartments are split again. In the
maternal abdomen the skin and the subcutaneous fat are considered as one separate
compartment, because both are poorly conducting, the conductivity being about a
factor 10 less than that of muscle tissue. Because the skin and the fat layer underneath form the interface between the abdominal ECG leads and the other tissues in
the body, they may have a profound influence on the fetal ECG. The layers of skin and
fat are considered to be one compartment at the outer skirts of the model. This layer
may also represent and include the pelvis bone, which is found at the bottom of the
volume that is modeled. Other tissues that are a factor 10 to 50 times less conducting
are for example the bone in the spinal column. By defining an outer compartment
with a varying thickness, these less conducting layers can be included into the model.
This compartment has for example a thickness of about 2 to 4 cm underneath the
abdominal surface, which represents the skin and a variable layer of subcutaneous fat.
At the bottom this layer is thicker in order to include the pelvis bone.
The volume of the placenta may be as large as the volume of the fetus it self. The
conductivity of the placenta will be less than that of the amniotic fluid, but may
be larger than that of the other tissues in the maternal abdomen. Hence, it will be
considered whether it may be modeled by assigning a part of the placenta volume to
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Cross section of the maternal abdomen indicating the position of the different tissues relative to the
fetus.

Division of the fetoabdominal volume into compartments as used in the simulations.

Figure 3.3. Fetoabdominal anatomy
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the volume of the amniotic fluid and a part to the volume of the maternal abdomen.
Thereby, assuming that this process will in a sense average the local conductivity.

3.3.2

Changes throughout gestation

The fetoabdominal volume conductor is not a steady conductor. It changes throughout gestation and its electrical properties and the geometry of the compartments need
to be gestational age dependent. Since we are investigating the influence of the fetoabdominal volume conductor on the fetal MCG and ECG, only the gestational period
from the 20th week onward needs to considered. For instance, the layer of vernix
caseosa does not form before the 28th week of gestation (Bolte, 1961) and thence does
not have to be included in a model of the second trimester of gestation.
The change in amniotic fluid volumes is given by Brace and Wolf (1989) and by
Magann (1997). The values they reported are summarised in figure 3.4. Both the
fitted curves to the data as well as the 90 percent prediction interval are given. Looking
at the data in the period between approximately the 26th week and the 40th week of
gestation huge differences between the highest and lowest values are reported. The
highest value reported reads about 4200 ml and the lowest about 150 ml. Apart
from this huge variance, the fitted curve from Brace and Wolf (n=706) displays a
maximum around 34 weeks of gestation, whereas the data of Magann et al. (n =
144) seem to suggest that the volume increases until the end of gestation. Looking at
the data points of Brace and Wolf who fitted a third-order polynomial through their
data, the data up to the 40th week does not seem to predict a maximum around 34
week gestation. A series of measurements after the 41st week of gestation causes the
fitted curve to bend down at the end of gestation. Hence, it remains questionable
whether the volume tops at 34 weeks gestation, since only measurements performed
after week 41 seem to imply this tendency of a decrease in fluid amounts. Therefore
the curve of Magann seems reasonable, because they used data until the 41st week of
gestation. For the simulations in the next chapters the mean curves serve as a means
to estimate the amount of amniotic fluid in an average pregnancy.
In the same period of gestation the average fetus will grow from 630 g to a weight of
3400 g at the end of gestation. In figure 3.5 the average fetal volume is displayed as
a function of the gestational age. These values were obtained by MR-images (Baker
et al., 1995) or based on the weights of deceased fetuses (Cunningham et al., 1993).
Assuming the specific density of the fetus is about that of water of 1 g/ml, it is possible
to estimate the fetal volume from its weight. The results show a good agreement and
these curves will be used to estimate the average size of the fetal compartment.
The placental volume was obtained by Baker et al. (1995). Their results are shown
in figure 3.6. From this graph it becomes apparent that the placental volume is about
halve of that of the fetus. Hence, it is the second largest volume within the uterus.
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amniotic fluid volume (ml)
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Magann et al.
Brace et al.

3000

Figure 3.4. The amount of amniotic fluid as function of the gestational age. The green curve represents the data measured by Magann
et al. (1997) and the blue curve
the data by Brace and Wolf (1989).
The dashed lines indicate the 95 and
5 percent prediction interval.
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Figure 3.5. The fetal volume as
function of gestational age. The blue
graph is obtained by Baker et al.
(1995) using MR-images. The mean
value is indicated by the solid line
and the 5 to 95 percent prediction
interval by the dashed lines. The red
graph is based on the fetal weight
data of fetuses that have been fixed
in formalin for about two weeks. The
data is obtained from Cunningham
et al. (1993) and it was assumed that
the fetal specific density is about
1 g/ml.
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Figure 3.6. The placental volume
as function of the gestational age.
The solid line is the average placental
volume and the dashed lines indicate
the 5 to 95 percent prediction interval. The data was obtained from
Baker et al. (1995) who used MRimages to estimate this volume.
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40

Vertex 96.8 %

Breech 2.5 %

Face 0.2 %

Shoulder 0.4 %

Brow 0.1 %

The fetal presentation. The part of the fetus facing the birth channel is used to describe the fetal
position. The numbers indicate the incidence of this position at the end of gestation Symonds (1992).

z-axis
ROP 8%

ROT 24%
ROA 10%

LOP 3%

LOT 40%

LOA 15%

Pelvic bone
The fetal position. The six vertex positions and their relative frequency. In the abbreviations L
stands for left, R for right, O for occiput, A for anterior, T for transverse and P for posterior. In the
left graph the LOA position is drawn.

Figure 3.7. Classifying the fetal position in relation to the maternal abdomen.
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3.3.3

Fetal lie, presentation and position

Whereas the fetus can move relatively easy within the uterus at 24 weeks, near the
end of gestation the fetus gets stuck within the uterus and cannot move that easy. In
obstetrics it is common use to describe the fetal position and orientation by means
of fetal lie, presentation and position. The fetal lie is the orientation of the fetus,
defined by the axis from head to bottom, in relation to the longitudinal axis of the
uterus and describes whether the fetus is in a longitudinal, oblique, or transverse lie.
The presentation of the fetus reflects the part of the fetus that is orientated towards
the birth channel. Common presentations are sketched in figure 3.7. The percentage
in which they occur is indicated in the figure as well (Symonds, 1992). Thence most
fetuses will be in the vertex position at the end of gestation. The fetal position refers
to how the fetus is rotated in relation to the pelvic bone. The fetal position can be
expressed for each fetal presentation. Here, only the subdivision for a fetus in vertex
(often referred as occiput) presentation is given. A subdivision is made in facing left
or right side of the abdomen with a subclassification in posterior (towards the back),
anterior (towards the front of the abdomen) or transverse (towards the side of the
mother). This subdivision is depicted in figure 3.7. The percentage in which these
positions occur are indicated (Symonds, 1992). The fetal position that prevails is
the left occiput transverse position in which the fetus is facing the right side of the
mother with its spinal column at the left side of the uterus. The fetal location within
the maternal abdomen is often expressed in the terms described above and should be
considered in the modeling.

3.4

Conductivity of fetoabdominal compartments

In order to estimate the effective conductivity of the different compartments, two
approaches can be followed. First of all, the conductivity of tissue can be measured
in vitro or in vivo by applying a potential difference by means of a set electrodes
and measuring the resulting current. A second approach is applying knowledge of the
chemical and biological composition and morphology of tissue in order to compute the
effective conductivity. As measured values of the effective conductivities of tissue vary
widely in literature and the conductivity of fetal tissues is still largely unexplored, a
combination of both approaches is followed in order to estimate the conductivities
involved in the fetoabdominal volume conduction problem.
However, measurements of the conductivity of the different tissues encountered in the
maternal abdomen are abundant. In table 3.2 a overview is given for conductivities
encountered in literature for the fetoabdominal volume conduction problem. These
values represent measurements of the conductivity performed in the frequency range
of 1 to 100 Hz and at a temperature of 37◦ C.
The uncertainty in measured conductivity values is high, because the measurements
are very complicated. The currents used for the measurements have to be low (about 1
mA) in order not to trigger a response from the cells. If the measurements are carried
out in vitro, the accuracy may be low because tissue properties change rapidly outside
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Tissue

Conductivity S/m

Tissue

Placenta
Uterus
Kidney
Muscle
Bone (cortical)
Skin (dry)
Skin (wet)
Vernix caseosa

6 × 10−1
5 × 10−1
1 × 10−1
2 × 10−1
2 × 10−2
2 × 10−5
2 × 10−1
2 × 10−6

Bladder
1 × 10−1 a
Liver
2 × 10−2 a
Spleen
1 × 10−1 a
Ovary
3 × 10−2 a
Cartilage
2 × 10−1 c
Adipose tissue
1.2 × 10−2
Fetal membranes 0.40 b
Wharton’s jelly
1.4 b

d
a
c
a
a
a
a
b

(25◦ C)

Conductivity S/m

a

Table 3.2. Conductivity values of tissues surrounding the fetus at 37◦ C. These values have
been taken from literature: a Gabriel et al. (1996), b Oostendorp et al. (1989), c Geddes and
Baker (1967), d Stinstra et al. (1999a).

the body once it is deprived of blood. For instance, osmotic pressures may change
causing some cells to swell and burst. Cell membranes after death allow currents to
pass more easily. If the measurements are carried out in vivo, commonly animal tissue
is used instead of human tissue. However, it is not clear whether the animal tissue has
the same electrical properties as human tissue. Moreover, the in vivo measurements
depend on the surrounding tissues. When electrodes are stuck into the living tissue
the currents are not solely confined to the tissue that is measured, but spread out
through all surrounding tissues. Hence, it is difficult to estimate which part of the
current will flow through the tissue of interest. Some investigators try to avoid this
problem by measuring the conductivity with two electrodes spaced closely together
(less than a millimeter apart) (Organ and Kwan, 1970). However this raises the
question whether on such a scale the inhomogenity of the tissue itself does not spoil the
measurement of an effective macroscopic conductivity. Another problem experienced
is a relatively large capacitance and resistance at the interface between electrode and
tissue for low frequencies (below 3 kHz) (Schwan and Takashima, 1993). This effect
is most prominent for tissues with a high conductivity and low relative permittivity.
Moreover, the effective conductivity cannot be determined unambiguously, because
the conductivity is dependent on the direction, the uniformity, the frequency and
strength of the applied current. It is common practice, to assume that the electric
field applied in order to generate a current is initially uniform. Measurements show
that the conductivity increases with frequency. For low frequencies, this effect is
ascribed to the formation of counter-ions in the extra cellular volume surrounding the
charged cell membranes (Pethig, 1984). If an electric field is applied to a suspension of
cells the counter-ions move along the surface of the cell. However their movements are
restricted to the vicinity of the surface of the cell. For high frequencies, this limitation
is no problem as there is no time to accumulate a charge in this cloud of counterions surrounding the cell, but for low frequencies there is, which limits the movement
of the counter-ions. Hence, for low frequencies less of these ions will participate in
the conduction process and therefore for lower frequencies the conductivity is lower.
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Commonly, this phenomenon is not taken into account and both the conductivity and
dielectric constant are presumed to be frequency independent for frequencies lower
then 1 kHz. In this frequency range, most tissues like heart muscle, skin liver, lung
and fat do not show a strong frequency dependence (Schwan and Foster, 1980; Gabriel
et al., 1996). Thence, the conductivity and relative permittivity will be assumed to
be frequency independent. However, for certain tissues even in this low frequency
range a change in conductivity is found. For instance, Gabriel et al. (1996) found an
increase of a factor 4 for grey matter, which has an influence on the volume conductor
models of the head (Stinstra and Peters, 1998). However for the tissues found in the
fetoabdominal volume conductor no literature has been found showing large frequency
dependencies for the conductivity or the dielectric permittivity.
In order to be able to estimate the conductivity in case no values or contradicting
values were found in literature, a theory has been developed in order to predict the
bounds of the effective conductivity for low frequencies (below 100 Hz). This theory
has been based on knowledge of the shape and size of the cells, the way cells are
stacked and the extracellular conductivity. In the next section a short overview of
this theory will be given and subsequently the conductivities within the fetoabdominal
volume conductor are estimated.

3.4.1

Model of the effective conductivity

Human tissue consists of cells and fibers that are surrounded by an aqueous conducting medium. Thence, tissues are inhomogeneous materials on a cellular scale with
two domains i.e. the extracellular and the intracellular space. For low frequencies
and low current densities, currents will circumvent the cells. Therefore tissue can
be modeled as a suspension of non-conducting particles surrounded by a solvent. In
order to define an effective conductivity, this suspension is subjected to an externally
applied electrical field or current. On a cellular scale this field will change in direction
and amplitude due to the charge density at the surface of the polarised cells and the
presence of counter-ions near the surface. In order to obtain a macroscopic conductivity the field is averaged over regions large enough to contain many thousands of
cells or fibers, so that microscopic fluctuations are smoothed. The graininess of the
material is blurred by distance and the material acts as a continuum with an effective
macroscopic conductivity. Although the cells are of microscopic size, they are much
larger than the ions in the extracellular fluid, so that this fluid can be considered as
a continuum.
A sphere is a good approximation for many colloidal particles, including various biological cells. However, biological cells often have a more complex geometry. Many
cells are better described by ellipsoids. Cylindrical particles in an aqueous medium
are a model for capillaries, muscle fibers or white matter. Maxwell (1891) derived an
expression for a dilute suspension of spheres within a uniform electric field. Later this
theory was extended for ellipsoidal particles that are all aligned along the same axis.
(Fricke, 1953). However, most human tissues consist of a densely-packed medium
of several types of cells, which are more or less randomly oriented. The effective
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conductivity of a concentrated suspension of particles can be calculated using a procedure proposed by Bruggeman (Bruggeman, 1935; Hanai, 1960). If the particles are
non-conducting an expression is obtained known as Archie’s law, which was found
empirically in geology (Archie, 1942).
Because a biological cell is far from homogeneous,i.e. it is surrounded by a poor
conducting cell membrane but its intracellular fluid is relatively good conducting,
the cells are assigned an apparent conductivity. This apparent conductivity is that
conductivity that produces nearly the same current density and electric field outside
the cell as in the case that the cell were to be described by different compartments with
a different conductivity. At low frequencies and small current densities, the currents
tend to flow around the cell membranes rather than through them. This can be
modeled by describing the cell as a particle with an apparent conductivity σpart = 0.
To evaluate whether this approximation is allowed, the apparent conductivity of a
single cell was modeled as a spherical compartment representing the intracellular
fluid being surrounded by a thin shell describing the cell membrane. The latter on
its turn is embedded in a homogeneous medium. Based on the conductivity of the
intra- and extracellular medium, size of an average cell and the resistivity of the cell
membrane, it turns out that the apparent conductivity of the cell is about 10−5 times
smaller than the conductivity of the surrounding medium, i.e. the extracellular fluid
(Peters et al., 2001a).
If a homogeneous electric field is applied on a tissue described by ellipsoidal particles
with conductivity σpart in an aqueous surrounding with conductivity σsolv , and if all
particles have the same orientation, and the applied field is along the a-axes of the
particles, then the effective conductivity reads (Boyle, 1985)
σeff − σpart σsolv La
(
) =1−p
σsolv − σpart σeff

(3.22)

where p is the volume fraction occupied by the particles and La is the so-called
depolarisation factor. Inserting σpart = 0 in expression 3.22 yields Archie’s law, being
σeff = σsolv (1 − p)m

(3.23)

where m = 1/(1 − La ) is the cementation factor that depends on the shape and
orientation of the particles, but not on their sizes. The apparent conductivity of a
cell turned out to be 10−5 times less conducting than the surrounding extracellular
volume. Inserting this apparent conductivity in expression 3.22 and comparing σeff
with that obtained with expression 3.23 shows that σpart can be ignored. Thence,
it will be assumed that for most types of tissues, the cells can be described as nonconducting particles.
There are three cases of interest: spheres, needle-shaped ellipsoids (cylinders) and
disk-like particles (plates). For a needle-shaped ellipsoid or a cylinder with a = b  c,
La , Lb and Lc tend to 21 , 12 and 0 respectively. For a sphere with a = b = c, La = Lb =
Lc = 13 , leading to m = 32 . For a disk-shaped ellipsoid with a = b  c, La , Lb and Lc
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tend to 0, 0 and 1 respectively. Archie’s law can also be found for a solution of several
types of particles, which differ in shape (i.e. the ratio a : b : c is different for each
group of particles in the suspension). When different types of particles are present
and these particles are randomly oriented, the cementation factor reads (Peters et al.,
2001a)

m=

n
X
i=1

pi
mi
p

, where

p=

n
X

pi

and

i=1

c
1 X 1
mi = (
) (3.24)
3 j=a 1 − Lj

where pi is the volume fraction of particle type i and mi the cementation factor for
each type of particle. In most cases, it is very difficult to actually calculate the
effective conductivity of a composite material due to a lack of detailed information
on the micro-geometric structure. However, lower and upper bounds for the effective
conductivity can be given based on the information available. The range between these
bounds decreases with increasing knowledge about the constituents of the composite
medium. For a material consisting of n phases, denoted by the index i = 1, 2, 3, . . . , n
with volume fractions pi , it is assumed that σi increases with i. The first and most
simple limits are obtained for the situation that only the conductivities of the phases
are known. For a multi-phase material, the limits are
σ1 ≤ σeff ≤ σn

(3.25)

Stricter bounds are found when apart from the conductivities also the volume fractions
of all phases are known. These bounds were derived by Wiener in 1912 reading (Hashin
and Shtrikman, 1962)
n
n
X
X
pi −1
(
) ≤ σeff ≤
pi σi
σ
i
i=1
i=1

(3.26)

The upper bound is, for instance, attained for a two-phase composite medium consisting of a suspension of needle-shaped particles with the applied field in the direction
of their principal axes. The lower bound is, for instance, attained when this medium
consists of a suspension of thin disks that are stacked and where the applied field is
perpendicular to the disks. In case it is known that the distribution of the constituents
is homogeneous and the medium is isotropic (particles randomly distributed), more
rigorous limits are applicable (Hashin and Shtrikman, 1962). In this case, the upper
and lower bound for a two-phase material is given by
σ1 +

p2
+

1
σ2 −σ1

p1
3σ1

≤ σeff ≤ σ2 +

p1
+

1
σ1 −σ2

p2
3σ2

(3.27)

If the composite constitutes of homogeneously distributed and randomly orientated
particles within a conducting medium, and the particles are non-conducting spheroids
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(Lb = Lc ), the upper and lower bounds can be obtained from Archie’s law. The
depolarisation factors are restrained to La + Lb + Lc = 1 and La > 0, Lb > 0, Lc > 0.
The cementation factor m in Archie’s law reads
1
2
1
1
4
1
+
)= (
+
)
m= (
3 1 − L a 1 − Lb
3 1 − La 1 + L a

(3.28)

The maximum effective conductivity is found when
∂σeff
∂m
= σsolv (1 − p)m ln(1 − p)
=0
∂La
∂La

(3.29)

yielding an upper bound for La = Lb = Lc = 31 , thence
3

σef f ≤ σsolv (1 − p) 2

(3.30)

In other words, the upper bound is attained when the particles are spheres. Apparently, such a suspension has the least impact on the flow of currents through the
material. The lower bound σeff = 0 is attained when the particles are thin disks
(La = 1, Lb = Lc = 0). Often the ratio between the axes of the spheroidal particles
is not known, but it is known that a > b = c. In that case the lower bound is found
for cylinders, where La = 0, Lb = Lc = 21 , leading to
5

σsolv (1 − p) 3 ≤ σeff

(3.31)

In summary, for elongated homogeneously-distributed and randomly-orientated nonconducting spheroids the effective conductivity is limited by the following bounds (Peters et al., 2001a)
5

3

σsolv (1 − p) 3 ≤ σeff ≤ σsolv (1 − p) 2

(3.32)

3.4.2 Amniotic fluid and extracellular space
The fluids such as the extracellular (interstitial) fluid, the cerebrospinal fluid, the
amniotic fluid and the blood plasma, are electrolytes whose conductivity depends on
the amount of cations and anions dissolved in the fluid. The conducting properties
of these electrolytic fluids are mainly due to the presence of Na+ and Cl− ions. Only
in the intracellular space the role of the Na+ ion is replaced by K+ ion. For low
frequencies the conductivity of the intracellular space is not playing a role in the
conductivity of tissues, as it is shielded by the cell membrane. Thence, this fluid is
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blood interstitial cerebrospinal
λi
plasma
fluid
fluid
(10-4 Sm2 /mol)

ion
Na+
K+
Mg2+
Ca2+
Cl−
HCO−
3
PO3−
4

142
4
2
5
102
26
2

145
4
1
4
116
29
2

153
2
3
3
123

63.9
95.7
142.4
154.9
95.4
55∗
286∗

Table 3.3. The ionic concentrations in mmol/l of different fluids encountered in the body
and the specific conductivity of each ion in a dilute solution at 37 ◦ C. The values were
obtained from Aseyev (1998). ∗ These values are only available for 25 ◦ C and have been
corrected by an average increase of 2 percent/◦ C.

blood interstitial
plasma
fluid
Computed conductivity at 37 ◦ C (S/m)
Measured conductivity at 37 ◦ C (S/m)

2.08
1.58a

2.22
2.0b

cerebrospinal
fluid
2.12
1.79c

Table 3.4. Calculated and measured values of the conductivity of the various body fluids at
37 ◦ C. The measured values are taken from literature: a Geddes and Baker (1967), b Schwan
and Takashima (1993), c Baumann et al. (1997)

not considered here further. Using the ionic concentrations of the different cations
anions, the conductivity can be approached by

σ=

X

λi c i

(3.33)

i

Here λi are the ionic conductivities at 37 ◦ C and ci are the molar concentrations of
the different ions. In table 3.3 the ionic concentrations in the interstitial fluid, the
cerebrospinal fluid and the blood plasma are given. Using the ionic conductivities,
as given in table 3.3, the conductivity of these fluids can be estimated. In table 3.4
the computed values are compared with the values cited in literature. From these
values it becomes apparent that the computed values are about 15 to 25 percent
higher than the measured values. This overestimation may be caused by presence
of counter-ions surrounding the cells and the charged proteins in the solution. The
counter-ions are clouds of ions that surround the charges in proteins and at the surfaces of cell membranes. As these counter-ions form complicated networks with the
polar water molecules around the charges neutralising the fluid, the ion mobility may
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locally change. This may explain why lower values are found in the measurement of
the conductivity of the body fluids. The extracellular conductivity is an important
parameter in the theory of estimating the conductivity of tissues. The value used for
estimating the tissue conductivity is the measured value at 37 ◦ C.
The conductivity of the amniotic fluid was measured by De Luca et al. (1996).
However this conductivity was measured at a temperature of 20 ◦ C. The mayor contributors to the conductivity are again the Na+ and Cl− ions. The ionic conductivity
of the former increases by 2.1 percent per ◦ C and that of the latter by 1.9 percent per
◦
C (Aseyev, 1998). An overall increase of 17 × 2 percent for the amniotic fluid is thus
expected. The same rate of increase was also obtained by Baumann et al. (1997),
who measured the conductivity of cerebrospinal fluid at 25 and 37 ◦ C. Since the ionic
composition of the amniotic fluid is expected to be comparable with the cerebrospinal
fluid, this rate of 2 percent per ◦ C was applied on the data of De Luca.
De Luca et al. (1996) measured conductivity values ranging from 1.25 to 1.30 S/m for
the gestation period of week 15 to 32. After this period a decrease in conductivity was
observed with values ranging between 1.15 and 1.30 S/m with an exceptional value
as low as 1.10 S/m. This change in conductivity De Luca et al. (1996) ascribe to the
maturing lungs of the fetus, which release phospholipids (lecithin) into the amniotic
fluid from the 24th week onward. Correcting the conductivities to body temperature
leads to a conductivity in the range from 1.67 to 1.74 S/m for the period before the
32nd week and a range from 1.54 to 1.74 S/m after this week. Hence for the simulations
a value of 1.7 S/m will be taken for the second trimester and a value of 1.6 S/m for
the third trimester.

3.4.3

The fetus

As no measured values for the conductivity of the human fetus are available, its
conductivity is computed, based on the volume fraction of the extracellular volume
and the conductivity of the extracellular volume. In order to be able to use the theory
presented above, the fetus is assumed to be a homogeneous conductor. It is assumed
that the cells in the fetus are randomly distributed and randomly orientated and have
a shape somewhere between a sphere and a cylinder. Looking at the histology of the
fetus most tissues consist of elongated spheroids or spheres and disc-like cells are less
commonly encountered. And according to Rush et al. (1984) many tissues in the
human body such as lung, liver and fat do not show a preferred direction. Hence, the
assumption of randomly distributed and randomly orientated is reasonable. Based on
these assumptions the conductivity of the fetus can be estimated to be between the
following limits
5

3

σextracellular (1 − p) 3 ≤ σf etus ≤ σextracellular (1 − p) 2

(3.34)

The volume fraction of the extracellular fluid as function of gestational age is presented
by Brace (1998) and Costarino and Brans (1998). Both compiled a graph from the
various values given in literature and they present averaged data. The values they
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Figure 3.8. The total body water
contents, the extracellular water contents and the intracellular water contents as a function of the week of
gestation. The values have been
obtained from Brace (1998), dark
graphs and Costarino and Brans
(1998), bright graphs.
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obtained are plotted in figure 3.8. The volume fraction of the extracellular space at
the end of gestation is in both cases around 40 percent of the total body volume.
However at the end of second trimester Brace reports a value of 60 percent whereas
the Costarino and Brans state a value of 40 percent. In both cases the extracellular
space includes besides the interstitial fluid the fluids in the body cavities like the
cerebrospinal fluid and the blood plasma. The blood plasma is about 18 percent of
the total extracellular water content. As the fetus is considered as one single entity, it
makes sense to take all the extracellular fluid in account in estimating the conductivity,
as all fluids contribute to the conductivity. In comparison the extracellular fluid
fraction of an adult tissue is about 20 percent. Thence, the fetus is at least a factor
2 more conducting than the maternal abdomen. Assuming the conductivity of the
extracellular volume in both fetus and adult to be comparable at a value of 1.9 S/m
equation 3.34 predicts a range of
5

3

1.9 × (0.4) 3 ≈ 0.41 ≤ σfetus ≤ 1.9 × (0.6) 2 ≈ 0.88 S/m

(3.35)

Assuming that volume fraction will be somewhere between 40 and 60 percent and
will approach 40 percent at the end of gestation a value of 0.5 S/m is taken for the
conductivity of the fetus.

3.4.4

Conductivity of the maternal abdomen

In order to estimate the conductivity of the maternal abdominal compartment literature values are used. The values reported in literature for tissues like the kidney, the
uterus, the bladder, the spleen and muscle tissue are of the same order of magnitude.
As these tissues are modeled by one homogeneous compartment, its conductivity will
be an average value of these conductivities. Its conductivity is estimated in the order
of 0.1 to 0.2 S/m. The latter value of 0.2 S/m is chosen for the simulations. These
values correspond as well to theoretical values. As the average interstitial volume
(the extra cellular volume between the cells) is about 20 percent of the total volume
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(Shier et al., 1996), a p of about 0.2 is estimated. Assuming most tissues consists of
elongated particles or spherical like particles the conductivity averaged over a large
volume of the maternal abdomen would be in the order of
3

5

1.9 × (0.2) 3 ≈ 0.13 ≤ σabdomen ≤ 1.9 × (0.2) 2 ≈ 0.17 S/m

(3.36)

This is of the order of the measured values at 37◦ C for low frequencies of the different kinds of tissues found in the abdomen. Hence, a value of 0.2 S/m should be a
reasonable estimation of the conductivity.
In some additional simulations the outer layer of the volume conductor is treated
separately. This layer includes several centimeters of fat and skin. From table 3.2,
it can be read that these kind of tissues are at least a factor 10 less conducting than
the average value taken for the maternal abdomen. This layer is expected to have
the most profound influence on the fetal ECG, as the layer of fat and skin separates
the electrodes attached to the skin from the remaining conducting layers within the
abdomen. Hence, the value of 2 × 10−2 S/m of adipose tissue (fat) is taken as the
conductivity of these layers. A theoretical upper limit for the conductivity of fat can
be estimated as well. Since fat tissue consists of about 9 percent water (Foster and
Schwan, 1989) and the interior of the cells is mostly filled with fat, the interstitial
space occupies about 9 percent of the volume (upper limit). Histology shows that fat
cells are spherical shaped particles, hence an upper limit for the conductivity is
3

1.9 × (0.09) 2 ≈ 0.05 S/m

(3.37)

Since the fat cells do occupy some water and the cells are not perfectly spherically
shaped, a lower value may be expected. Thence, a value of the order of 0.02 S/m is
a reasonable choice and is not a gross over or underestimation of the real value.

3.5

Modeling the fetal heart

Up till now, the volume conduction problem has been described in terms of currents
flowing through the extracellular volumes of the tissues surrounding the fetal heart.
However all these currents find their origin within the fetal heart. Hence, the model
cannot do without a description of the current sources within the heart.

3.5.1

The fetal heart as current source

In chapter 1, the processes taking place at a cellular level have been described, which
cause cardiac cells to generate currents in the body. The delicate process of opening
and closing of different ion channels causes the transmembrane potential to vary as
indicated in figure 3.9. The shape indicated is typical for cardiac cells. After a fast
initial increase in potential, the transmembrane potential is kept at a stable level for
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Figure 3.9. left: the distribution of the currents within the myocardiac tissue of an adult,
when it is being depolarised. middle: action potential, and right: current dipole layer model.

about 200 ms. The cardiac cells are activated at one side causing the transmembrane
potential in this activated region to change according to the action potential. For the
neighbouring parts of the cell membrane, this activation results in a small increase of
the transmembrane potential, which triggers the generation of the action potential in
these parts of the cell membrane as well. Hence, the action potential spreads through
the cardiac muscle tissue with a speed of about 1 m/s. This spread is accommodated
by the presence of gap junctions between the different cardiac cells.
In this activation process the sodium currents enter the cell in the activated region
and potassium currents leave the cell at the other end. This causes a circulating
current. The electrical currents leave the cell at one side of the activation front and
enter the cell again at the other side. In figure 3.9 this process is illustrated. As the
cells are activated in a continuous wave the currents leaving the cells enter the cell
again after traveling within the extracellular volume surrounding the cell. However a
small part of this current returns after flowing through the body. Often the activation
front is described by a current dipole layer as shown in figure 3.9.

3.5.2

The fetal heart as a current dipole

In the last section the process was described where the electrical currents leave the
cell at one side of the activation front and enter the cell again at the other side and
return through the intracellular space. According to this image, the currents in the
loop can be divided into two parts, the currents in the intracellular volume and the
currents flowing in the extracellular volume, see figure 3.10. The former are considered
to be the source currents in the volume conductor model. The on and offset of these
source currents form the sources and sinks in the model. The volume currents in
the extracellular volume start in the sources and end in the sinks. The source of the
volume conductor model is expressed as the divergence of the source currents and
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source

Figure 3.10. The source current density Js within the cell is the
source for the volume currents. Alternatively, the on and offset
of the source current can be thought of as a sink and source for
the volume currents.

Cell

Jv

Js
sink

reads
1
Φsource (r) = −
4πσ

ZZZ

∇ · Js (r0 ) 0
dV
kr − r0 k

(3.38)

Vsource

In case of the magnetic field the complete path of the source currents needs to be
considered as every current contributes to the magnetic field. Hence the magnetic
field source contribution reads
µ0
Bsource (r) = ∇ ×
4π

ZZZ

Js (r0 )
dV 0
kr − r0 k

(3.39)

Vsource

Both equations express the magnetic field and the surface potential for a homogeneous
volume conductor of infinite extent. In case of a compartment model, the boundary
element method can be used to transform the fields to meet the boundary conditions
at the interfaces between the compartments. Hence, both are needed in order to
compute the magnetic field.
Both expressions are still difficult to evaluate as the actual distribution of the source
currents is unknown. In fact the problem of the source current distribution is again
linked to the distribution of volume currents flowing in the extracellular volume. In
order to reduce the complexity a parametric approach is followed. Using an expansion in Legendre polynomials, the source terms can be decomposed in the so-called
multipole expansion. This expansion in the Legendre components reads
∞

X (r0 )n
1
=
Pn (cos γ)
kr − r0 k n=0 rn+1

where

krk > kr0 k

(3.40)

where Pn is a Legendre polynomial of the nth order and γ the angle between vector r0
and r. The Legendre polynomial of cos γ can be further subdivided into a part that
only depends on vector r and a part that depends on vector r0

Pn (cos γ) = Re

X
n


Ynm (θ, φ)Ȳnm (θ , φ )
0

0

(3.41)

m=0

with Ynm (θ, φ) =

q

2(n−m)!
(n+m)!

+ δ0m Pnm (cos θ)eimφ
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In the latter equation the spherical coordinates with a prime indicate the position of
the current source density and the other spherical coordinates the observation point.
Inserting equation 3.40 and 3.41 into the expressions of the current sources, leads to
the following expressions

 ZZZ

∞
n 
1 X X Ynm (θ, φ)
0 n
0
0
0
0
Φsource (r) = −Re
(r ) Ȳnm (θ , φ )∇·Js (r )dV (3.42)
4πσ n=0 m=0
rn+1

 ZZZ
 X

∞ X
n
Ynm (θ, φ)
µ0
0 n
0
0
0
0
Bsource (r) = Re
∇
×
(r ) Ȳnm (θ , φ )Js (r )dV (3.43)
4π n=0 m=0
rn+1
From these equations follows that the higher-order Legendre polynomials will fall off
with the distance much faster than the lower-order polynomials due to the dependence
on 1/rn+1 . Hence, for an observation point r with a large radius in comparison to
the distances within the heart r0 the expansion is approximated by the first non-zero
term. In case of the potential the first-order term reads
1
Φsource (r) = −
4πσr

ZZZ

∇ · Js (r0 )dV 0

(3.44)

This term is assumed to be zero as the amount of current leaving the myocardiac cells
should equal to the amount of current entering these cells. Moreover, rewriting equation 3.42 and 3.43 and omitting the higher order polynomials results in the following
expressions
r·Q
Φsource (r) =
4πσr3

ZZZ
where Q =

Js (r0 )dV 0

(3.45)

and

Bsource (r) =

µ0 Q × r
4πr3

(3.46)

Here Q is the current dipole moment. This current dipole model is used to simulate
the fetal heart activity. The dipole is positioned in the center of the heart in order
minimise the contributions of the higher-order moments. In the next section the
electrical conduction system of the heart will be discussed as well as the resulting
current dipole moment as a function of time which will simulate this activity. When
looking at figure 3.9, the current distribution within the myocardium changes direction
on a cellular scale, i.e. the currents in the intracellular and extracellular volume are
pointing in an opposite direction. Hence, high-order moments are probably present
in the multipole expansion and only at a relatively large distance from the heart the
assumption of a current dipole is feasible.
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3.5.3

The electrical conduction system

The heart possesses an underlying activation structure that serves the mechanical
function of the heart as pump. In this section a brief description is given. The
anatomy of the fetal heart is given in figure 3.11. It differs from the adult heart in
its mechanical functioning. As oxygen is supplied to the fetus by the placenta, the
need for pumping blood through the lungs is not there. Postnatally, the left ventricle
of the heart is pumping blood to the body and the right ventricle blood to the lungs.
In the fetus both ventricles operate together and both pump blood to both the body
and the lungs. For this purpose an additional connection is present between both
atria, the foramen ovale, and the ductus arteriosus links the outgoing vessels of both
ventricles.
Not all myocardiac cells in the heart show the same response to activation. Generally,
two classes of cell responses are distinguished, being the slow and fast response (Berne
and Levy, 1993). The myocardiac cells that display the slow response lack the fast
opening of the sodium channels. These cells however have the property of generating
an action potential briefly after the last one ended and are therefore the pacemakers
of the heart. In the right posterior wall of the right atrium a cluster of cells is
found labeled the sinoatrial (SA) node. These cells are the first to trigger an action
potential in the heart. The subsequent depolarisation spreads through both atria
depolarising the myocardiac cells. This activation front is however not able to continue
into the ventricles as the tissue separating ventricles and atria cannot conduct the
depolarisation front. The only pathway through which the activation front can spread
from atria to ventricles is through the atrioventricular (AV) node. This node is located
in the lower posterior wall of the right atrium and connects to the ventricular septum.
The AV-node again consists of cells showing the slow response and the depolarisation
front is conducted slowly through this node. At the other end of the AV-node the
depolarisation front enters the bundle of His, which later on branches into a left and
a right bundle and ends in the Purkinje fibers. These bundles consist of specialised
myocardiac cells with a high conduction velocity for the depolarisation front. Thence,
the depolarisation front travels along these bundles and initiates a depolarisation
front from within the ventricular walls. From here the depolarisation front spreads
from within to the inner and outer surface of the ventricular muscle. After this
depolarisation phase, in the repolarisation phase all cells return to their resting state.
The time it takes to return to the resting state depends on the duration of the action
potential. Once in rest the cells in the sinoatrial node are the first ones to generate
another action potential and the process repeats itself. In figure 3.11, this process is
illustrated.
When measuring an ECG, this stage-wise activation pattern results in a so-called
PQRST-complex. Such a complex is shown in figure 3.11 The latter name dates back
to Einthoven (1908), who labeled the subsequent peaks in the electrocardiogram alphabetically starting with P. The first wave encountered is the P-wave, which is the
spreading of the depolarisation front through the atria. In the next 50 ms no signal
is measured as it takes some time for the depolarisation front to travel through the

Modeling fetal MCG

79

Anatomy of the fetal heart
Ductus arteriosus
Foramen ovale
Left atrium
SA-node

His bundle

Right atrium

Left bundle branch
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Figure 3.11. The anatomy of the fetal heart. The upper figure shows the anatomy of the
fetal heart and the lower figure illustrates the activation sequence, resulting in the typical
PQRST-waveform seen in both fetal ECG and MCG.
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AV-node. As only a small number of myocardiac cells take part in the atrioventricular conduction the signal is too small to be measured. Subsequently, the ventricles
are depolarised, which results in the QRS-complex. In the mean time the atria are
repolarised, however this repolarisation is obscured by the depolarisation of the ventricles. Finally, the ECG shows a T-wave, which corresponds to the repolarisation of
the ventricles.

3.5.4

The heart as a rotating dipole

The activation sequence of the heart, can be modeled using the dipole model. As
the depolarisation front travels through the heart, it can be modeled by an in time
rotating current dipole. As the distances within the fetal heart are small in comparison to the distance between heart and observation point, only the current dipole
moment is considered. Although the dipole component of the multipole expansion is
independent of the location where the expansion is made, the higher-order moments
are not. Thence the center of the heart is used as the dipole position, as this ensures
that the higher-order components become negligible.
In order to obtain the current dipole model as a function of time from measurements
such as fetal ECG or MCG, the inverse problem has to be solved. Hence, a valid
volume conductor model is needed. This illustrates, how the description of the volume
conductor and the model of the electrical activity of the fetal heart are interlocked.
When an adequate volume conductor model is used it will lead to a model description
of the heart that is correct. However in case it is not, the errors in the volume
conductor model will translate to the obtained rotation of the current dipole. This
demonstrates the need of an adequate volume conductor model, if fetal MCG is ever
to be used to obtain the rotation of the source dipole for diagnostic purposes, as
currently is done in adult ECG.
As will be shown in the next two chapters, the volume conductor in both fetal MCG
and ECG has a considerable influence. Thence, for a suitable current dipole model, I
have used vector ECGs obtained shortly after birth. These vector ECGs are recordings
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of three potential differences at the chest one for each principal direction. Two of
these potentials are subsequently plotted against each other to depict the current
dipole rotation in the horizontal, frontal and sagittal plane of the chest. These planes
are defined in figure 3.12.
A rotating current dipole model was constructed based on the observation made by
Namin (1966) who measured a vector ECG in 100 subjects 30 hours after birth and on
observations made by DePasquale and Burch (1963) who measured 50 subjects within
the first week of life. The rotating dipole model is shown in figure 3.13. In this figure
the pathways are shown along which the far end of the current dipole vector rotates
in time. The figures are in arbitrary units, as the vector ECGs are obtained from
the potential differences found over the chests of children and a volume conductor
is still in between. The dipole orientations differ with respect to those obtained in
adults. The maximum amplitude of the QRS-complex is found when it points to
the right-anterior-inferior octant, whereas for adults it is rotated over 90 degrees and
points to the left. The reason behind this shift, is the distribution of the mechanical
load between the left and right ventricle (Namin and Miller, 1966). In the fetal heart
configuration the right ventricle pumps blood to body, through the additional ductus
ateriosus. Hence, this part of the heart has to generate the highest pressures. After
birth the ductus arteriosus and the foramen ovale close and the right ventricle pumps
the blood to the lungs and the left pumps the blood now through the body. So,
the pressure in the left ventricle is now the highest. In order to generate this larger
pressure, the heart adapts by increasing the thickness of the heart wall of the left
ventricle. Since the depolarisation front travels from within the ventricular muscle to
the outer surface of the ventricles, it takes now more time in the left ventricle. As a
consequence the depolarisation front in this part of the heart will dominate the net
current dipole and force it to the left side. At birth the left ventricular wall has not
yet adapted and the fetal heart dipole is still seen, in which the right side dominates
over the left side.
The vector ECGs of children show a large variety. Namin and Miller (1966) report
that the angle with the positive horizontal axis under which the vector ECG displays
its largest amplitude in the frontal plane ranges between 110 to 170 degrees (80 percent probability interval). A similar range is found for this angle in the left sagittal
plane (DePasquale and Burch, 1963). All data seem to indicate that the largest vector
is pointing towards the right, anterior, inferior octant, with a wide variety of angles.
DePasquale and Burch (1963) even report some cases where the vector representing
the QRS-complex is pointing upward instead of downward.
For the P-wave also a wide variety is seen. For instance the amplitude of the P-wave
after birth ranges from 0.05 mV to 0.3 mV, the direction varies as well (DePasquale
and Burch, 1963). However in general the same direction as in the adult heart is
observed pointing from the right to the left atrium. The latter direction is taken for
the model of the current dipole. The vector ECGs of newborns show a ratio of about
1:6 for the amplitude of the P-wave and the R-wave, each measured in the direction
they display the largest amplitude. The same ratio is found for the T-wave. Hence,
the amplitude of the current dipole representing both P and T-wave is about one sixth
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Figure 3.13. An equivalent current dipole model of the P-wave, QRS-complex and Twave. The graphs represent the orientation and strength of the current dipole as a function
of time. The arrows indicate the direction in which the loop is followed by the current
dipole. The two graphs for each wave in the PQRST-complex are the projections of the
three-dimensional loop in the horizontal and right sagittal plane.
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of that of the QRS-complex.
After birth the T-wave shows the largest variety in duration and amplitude in the
PQRST-complex. Several hours after birth it may point in any direction, but after 30 hours it settles down in a direction towards the left-inferior quadrant either
pointing anteriorly or posteriorly. After one month the range in which the T-wave is
pointing varies from 20 degrees anteriorly or 60 degrees posteriorly in the horizontal
plane (Namin and Miller, 1966).
The data show that it is likely that both P and T-wave point in more or less the
same direction and that the R-peak is more or less under an angle of 90 degrees with
these other two. In this configuration it is primarily the QRS-complex that show a
different direction in comparison to the adult case. This current dipole model still
assumes that the postnatal case resembles the prenatal case. At least the heart of the
newborn has not had any time to adapt to the different pressure distribution in the
heart. Thence the case of the newborn should resemble the fetus better than that of
the adult heart.
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Chapter 4

The vernix caseosa and its effects on
fetal MCG and ECG
One of the layers that is thought to have a distinctive influence on the volume conduction
problem is the vernix caseosa. This layer, which is segregated from the fetal skin somewhere between the 28th and 32nd week of gestation, distinguishes itself from the other
tissues by its extreme low conductivity. This layer covers most of the skin of the fetus.
However fetal ECGs suggest that holes may appear in this layer, ensuring measurable
potential differences over the maternal abdomen. In this chapter the techniques are described that were used to simulate the influences of this layer on both the fetal ECG and
MCG. As the vernix caseosa has a poor conductivity, it is suspected that capacitive effects
play a role in the volume conduction. By means of simulations, it will be checked whether
these capacitive effects can explain the rather small amplitudes of T-waves in the cardiac
complexes obtained by fetal MCG.

4.1

The vernix caseosa

In early pregnancy, the currents generated by the fetal heart spread out in the fetus,
the amniotic fluid, and the maternal abdomen. After about 30 weeks of gestation
the fetal ECG signal usually decreases, and around 32 weeks it is often immeasurable (Bolte, 1961; Oostendorp et al., 1989; Piéri et al., 2001). A study by Oldenburg
and Macklin (1977) reveals that the fetal vector cardiogram shows a spatially rotating
dipole until approximately the 28th week of gestation and a closed loop afterwards. In
their paper, the authors explain this change of the vector cardiogram by a change in
the conduction of the fetal ECG to the abdominal surface from a uniform conduction
to a non-uniform one. These changes in the fetal vector cardiogram are ascribed to
a change in the conductivity in the fetoabdominal volume conductor. Bolte (1961)
found a significant decrease in the amplitude of the fetal ECG after the 28th week
of gestation. He ascribed this effect to the presence of vernix caseosa. The vernix
caseosa is a fatty layer surrounding the fetus, which is formed somewhere between
the 28th and 32th week of gestation. The layer of vernix caseosa is a mixture of dead
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keratinocytes and a fatty secretion from the sebaceous glands. It protects the skin
from the effect of amniotic fluid and from abrasions and hardening. The layer covers
the entire fetal skin, as indicated in figure 4.1. The amount of vernix caseosa on the
fetal skin after a Caesarean section suggests that the thickness of this layer of vernix
is in the order of a few millimeters. The layer is found to be a mechanical barrier
through which bacteria do not pass in order to protect the child (Joglekar, 1980).
Generally, the vernix caseosa can be described as a stack of closely packed disk-like
dead keratinocytes emerged in a fatty substance from the sebaceous glands, see figure 4.2. The dead keratinocytes originate from the keratinization of the cells in the
upper epidermis. In this process the cell fills with cytokeratin filements and flattens
out. What remains is a robust compact mass of keratin, which acts as a physical barrier and makes the skin impermeable to water (Stevens, 1992). The keratin disks are
more or less aligned parallel to the fetal skin, from which they have been segregated.
Hence, the layer of vernix caseosa is anisotropic and has a poor conductivity in the
direction perpendicular to the skin (Peters et al., 2001a).
Due to the insulating effect of the vernix caseosa, the currents are presumably constrained within the fetus and only a small part of the current flows to the surface
of the maternal abdomen. Consequently, practically no potential differences can be
measured at the abdomen. In pregnancies of more than 34 weeks of gestation, the
transfer of the current towards the maternal abdomen occurs probably through preferred pathways, possibly holes in the layer of vernix caseosa. This explains as well
the changes in the vector cardiograms observed by Oldenburg and Macklin (1977).
Kahn (1963) assumed that there were two preferred pathways involved through the
layer of vernix caseosa, one close to the oronasal cavities and one through the umbilical cord. However measurements by Roche and Hon (1965) could not find any
evidence for a strong fetal ECG signal just over the placenta and concluded that the
umbilical cord could not be a preferred pathway. In order to find the location of the
preferred pathways involved in the conduction, Oostendorp et al. (1989) tried to fit
fetal ECG data on a model containing two monopoles, representing both ends of the
preferred pathways. They found a wide spread in the location of the monopoles and
concluded that the preferred pathways were randomly spread holes in the layer of
vernix caseosa. Near term, in approximately the 37th to 38th week of pregnancy, this
layer slowly dissolves from the surface of the fetal skin into the amniotic fluid. Children born after this period are covered by much less vernix than those prematurely
born. In conclusion, the electrical properties of the layer of vernix caseosa play a dominant role in the transfer of currents from the fetal heart to the maternal abdomen,
although other tissues may also have a considerable effect (Oostendorp et al., 1989;
Wakai et al., 2000b).
Normally, capacitive effects are not taken into account in the realm of modeling the
volume conduction effect on ECG. Moreover, the electrical conductivities and dielectric constants are assumed to be frequency-independent for a frequency range of 1 to
1000 Hz. Although the frequencies that are important in biomagnetism do not exceed
1000 Hz, these assumptions are only approximately true. Capacitive effects are only
negligible when 0 r ω/σ  1 (Plonsey and Heppner, 1967). However, at a frequency
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uterus
amniotic fluid

Figure 4.1. The vernix caseosa covers
the fetal skin and divides the volume conductor in two, i.e. the fetal body and
the maternal abdomen including amniotic fluid and uterus.

vernix caseosa

dead keratinocytes

Figure 4.2. Composition of the vernix
caseosa.
fatty secretion from the
sebaceous glands

of 10 Hz this value is about 0.6 for adipose tissue and at 100 Hz it may be as high as
500 for the vernix caseosa. The conductivity of vernix caseosa in the frequency range
of 1 to 100 Hz as reported by Oostendorp et al. (1989) is 10−6 S/m and that of the
relative dielectric constant 105 . The latter has a value that is not exceptionally high.
For instance, the relative dielectric constants at 10 Hz of brain tissue, heart muscle,
kidney, or liver are higher than 107 (Gabriel et al., 1996). However, the conductivity
of the vernix caseosa is exceptionally low. For example, the conductivity at 10 Hz of
dry skin is about 5 × 10−4 S/m and that of adipose tissue 10−2 S/m (Gabriel et al.,
1996). Consequently, the layer of vernix caseosa is not only highly resistive, but it
will act as a leaky capacitor. Other values reported for the conductivity of the vernix
caseosa are 1.4 × 10−6 S/m (Wimmer, 1954) and 1.1 × 10−6 S/m (Bolte, 1961). Both
did not mention any phase shifts encountered during the measurement.
To get a confirmation on the fact that for vernix caseosa 0 r ω/σ > 1, measurements
of the conductivity of vernix caseosa were repeated, using a lock-in amplifier to cover
the frequency range of 1 to 1000 Hz. Samples were scraped from the skin of normal
infants immediately after birth. Their gestational age varied between 36 and 41 weeks.
(At 41 weeks the amniotic fluid that surrounded our sample was contaminated with
meconium.) Some samples showed small traces of blood. The consistency of the
various samples seemed to vary. The vernix caseosa was put in a small cylinder of
perspex. The samples were fitted between tubes filled with an isotonic saline solution
(NaCl 9 gram/litre), as shown in figure 4.3. The latter solution is comparable to the
extracellular fluid and prevents the swelling of the cells in the tissue due to a change in
the osmotic pressure and a change in the extracellular conductivity. Care was taken to
ensure that no minute openings were present in the layer of vernix caseosa that could
form salt-water junctions between the tubes filled with the saline solution. Samples
obtained from different newborns were used to measure the electrical properties. The
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Figure 4.3. Measurement setup used to determine the conductivity of the vernix caseosa
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Figure 4.4. Three measurements of the conductivity of vernix caseosa. Three different
samples were obtained postnatally and their conductivity and relative permittivity is shown
as a function of the frequency.

time interval between the measurement and the instant of birth varied between four
and seven days. The thickness of the samples was 10±1 mm and 5±1 mm, depending
on the amount of vernix that could be recovered. The measurements were conducted
at a temperature of 25◦ C. To ensure a linear relationship between the conductivity
and the potential gradient over the sample, the latter was kept as small as possible.
An example of a measured conductivity and relative dielectric permittivity is shown as
a function of frequency in figure 4.4. It was noticed that the electrical properties of the
various samples differ a lot. Probably, the properties vary between individuals, they
depend on the gestational age, on the contamination with blood or other fluids, and
on the number of days after birth at which the sample was measured. Measurements
were also carried out for a sample of 1 cm3 of vernix caseosa, the specimen was kept
in a freezer at −18◦ C for some months. Presumably, due the breaking-up of the cell
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membranes and loss of fluid, no phase shift was found. At 10 Hz the value of the
conductivity was 9 × 10−4 S/m.
The next section of this chapter will focus on the numerical methods needed to estimate the effect of the thin, but highly resistive layer of vernix caseosa. Then the
question how to describe holes in this layer is addressed. Subsequently, the influence
of this layer on the fetal MCG and fetal ECG will be discussed. The last topic covered
is the influence of the capacitive effects on the fetal MCG and ECG.

4.2

Modeling thin highly resistive layers

4.2.1

Introduction

The boundary element method is known to produce inaccurate results when modeling
thin highly resistive layers. Examples of such resistive layers are the skull, that is
about 80 times less conductive than its surrounding tissues (Geddes and Baker, 1967),
and the layer of vernix caseosa, which is about a million times less conducting (Stinstra
et al., 1999a). Several numerical approaches have already been suggested to improve
the accuracy of the boundary element method, such as the isolated problem approach
proposed by Meijs et al. (1989). This approach indeed improves the accuracy, but
in case of the vernix caseosa additional measures have to be taken, because the layer
is only a few millimeters thick. To assure an accurate solution, a great number of
elements have to be used, increasing the computational effort. A different way is to
assume the thickness of the layer to be larger than in reality and compensating this
enlargement by increasing the conductivity of the layer (Stinstra and Peters, 1998).
However, in spite of the use of all these measures the method is still limited for use
in case of a homogeneous layer with a constant thickness. In reality, biological tissue
is very heterogeneous and the thickness of layers may vary considerably. In case of
the vernix caseosa the thickness variations are not known. The remainder of vernix
caseosa on the fetal skin after a Caesarean section is not constant, suggesting that
the layer is probably not of a constant thickness throughout pregnancy. Bolte (1961)
suggests that after the formation of this layer around the 28th week of gestation holes
appear in this layer. Since holes or thickness variations in highly resistive tissue may
influence the conduction of electrical currents through the volume conductor, modeling
these effects will help to understand what is going on. A hybrid approach combining
a boundary element model with a layer modeled by a large array of resistors allows
for the modeling of these thin layers. Moreover, it allows for local changes in the
thickness of the layer. In the following sections this method is evaluated in its ability
to incorporate thin resistive layers into the model, e.g. a layer of vernix caseosa.

4.2.2

Isolated problem approach

One way to improve the numerical accuracy of the boundary element method in handling layers with a relative low electrical conduction is the isolated problem approach.
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Due to the poor conducting properties of a such a layer, the potential within the volume surrounded by the poor conducting layer will be large compared to the potential
found outside this layer. Due to these large differences in amplitude the numerical
errors in the volume outside the poor conducting layer are considerable. In order to
improve the numerical accuracy a scheme was deduced in which first the potential
distribution is solved in case the layer is not conducting (isolated problem) and subsequently a correction is computed for the case that the layer is poorly conductive
(Meijs et al., 1989; Hämäläinen and Sarvas, 1989). The advantage of this approach
is that large potential values are handled first and that the correction is more comparable to the potential values found outside the poor-conducting layer. Hence the
potential is written as
bq = Φ
b q,cor
q ≤ m and Φ

bq = Φ
b q,iso + Φ
b q,cor
Φ

q≥m

(4.1)

b q,iso is the solution of the isolated problem at interface q and Φ
b q,cor
In this equation Φ
is a correction potential for the total problem. In this case it is assumed that the
innermost interface is labeled 1 and the interface at which the poor conducting layer
starts is labeled m. The isolated problem reads
n
X
[σq+ + σq− ]
b
Φq,iso (rq ) =
[σp+ − σp− ]
2
p=1

ZZ

b p,iso (r0 )∇g(rq , r0 ) · ñdS 0 + σ − Φ
b q,∞
Φ
1

Sp

(4.2)
+
σm

= 0 and

σl+

=

σl−

= 0 for l ≥ m

and the corrected potential is solved by inserting equation 4.1 and 4.2 into boundary
element equation 3.11. This results in the following expressions (Zanow, 1997; Meijs
et al., 1989)

for m = 1
n
X
[σq+ + σq− ]
b
Φq,cor (rq ) =
[σp+ − σp− ]
2
p=1

ZZ

b p,cor (r0 )∇g(rq , r0 ) · ñdS 0
Φ

Sp

b q,∞ − δq1 σ + Φ
b q,iso (rq )
+ σ1+ Φ
1

(4.3)

for m > 1
ZZ
n
X
[σq+ + σq− ]
+
−
b
b p,cor (r0 )∇g(rq , r0 ) · ñdS 0
Φq,cor (rq ) =
[σp − σp ]
Φ
2
Sp
p=1
ZZ
+
b m,iso (r0 )∇g(rq , r0 ) · ñdS 0 − 1 δqm σ + Φ
b q,iso (rq )
+ σm
Φ
1
2
Sm
(4.4)
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Note that in case the poor conducting layer is surrounding more than one compartment, an additional integral must be evaluated numerically, compromising the effectiveness of the method.

4.2.3

Hybrid method

A thin, highly resistive layer may be modeled by assuming it to be a separate compartment. However, this way of modeling often results in numerical problems. To
overcome these problems the layer can be modeled using a resistor model of this thin
layer, as shown in figure 4.5. Based on the knowledge that the layer is thin and highly
resistive in comparison to neighboring tissue, one can assume that the currents will
cross the layer almost perpendicular to its surface. Hence, the following model is
proposed:
Both the inner and outer surfaces of the thin layer are triangulated. The inner surface
is connected to a boundary element model of the inner volume and the outer surface
to a boundary element model of the space outside the thin layer. The potential
distribution over each triangle is assumed to be a linear interpolation based on the
values found at its three corners. A similar linear interpolation model is used for the
normal current density at both the inner and outer surface. Both the inner and the
outer surface are discretised with the same number of vertices. And care is taken that
the vertices of the inner surface of the layer are located just opposite to the ones at
the outer surface. In practice, this is achieved by using the same grid for the inner
surface and the outer surface. In this case the vertices of both inner and outer surface
are the same. Because the layer is thin and the physical position of the vertices is only
of importance to the inner and outer boundary element model, using the same grid
for inner and outer interface of the thin layer does not lead to any problems in the
description of the thin layer. The corresponding vertices on the inside and the outside
of the layer are now connected by resistors. Since it is assumed that the currents flow
perpendicular to the surface, the resistor model, which assumes a linear change in the
potential across the layer, is a good approximation. The resistors are calculated using
the conductivity value of the tissue and the thickness of the layer as follows

R=

dlayer
σlayer

(4.5)

Here, R is the resistance per square meter. The following expression is assumed
between the potential on the in- and outside of the surface and the current density of
the current passing through this layer

Ji,⊥ =

1
[Φi,in − Φi,out ]
R

i ∈ vertices

(4.6)

The current density Ji,⊥ is assumed to flow from the inside to the outside of the thin
layer.
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Surface 1
Figure 4.5. Illustration of the resistors
connecting the inner and outer surface of
the thin layer

Surface 2

Resistor

volume conductor outside

volume conductor inside
12 cm

source
16.5 cm

Figure 4.6. Volume conductor layout.
As the volume conductor is split into two
regions by the thin layer, both the inner
(Vin ) and outer compartment (Vout ) are
modeled separately by the boundary element method.

Two boundary element models are constructed; one for the volume at the inside of
the inner surface of the thin layer and one for the volume at the outside of the outer
surface of the thin layer, see figure 4.6. In order to link the volumes described by the
boundary element method and the thin layer described by a large array of resistors, the
boundary element method is extended by including the currents entering and leaving
the volumes described by the boundary element method. The boundary element
method is extended in the following manner
ZZ
ZZZ
n
X
[σi+ + σi− ]
+
−
0
0
0
Φ(r) = −
[σp − σp ]
Φ(r )∇g(r, r ) · ñdS +
g(r, r0 )∇ · Ji dV 0
2
p=1
Sp
ZZ
ZZ
+
g(r, r0 )J(r0 ) · ñdS 0 −
g(r, r0 )J(r0 ) · ñdS 0
r ∈ Sij
S1

Sn

(4.7)
In this equation it is assumed that S1 is the innermost surface of the model and the
volume within S1 is not part of the model. The same is true for the volume outside
Sn , where Sn is the outermost interface. The conductivity of the volumes inside S1
and outside Sn are assumed to have a conductivity zero.
In order to solve this boundary element model, a similar approach as in the closed
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models is used. In the same way as the integral over the surface potentials is split
into tiny integrals over each triangle, the last two integrals in equation 4.7 can be
split in integrals over each triangle as well. Assuming a linear interpolation over these
triangles, these integrals can be solved analytically by a Radon integration.
By means of the boundary element method the potentials at the tesselated surface
can be expressed. Both for the volume surrounded by the resistive thin layer (Vin ) and
for the volume outside this thin resistive (Vout ) layer the potentials can be expressed
by the boundary element method
b in = Ēin Φ
b in − Z̄in J
b⊥ + Φ
b∞
S̄in Φ
b out = Ēout Φ
b out + Z̄out J
b⊥
S̄out Φ

(4.8)
(4.9)

In this equation matrices Ēin and Ēout are the matrices formulated by the boundary
element method and both matrices Z̄in and Z̄out represent the contribution of the
currents flowing in and out the volumes Vin and Vout , i.e. the currents flowing through
b⊥ , represents the current through
the thin layer. In this case the current density J
the thin layer. Note that the infinite medium potential, representing the primary
sources, is only included in the first equation. Since, it is assumed that all sources are
located within the inner compartment, there is only a primary source contribution in
b⊥ can be expressed using Ohm’s law
the inner model. Finally, the current density J
b⊥ = Ḡin Φ
b in − Ḡout Φ
b out
H̄J

(4.10)

In this equation Ḡ is a matrix with 1/R at the diagonal for those vertices that make up
the surface of the thin layer and H̄ is the identity matrix. The latter will be adapted
in order to incorporate holes within the layer of vernix caseosa. As both the inner
surface and the outer surface are represented by different vertices in both the inner and
outer volume, matrix Ḡ may be different for the in- and outside. Equations 4.8, 4.9,
and 4.10 are now solved simultaneously using a matrix inversion


 
−1 

b in
b∞
Φ
(S̄in − Ēin ) Z̄in
0
Φ
b  
Ḡin
−H̄
−Ḡout   0 
 J⊥  =
b out
0
−Z̄out (S̄in − Ēout )
0
Φ

(4.11)

This approach can be improved by including a form of the isolated potential approach.
In this approach the potential in the isolated case is calculated first, i.e. the potentials
in case the thin layer was not conducting at all. The isolated case consists of the
inner boundary element model with no currents leaving or entering this inner volume.
Hence, the isolated problem reads
b iso = Φ
b∞
(S̄in − Ēin )Φ

(4.12)
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The potential distribution at the inner volume can now be written as

b in = Φ
b iso + Φ
b corr
Φ

(4.13)

Inserting equation 4.13 and 4.12 into matrix equation 4.11 will now result in

 
−1 

b corr
Φ
0
(S̄in − Ēin ) Z̄in
0
 b  
b iso 
Ḡin
−H̄
−Ḡout  −Ḡin Φ
 J⊥  =
b out
0
−Z̄out (S̄in − Ēout )
0
Φ

(4.14)

Adding all together will now result in the following equation


 
−1 
 

b in
b iso
Φ
0
(S̄in − Ēin ) Z̄in
0
Φ
b  
b iso  +  0  (4.15)
Ḡin
−H̄
−Ḡout  −Ḡin Φ
 J⊥  =
b out
0
−Z̄out (S̄in − Ēout )
0
0
Φ
The remaining problem to be solved is the definition of a reference potential. As long
as no reference potential is defined matrix equations 4.12 and 4.15 cannot be solved
since the matrix to be inverted still contains an eigenvalue zero. As it is desirable
to define a common reference potential for both equations, the mean potential of all
the vertices of the inner model is set to zero. This reference potential is added using
a single deflation for matrix (S̄in − Ēin ), by which the zero eigenvalue is eliminated,
see for instance Lynn and Timlake (1980). For the final results the potential is recalibrated assuming that the potential integrated over the outermost surface is zero.
This definition of the reference potential is similar to defining the potential to be zero
at an infinitely large distance from the volume conductor.

4.2.4

Magnetic field and highly resistive thin layers

Although thin resistive layers complicate the computation of surface potentials, the
computation of the magnetic field is less hampered by these layers. Once the potentials at the surfaces are calculated, the magnetic field can be computed using the
boundary element method as described by equation 3.19. Since in the determination
of the magnetic field no matrix inversion has to be performed, problems such as indicated in the calculation of the surface potential will not be present. The source of
the inaccuracies of the magnetic computation is the inaccuracy of the potentials at
the interfaces. However, as the surface potentials become smaller and smaller with
increasing resistance of the thin layer, the magnetic field will become less and less
dependent on the potential at the interfaces outside the resistive layer. Hence as the
surface potential may become very inaccurate, the magnetic field values may still be
accurate.
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Figure 4.7. Effectiveness of the boundary element method vs. the hybrid model approach
(both using the isolated problem approach). The graphs show the result of a three-layer
spherical model with radii of 0.120, 0.121, and 0.165 m. The inner and the outermost layer
have an equal conductivity and the conductivity of the thin layer is varied. The upper two
graphs show the relative difference measure and the magnification for the surface potential
of a central dipole (dark line) and a tangential dipole at a radius of 0.075 (bright line). In
the middle graphs the relative difference measure and magnification of the strength of the
magnetic field are shown. These errors are computed at a distance of 0.035 from the outer
shell. Finally, the lower graph shows the model and tesselated surfaces used in both the
boundary element method as well as the hybrid method.
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4.2.5

Comparison of methods

In order to test the effectiveness of the hybrid method compared to the boundary
element method, a three-layer model is constructed in which the middle layer is a
thin layer of 1 mm whose conductivity can be changed. The radii chosen for the
inner and outer compartment are 12 cm and 16.5 cm, respectively. This model is a
rough representation of the fetus and the maternal body separated by a thin layer
of vernix caseosa. A total of 1722 vertices is used to describe the three layers the
isolated problem approach is used. The analytical solution is used as a reference. In
figure 4.7 the numerical errors are shown as function of the ratio of the conductivities
in the model. In case of the surface potential the results show that if the conductivity
of the thin layer is 1000 times smaller than that of the surrounding tissues the hybrid
method will result in more accurate values than the boundary element method. This
result is found for all dipoles up to eccentricities of 10 cm. For smaller differences in
the conductivity the boundary element method will give more accurate results. Hence,
for these relative small differences in conductivity the assumption that the currents
cross the thin layer perpendicular to its surface is no longer valid, and consequently
the resistor model is not a good model anymore. In case of the magnetic field the
hybrid method will result in smaller errors for conductivity ratios of 10−5 and smaller.
However the difference is marginal and for ratios larger than 10−5 the potentials
obtained by the boundary element method are better for estimating the magnetic field
outside the volume conductor. The surface potential in the boundary element method
is troubled by large numerical errors for conductivity ratios of 10−3 and smaller.
However these potentials do not play a role in the determination of the magnetic field
for these small ratios.

4.2.6

Variations in thickness

Up till now, the vernix caseosa has been described as a homogeneous layer with a
uniform thickness. The vernix caseosa can be described as a layer of densely packed
cells, see figure 4.2. As the layer is a segregation of the fetal skin, the distribution
of vernix caseosa over the skin is probably not homogeneous. In order to estimate
the effect of inhomogeneous distributions of vernix caseosa, the hybrid model can be
adjusted to cope with such variations in thickness. By adjusting the resistances of
the resistors in the model, variations in thickness can be simulated.
Postnatal observations of vernix caseosa suggest that the layer is about one or two
millimeters thick. Hence, a simulation is performed in which the layer is allowed
to vary in thickness between 0.5 and 2.5 mm. The lower boundary of 0.5 mm is
chosen to avoid holes in the layer, which have a profound influence on the potential
distribution at the abdominal surface as will be shown in the next section. As the
distribution of thickness is unknown, 50 random distributions are generated. These
distributions are generated with a spatial correlation length of about 1 cm and an
overall average thickness of 1.5 mm. An example of such a spatial distribution is
shown in figure 4.8. For each of the 50 distributions the surface potential is computed
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(a) spatial distribution of vernix
layer

(b) potential distribution at abdomen

Figure 4.8. In the left graph an example of the simulated vernix thickness is given. The
color scale displays the thickness ranging from 0.5 mm to 2.5 mm. In the right graph the
potential distribution at the outermost surface is given, for the thickness variations shown in
the left figure. As source a central dipole directed along the z-axis is taken with an unitary
strength. Despite the thickness variations a clear dipole pattern is observed.

using the hybrid model for a radial dipole at the center of the sphere and a tangential
dipole at an eccentricity of 10 cm. Although substantial changes in the layer thickness
were introduced, no mayor effects could be observed in the potential distribution at
the surface of the outer sphere apart from displacements of both the maximum and
the minimum of about a centimeter. These displacements depend on the underlying
distribution.
As no mayor influence is found, it is checked whether the layer could be described by a
layer of uniform thickness. In this case two models are proposed. In the first method,
the effective layer thickness has the average layer thickness. This can be achieved by
taking the average resistance of the resistor model and replacing all resistors with the
average one. The second method is taking the average of the reciprocal thickness in
calculating the effective layer thickness. As the currents cross this thin layer almost
perpendicular to its surface, the resistors form locally a parallel network. Thence, the
equivalent resistor should be computed by taking into account this local arrangement
of resistors in respect to the currents. So the method of taking the reciprocal of the
thickness in the averaging process may be a better way for predicting the effective
layer thickness.
In table 4.1 the results are shown in comparing the 50 individual models with the
effective layer thickness models. Both the average RDM and M AG are given as well
as their standard deviation. From these results it becomes clear that both methods
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eff. layer thickness (m)

RDM

M AG

central dipole
average resistance model
parallel resistance model

0.0015
0.0013

0.11 ± 0.03 0.90 ± 0.03
0.07 ± 0.02 1.04 ± 0.03

0.0015
0.0013

0.14 ± 0.04 0.89 ± 0.04
0.09 ± 0.03 1.04 ± 0.04

tangential dipole at 10 cm
average resistance model
parallel resistance model

Table 4.1. Errors made by assuming a layer with a uniform thickness instead of a layer
with thickness variations. A total of 50 thickness distributions were generated and the
average errors are given as well as their standard deviation. Two methods are applied to
obtain the effective layer thickness. The first method is by assuming the effective layer
thickness to be the average layer thickness. The second method is taking the average of the
reciprocal thickness in calculating the effective layer thickness. This approach assumes that
the resistors form a parallel network within the model.

give reasonable results and that within the modeling accuracy the variations in the
layer thickness can be ignored. Secondly, the results clearly show that taking into
account that the current flows perpendicular to the thin layer is advantageous over
taking just the average thickness. This observation coincides with the conclusions
obtained from simulations in which the effective conductivities of structured layers
were estimated (Peters et al., 2001b). In these simulations the direction of currents
passing through the layer was the mayor indicator in how an average conductivity
should be obtained.

4.3

Modeling thin highly resistive layers and holes

In order to estimate the effect of holes in the vernix caseosa, the boundary element
method may be applied. However, the presence of holes may compromise the accuracy
of the boundary element method. As the hole links the volume inside and outside
the thin layer, the surface between the thin layer and the inner and outer volume is
a continuous surface. Assuming both inner and outer volumes have an equal conductivity the model will have only two compartments. An example of such a geometrical
model is given in figure 4.9. This inhibits the use of the isolated problem approach.

4.3.1

Hybrid method and holes

In order to model holes in a thin layer the hybrid method introduced in the last section
can be adapted. Because this method allows for local changes in the conductivity,
as discussed earlier, this approach can be extended by making the layer thickness
approach to zero. In this way a part of the layer will behave as a hole, as its thickness
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hole in
hole
in layer
layer
thin layer
thin
layer

σ1

Figure 4.9. Model consisting of two compartments in which the second volume forms a thin
layer with a hole inside.

σ2

is infinitely small. Thence, equation 4.6 will have to be altered as R will approach
zero

lim Ji,⊥ R = [Φi,in − Φi,out ]

R→0

⇒

Φi,in = Φi,out

(4.16)

In a similar way as a hole can be created by letting the resistance approach zero, a
non-conducting thin layer can be achieved by letting the resistance approach infinity.
This leads to the following expression
1
[Φi,in − Φi,out ]
R→∞ R

Ji,⊥ = lim

⇒

Ji,⊥ = 0

(4.17)

Both expressions can be used to simulate the fetal skin covered with vernix caseosa in
combination with a couple of holes in this layer. In order to incorporate equation 4.16
or 4.17 in the hybrid model, matrix H̄ will include a zero at the diagonal for the
vertices that model the hole and for the non-conducting layer matrices Ḡin and Ḡout
will have to be adapted.

4.3.2

Axial symmetric finite element method and holes

In order to check the validity of modeling holes with the hybrid method, the method
will be compared with the results of other methods. As no analytical expression (or
an expansion in analytical functions) is available for the case of a thin layer with
holes punched into this layer, another way has to be found for assessing the numerical
stability of the method. Therefore, the boundary element method, the hybrid method
and the finite element method will be compared in order to scrutinize the validity of
the methods for modeling holes.
For this purpose, an axial symmetric case is chosen, because this allows for modeling
the problem in its full three-dimensional shape as well as decreasing the number of
elements by taking advantage of the rotational symmetry in the system. The latter
ensures that the finite element method can be applied without a huge computational
load, which would be needed for a full three-dimensional finite element mesh. The
model chosen consists of an inner sphere with a radius of 12 cm, which is surrounded
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(a) Model with one hole

(b) Model with two holes

Figure 4.10. Axial symmetric model consisting of three layers in which the two innermost
surfaces are linked by respectively one or two holes. This model represents the fetus (inner
sphere) surrounded by a layer of vernix caseosa in which holes are present all contained
within the maternal abdomen (outer sphere).

by a thin non-conducting layer and an outer sphere with a radius of 16.5 cm. These
parameters are chosen as the dimensions may represent the fetus surrounded by a layer
of vernix caseosa within the maternal abdomen of diameter 33 cm. The latter value
was obtained from MR-images of a 36-week old fetus. Two cases will be evaluated, a
case with one hole and a case with two holes. The first model has a hole with a radius
of 5 cm at the top of the inner sphere. The second model also includes a hole of the
same dimensions opposite to the other hole. Both models are depicted in figure 4.10.
A current dipole serves as a source for the model. This current dipole is located at the
axis connecting the centers of both holes and is oriented along this axis. This source
is chosen as it preserves the axial symmetry present in the geometry of the model.
The model described above is axial symmetric, hence the potential distribution follows
the same symmetry. Using a cylindrical coordinate system, this special case can be
solved in the rz halve plane, since the solution does not depend on the azimuthal
angle θ. Thence, a finite element method can be applied with elements that are
symmetric around the symmetry axis and have a potential distribution across the
elements with constant potential in the θ direction. This reduces the number of
elements and therefore it is less likely that the model collapses under numerical errors.
In figure 4.11 an example of a rotational element is shown. A mesh consisting of
these kind of elements has been generated containing a thin non-conducting layer of
0.5 cm thickness. A cross section of this mesh is shown in figure 4.12. The potential
function is assumed to be linear over the triangular cross sections. In order to solve
the potential distribution in the finite element method, the singularity of the current
dipole is removed prior to solving the potential numerically. The singularity is removed
by splitting the potential in a part which is equal to the potential that arises from
the source in an infinite conducting medium and a correction that has to be made to
cope with the volume conductor. In this process described by van den Broek (1997)
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z
r

Figure 4.11. Example of an element that is
symmetric around the z-axis

Figure 4.12. Finite element models with respectively one hole and
two holes in the layer of vernix
caseosa. The potential distribution
is depicted in color . The color scale
is truncated near the center in the
inner volume, in order to show the
details in the potential distribution
in the outer sphere. In both cases
the dipole is located at the z-axis at
the center of the inner sphere and
is pointing towards the upper hole.
The color scale in both figures is
equal.

(a) One hole

(b) Two holes

the primary source is replaced by secondary sources at the interfaces between the
different compartments of the model. Subsequently the potential is solved using the
Galerkin method. More details on the finite element method can be found in the PhD
thesis of van den Broek (1997). The finite element method in that report is given for
tetrahedral elements, here it is rewritten for ring shaped elements.
This axial symmetric finite element method is applied for both the model containing
one hole and the model with two holes. In figure 4.12 the potential distribution in the
rz-plane is given for both models. The potential is indicated by the color scale. Note
that for large values near the center of the model the color scale is truncated in order
to show more details in the outer regions of the model, where the potential differences
are relatively small. The results clearly show the influence of the presence of holes.
In case only one hole is present the currents from the current dipole have to enter and
leave the outer sphere through the same hole. As a result only at the points over the
hole changes in the amplitude of the potential are found. In the remaining volume of
the outer sphere almost no currents will flow and hence the potential at this surface is
nearly constant. The situation completely changes when a second hole is present and
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(b) Surface potential for two holes

Figure 4.13. The three different numerical models are compared using the potential at the
outermost surface. Due to symmetry this potential function is constant in the θ direction.
As a consequence the potential is only dependent on the z-axis, as shown in the left figure.
For both the one and two hole case the dependence on the z-axis is shown. The results of
the boundary element method are indicated by the red line, the results of the finite element
method by the blue line and the results of the hybrid method by the green line.

the currents leave the inner sphere through one hole and return through the other.
This clearly demonstrates the influence of holes and their distribution.

4.3.3

Comparison of different methods

The potential distributions found using the finite element method will be compared
with both the boundary element method and the hybrid method. For the boundary
element method a three-dimensional mesh is generated in which the layer of vernix
caseosa is 5 mm thick and the layer of vernix is separated by an interface folded
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around this compartment, as shown in figure 4.9. In this model the mesh is refined
around the holes. In case of the hybrid method the layer of vernix caseosa is modeled
by an infinite thin layer, which is normally conducting at the position of the holes
and not conducting everywhere else. At the position of a hole the inner and outer
boundary element models are linked by a resistor of zero resistance. This implies
that the current density normal to a hole is continuous and the potentials on both
sides of a hole are equal. For the vertices facing the non-conducting part of the
layer the current density perpendicular to the surface is put to zero. The results of
both methods are compared with the results of the finite element method and are
shown in figure 4.13. In this figure, the potential at the outer surface is given as a
function of the z-coordinate, describing the potential from the top of the outer sphere
to the bottom of this sphere. From this figure it becomes clear that both the finite
element method as well as the hybrid method give the same results for both methods.
However the boundary element method fails to produce accurate results in case of a
single hole. The reason for these inaccurate results can be ascribed to the division
of the potential in one due to the primary and one due to the secondary sources. In
this case the potential of the primary source is the potential in case the source was
located in an infinite homogeneous conductor and the secondary sources provide the
correction of this potential. In case of a single hole the infinite medium potential is a
poor estimator for the potential distribution found in the outer sphere of the model.
Hence in the outer layer the secondary sources have to produce a potential distribution
opposite in sign to that of the primary source to produce a potential distribution that
is almost zero. As this involves subtracting two almost equal potentials, the remaining
potential is inaccurate. The result is a potential distribution in the single hole case
that strongly correlates to the infinite potential distribution. In order to avoid these
problems in the next sections the hybrid method is used to model the influence of
holes in the vernix caseosa.

4.4

The influence of the vernix caseosa

4.4.1

Simulations with holes in the vernix caseosa

In order to study the effects of preferred pathways through the vernix caseosa, being for instance the mouth and the onset of the umbilical cord, a model has been
constructed to study this case. The model consists of four compartments describing
the fetus, the vernix caseosa, the uterus filled with amniotic fluid and the maternal
abdomen. The model is depicted in figure 4.14 and represents the fetus somewhere
around week 36. The fetus is lying in a left occiput transverse position, being the
most common fetal position with the mouth and umbilicus facing the left side of the
mother. At this side, two large holes were made in the layer of vernix caseosa in order
simulate the effect of the currents leaving and entering the fetus. Care was taken that
the volume of the fetus is that of a real fetus. In order to avoid numerical problems
the layer of amniotic fluid was taken larger than in the average pregnancy, but well
beneath the 95 percent curve. This volume is also thought to partly represent the
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Figure 4.14. Overview of the model used to examine the influence of holes in the layer of
vernix caseosa on the fetal MCG and fetal ECG. In the model of the fetus, the two holes
representing the mouth and the umbilicus of the fetus are indicated. In the last figure the
pick-up coils of the magnetometer are indicated.
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placenta. In figure 4.14 the positions of the two holes are indicated that are thought to
be the preferred pathways within the fetoabdominal volume conductor. In the model,
the fetus has a volume of 3500 ml, the amount of amniotic fluid is 2500 ml. The latter
is including about halve of the placenta, which has a volume of 1000 ml at week 36
of gestation. Dividing this volume equally between maternal abdomen and amniotic
fluid, leaves a volume of about 2000 ml for the amniotic fluid. In order to simulate the
fetal MCG measurements the component perpendicular to the abdominal surface is
computed at a distance of about 2 cm from this surface. This distance approximates
the distances at which the measurements are performed. In the model the distance
between pickup coil and heart is 11.5 cm. The fetal heart lies at a depth of about 8
to 10 cm underneath the abdominal surface. This depth was obtained by means of
ultrasound measurements, which were performed routinely before measuring a fetal
MCG. Adding up the 2 cm from the abdominal surface to the pickup coil, the distance
in the model should be comparable to the real situation at the end of gestation.
The numerical model consists of four tesselated interfaces, of which the interfaces
between the vernix caseosa and the fetus and that between the vernix caseosa and
the amniotic fluid are modeled by the same tesselated surface. This latter surface
has been refined around the locations of the holes in the layer of vernix and consisted
of 545 vertices. The interface between the amniotic fluid and the maternal abdomen
consists of 440 vertices and the abdominal surface of 633 vertices. Thence the matrix
equation to be solved consists of 2708 linear equations, which are solved by direct
matrix inversion.
In this volume conductor model the potential and magnetic field are computed using
the hybrid method, in which the vernix caseosa is described as a 2 mm thick layer
whose conductivity is 2 × 10−5 S/m and where the holes directly linked the amniotic fluid compartment to the fetal compartment. The holes are given a large area,
probably a couple of times larger than the area of real holes in the vernix caseosa.
However the model is used to estimate the upper limit of the influence caused by the
presence of the holes in the layer of vernix caseosa. The case of two holes is compared
to the case of no holes at all. Therefore, a second model is constructed with the same
compartments as sketched in figure 4.14. In this model the fetus is completely covered
by a layer of vernix caseosa. In the next sections both the surface potential and the
magnetic field simulations will be compared.
The goal of the simulation is to estimate the influence of the volume conductor on the
fetal MCG and ECG. Hence, the model of fetoabdominal volume conductor is used to
compute the transfer function from the current dipole, representing the fetal heart, to
the magnetic field measured over the maternal abdomen. Because the amplitude of the
magnetic field scales linearly with the amplitude of the current dipole, three current
dipoles with a unitary strength have been used to compute this transfer function (one
along each axis of a cartensian coordinate system). These three transfer functions
represent the influence of the volume conductor and will be used in this chapter to
estimate volume conduction effects.
In figure 4.15 the potential distributions are given for three current dipoles along the
principal axis of the model. The white lines on top of the figure, display the position
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Figure
4.15. The transfer
function of the surface potential
over the maternal abdomen for
a model with and without a set
of holes in the vernix caseosa.
The upper row displays the
surface potential in case no
holes are present (20x enlarged)
and the lower row displays the
case in which two holes are
present.
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Figure
4.16. The transfer
function of the component of
the magnetic field perpendicular to the maternal abdomen for
a model with and without a set
of holes in the vernix caseosa.
The upper row displays the
magnetic field in case no holes
are present and the lower row
displays the case in which two
holes are present.
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of the uterus and the fetus within the maternal abdomen. The white dot in the middle
indicates the position on top of the fetal heart. From this figure it becomes clear that
in case no holes are present the amplitude of the measured signals is at least a factor 20
times lower than in the case with holes. However it should be noted that the area of
the holes is overestimated and in reality the difference is possibly smaller. Both models
also show that the potential distribution of the vertical component of the heart dipole
has a maximum that is a factor 3 larger than the maximum amplitude for a dipole
in both other directions for the model with no holes. In case holes are present, this
factor even becomes a factor 10. Therefore reconstructing the current dipole strength
using a homogeneous volume conductor will overestimate the vertical component and
a volume conductor model will be needed to derive the vector cardiogram. As the
vertical component is expected to be the largest component of the current dipole
representing the heart (see chapter 3), only this component will dominate the fetal
ECG maps and the maps will display the same fetal complex all over the abdomen.
Another conclusion that can be drawn from these model studies is that in case the
fetus is lying on the right side of the abdomen the maximum and minimum in the
potential map will be over the fetus in line with the fetal heart in case of no holes,
however as soon as holes appear the maximum and minimum in the potential map
shift to the left side of the abdomen. This effect is caused by the location of the holes
being the main pathways for the currents to the abdominal surface. As the holes face
the left side of the fetus the currents are drawn towards the left side of the abdomen.
In figure 4.16 the magnetic field maps are drawn for the same two cases of a model
with and without holes. Only in the maps for a dipole along the z-axis, differences
in the magnetic field distribution are found. For the other two dipole directions the
dipolar source is not pointing along a line connecting both holes and as a consequence
the currents are primarily confined within the fetus compartment. That these currents
are primarily confined in the fetus compartment can also be derived from the potential
maps where the surface potential amplitude is small for the dipoles along the x and
y-axis for a model containing holes. Only for the model with holes and a dipole
along the z-axis the surface potential displays larger potential differences. Hence, the
presence of holes in the vernix caseosa will influence the inverse calculations of the
dipole strength and orientation from the fetal MCG if this effect is not taken into
account. However the effect is depending on the location where the fetal MCG is
measured. In case it is just over the lower hole (the hole whose distance is closest to
the abdominal surface) changes in the magnitude of the magnetic field are expected
for the vertical component of the dipole. The changes could be as large as a factor 2
depending on the position of measurement.
As the magnetic field is hardly influenced by the currents in the outermost compartments, the question rises whether these compartments can be omitted in the model.
In order to test the hypothesis of omitting compartments, the maternal compartment
and subsequently the amniotic fluid compartment have been removed from the model.
So far the largest influence on the magnetic field has been found for a dipole along
the z-axis. Hence, these stripped models are evaluated for a dipole along the z-axis.
As the vernix caseosa is poorly conducting anyway, this compartment was removed
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Figure
4.17. The transfer
function of the component of
the magnetic field perpendicular to the maternal abdomen
for a model with and without
a set of holes in the vernix
caseosa. In the first column the
results obtained with a model
consisting of the maternal
abdomen, amniotic fluid and
fetus is shown, in the second
column the model consisting
of only the amniotic fluid and
fetus and in the last column
the model is solely based on the
fetus.
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Figure 4.18. The transfer function of the
component of the magnetic field perpendicular to the maternal abdomen for a model
with and without a set of holes in the vernix
caseosa. The first column shows the results
for the model, in which the maternal abdomen
compartment has a conductivity 0.2 S/m and
the second column for a conductivity value of
0.5 S/m.
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Abdomen 0.5 S/m

too in the case the amniotic fluid compartment and the maternal compartment were
removed from the model. When these compartments were removed from the model,
their volume is considered to be non-conducting. In figure 4.17 the results are shown.
It becomes apparent that independent of the question whether a hole is present, the
outer compartment of the maternal abdomen can be removed without changing the
magnetic field distribution or strength. For the amniotic fluid compartment the case
is more complicated, as in the case of holes changes in the magnetic field distribution
are found. The changes in the magnetic field are again over the location of both holes
on the left side of the abdomen. As a consequence the maternal abdomen (everything
outside the uterus) does not need to be modeled in order to predict the strength and
distribution of the magnetic field. Of course this effect is depending on the effective
conductivity of the maternal abdomen compartment and its conductivity distribution. In order to verify the results the conductivity of the maternal abdomen has
been raised up to values of 0.5 S/m. The latter value is obtained by assuming the
total extracellular water content (including fluids like the ones found in the stomach,
intestines and bladder as well as the blood volume and the cerebrospinal fluid) to be
around 37 percent (Shier et al., 1996). The latter was the highest value encountered
in literature. Taking this value and assuming all cells to be spherical and the conductivity of the extracellular fluids to be of an order of 2 S/m, an upper limit of 0.5 S/m
is found for the conductivity. In figure 4.18, the magnetic field maps are depicted for
a model with a conductivity of 0.2 and 0.5 S/m for the maternal compartment. The
maps show the magnetic field for a current dipole along the z-axis. Despite taking
this unlikely value, the maternal abdomen compartment can still be ignored in the
magnetic field computations.
From the simulations it becomes clear that the maternal abdomen compartment does
not play a significant role in the volume conductor problem for the fetal MCG, when
a layer of vernix caseosa shields the fetus. Thence, the models do not need a more
elaborate subdivision of this compartment.

4.4.2 Comparison with measured fetal ECG data
In order to validate the results from the models, fetal ECGs have been measured in
order to confirm the potential distributions obtained by the simulations. As from the
previous section followed that the holes in the vernix had the largest influence on the
potential distribution, the surface potential will be used instead of the magnetic field.
As real fetal ECGs are dependent on the volume conductor and the fetal heart as current source, both have to be considered. So far, the potential distribution has been
considered as a function from current dipoles with a unitary strength and oriented
along the axis of the cartesian coordinate system. In order to compare real measurements with the simulations, the simulations need to include a model of the current
dipole. For this purpose the depolarisation sequence of the fetal heart is described as
a current dipole, which rotates at the center of the fetal heart. This current dipole
model has been described in the previous chapter. As the model was derived from
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Figure 4.19. Comparison between a model with no vernix caseosa, a model with a closed
layer of vernix caseosa and a model with a layer containing two holes. In the upper row the
potential distributions due to a vertical dipole are shown for all three models. The second
row shows the predicted shapes of the complexes measured over the maternal abdomen.
The latter figures are not depicted on the same scale.

postnatal ECGs, it does not include an absolute dipole strength. Hence, the simulations are only compared by means of the distributions and the shape of the fetal
heart complexes.
So far the simulations have been performed with dipoles along the principal axis of
the coordinate system. In order to compute what the different models would predict
for the surface potential measured at the abdominal surface, three models have been
selected and the surface potential maps have been evaluated. These models include, a
model without a layer of vernix caseosa, a model with a closed layer of vernix caseosa
and a model containing holes. The results of the simulations with these models are
depicted in figure 4.19. In the upper row the fetal ECG due to a dipole along the z-axis
is shown. From this figure it becomes clear that the results of the three models differ
in amplitude more than two decades. The three models give a different distribution as
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well, for example with a layer of vernix and holes the maximum and minimum lie on
a vertical line approximately connecting the two holes, in this case over the left side
of the maternal abdomen. In case no layer of vernix caseosa is present, the opposite
is the case and the maximum and minimum are located at the left side. Here, the
layer of amniotic fluid shields the left side better than the right side of the abdomen.
Finally, in case that the layer of vernix caseosa is closed the maximum and minimum
are located along a vertical line over the center of the abdomen. In the lower row of
figure 4.19 the corresponding results are shown when the previously described current
dipole that was obtained from neonatal ECGs is inserted in the model. In the cases
that a layer of vernix caseosa is present, the vertical component of the current dipole
dominates the maps and in the case of no vernix caseosa the other components also
contribute to the map. In case of holes in the vernix the maps also show the largest
R-peaks over the holes, whereas in case of a closed layer it is more over the center of
the fetus.
In order to be able to obtain usable fetal ECG maps, simultaneous fetal ECG and
MCG measurements have been carried out. As the potentials at the abdominal surface
are overshadowed by noise, the fetal R-peaks obtained from the fetal MCG serve as
a trigger for averaging the fetal ECG. In this way four usable fetal ECG maps were
obtained ranging from week 36 to 39. The four fetal ECG maps as well as the position
of the fetus and the maternal umbilicus are shown in figure 4.20. The maps show a
maximum over the fetal mouth. This maximum potential in the R-peak is of the
order of 1 to 2 µV in all four maps. As a reference potential for the maps the average
potential of all electrodes is used. In all four cases the fetuses were lying in a position
in which the fetal back was on the left side and the head was located near the bottom
of the uterus. For comparison the results of a model with holes in the layer of vernix
caseosa near the mouth and the umbilical cord are shown. The fetus is in the same
position and this simulated map especially resembles the maps obtained in week 36
and 38. The deflections of the P-wave and QRS-complex are similar in both the model
and the fetal ECG maps. And both show a similar distribution.
In figure 4.21, maps are shown with holes at different positions over the fetus. The
map on the right side is again the one with two holes aligned along the z-axis. The
other two display the potential distributions due to a couple of holes aligned on
respectively the x-axis and the y-axis. In comparing these maps with the measured
ones, it becomes clear that if there are preferred pathways they are aligned along the
z-axis, as the other two patterns do not resemble the distributions found in the fetal
ECGs.
In conclusion, it can be said that the measurements confirm the model with two holes.
The exact position of the holes cannot be determined by means of fetal ECG, but
the maps and simulations indicate that they are on a vertical line. From the maps
it becomes clear that one maximum is over the head, probably a hole is formed by
the oronasal cavities that are in open contact with the amniotic fluid. The other
pathway must be at the other end of the fetal torso and the umbilicus may be a
good candidate, as large veins leave the body here and currents can pass through the
onset of the umbilical cord and then diffuse into the amniotic fluid, which is better
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Figure 4.20. Four fetal ECG maps measured
at the end of gestation. In all four cases the
position of the fetus is indicated as well as
the position of the maternal umbilicus. The
fetuses were all in the same lying in a similar position in relation to the maternal abdomen. In the right figure a fetal ECG map is
depicted based on simulations using a model
with the fetus whose back is on the left side.
This model is a mirrored version of the model
in the second column of figure 4.19.
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Holes on X-axis

Holes on Y-axis

Holes on Z-axis

Figure 4.21. Simulated fetal ECG maps with a couple of holes along the z-axis
(mouth,umbilicus), along the x-axis and along the y-axis. The latter two couples are placed
on the fetal torso so that the connecting line between the two holes crosses the heart.

conducting than blood itself. The umbilical cord is surrounded by Wharton’s jelly.
Oostendorp (Oostendorp, 1989) measured its conductivity to be in the order 1 S/m,
hence it does not pose a barrier to the ionic currents as the vernix caseosa does. And
thence, the onset of the umbilicus is a likely candidate to be one of the preferred
pathways.
Looking at the amplitudes obtained in the measurements, the amplitudes for the
models with holes should be of the order of a few µV. In case no vernix is present the
amplitudes are expected to be a factor 10 higher. Such a case is described by Wakai
et al. (2000b) who measured the fetal ECG in case of ectopia cordis. In this condition
the fetal heart is located outside the fetal chest and thence it is not shielded by vernix
caseosa. The amplitudes they measure in week 30 are of the order of 65 µV. This
is even higher than predicted. However this may be due to the fact that the fetal
heart is located more to the front of the abdomen and thence closer to the abdominal
wall. Moreover, the fetal heart is not functioning normally and is surrounded by
other tissues than usual. Hence, this may lead to a different source strength. Another
reason is that in the vernix caseosa model the size of the holes is overestimated.

4.5

Capacitive effects due to the vernix caseosa

4.5.1 Capacitive effects
It was suspected that the absence of a pronounced T-wave in the measured signals of
both ECG and MCG (see, chapter 2) could be ascribed to a temporal filtering effect
of the vernix caseosa (Peters et al., 1998). Because the layer of vernix caseosa can be
described as a leaky capacitor, it is not only the ohmic current that passes through
the layer of vernix caseosa, but also the dielectric displacement current. As charge
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Amniotic fluid

Figure 4.22. Modeling the vernix caseosa as
a parallel network of a resistor and a capacitor.
Fetus

Resistor + Capacitor

gets built up at the inside of the layer of vernix caseosa due to the electric activity
of the heart, an opposite charge will build up on the other side of the layer of vernix
caseosa. This implies currents to flow in the maternal abdomen. These currents
will be out of phase with respect to the source, as the spatial charges surrounding
the vernix caseosa have to be built up. There will be a frequency dependency as
well, because the accumulation of charge is limited in time and hence changes with
frequency. Hence, the layer of vernix caseosa may act as a temporal filter for both
the magnetic field and the surface potential.
In order to estimate the characteristics of this filter, simulations were performed. For
this purpose the same model as in the previous section was used, representing the
fetus near the end of gestation. The simulations were performed in order to answer
the question whether the absence of a pronounced T-wave could be explained by
this effect and to estimate whether the fetal MCG is influenced by the displacement
currents.
The measurements of the vernix caseosa and its conductivity result in a wide range
of values from a very poor conductivity 10−6 S/m and high relative permittivity 105
(Oostendorp, 1989) to a 10 times higher conductivity and a lower relative permittivity (Stinstra et al., 1999a) 4 × 104 . Both limits have been used to model the
conductivity of the layer. Since the layer is poor conducting, the layer is modeled by
a network of resistor and capacitors. For this purpose the hybrid method has been
extended by replacing the ohmic resistors in the poor conducting layer with complex
impedances. These impedances are nothing more than a parallel network of resistors
and capacitors, see figure 4.22. As discussed previously, the capacitance and the resistance are given a value to match the thickness of the real layer of vernix caseosa,
whereas in the geometric model the layer is infinitely small. The impedance of the
elements now reads

Ẑ =

1
R

1
=
+ iωC

Aσ
d

1
d
=
A0 r
Aσ̂(ω)
+ iω d

(4.18)

As the thickness of the vernix caseosa varies throughout gestation, simulations with
thicknesses of 0.5 mm as well as of 2 mm are performed. As the frequency range of
interest is approximately from 0.1 Hz to 1 kHz, this range is chosen for the simulations.
As fetal ECG measurements indicated the likelihood of holes present in the vernix
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Figure 4.23. The potential as a
function of the frequency for four
different volume conduction models.
The source in the model is a current dipole oriented along the zaxis, which was driven at frequencies
ranging from 0.1 to 1000 Hz. The potential is calculated at the position
where the surface potential reaches
the maximum value for a frequency
of 1 kHz. The graph shows the transfer function for two different conductivities of the vernix caseosa and for
both the case without holes in the
layer of vernix caseosa and with holes
in this layer.

3

10

caseosa, the simulations are repeated, but now with two large holes present in the
layer of vernix caseosa.

4.5.2

Influence on fetal ECG

In figure 4.23 the results of the simulations of the surface potential are shown. This figure depicts the transfer function, i.e. the relation between the current dipole strength
and the potential at the abdominal surface. Because the abdominal surface potential
changes in amplitude and phase over the abdomen, each position of the maternal
abdomen has its own transfer function. For each node point on the abdominal surface
this transfer function was computed. In figure 4.23 this transfer function is depicted
for the position at which the largest amplitude is observed for 1 kHz. In this case the
thickness of the layer of vernix caseosa was 2 mm. Not depicted here are the results for
0.5 mm, but they do not differ substantially. In that case, the main difference is that
the amplitudes of the signals are about a factor 4 larger and the cut-off frequencies
are slightly lower. A more in depth discussion in the dependence on the thickness of
the layer is given by Stinstra et al. (1998).
In figure 4.23 four cases are discussed, a case of a conductivity of 10−6 S/m and a
relative permittivity r of 5 × 105 and a case of a conductivity of 2 × 10−5 and a
relative permittivity r of 4 × 104 both having holes in the vernix caseosa and not
having any holes in the vernix caseosa. From the figure, it becomes clear that both
conductivity values have their influence on the frequency domain investigated. The
larger the relative permittivity gets the more the amplitude changes as a function of
the frequency. For instance, in the case of r = 5×105 and no holes present the change
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1 Hz no holes

Figure 4.24. The surface potential distributions at the front side of the abdomen. These
distributions were computed for a vernix conductivity of 10−6 S/m and a permittivity of
5 × 105 . All graphs are displayed at the same
color scale. The two upper graphs represent
the case in which no holes are present in the
vernix caseosa and the lower ones in case two
holes would be present near the mouth and
umbilical chord.
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Figure 4.25. The transfer function
of the radial component of the magnetic field computed at 2 cm from the
abdominal surface as a function of
the frequency for four different volume conduction models. The source
in the model is a current dipole oriented along the z-axis, which was
driven at frequencies ranging from
0.1 to 1000 Hz. The magnetic field
is calculated at the position where it
reaches the maximum value for a frequency of 1 kHz. The graph shows
the transfer function for two different
conductivities of the vernix caseosa
and for both the case without holes
in the layer of vernix caseosa as well
as for the case with holes in this
layer.

may be a factor 100 between 1 Hz and 100 Hz. Hence, in this case the layer of vernix
caseosa acts as a high-pass filter. However as soon as holes in the layer of vernix
caseosa are present, this high-pass filtering is reduced and between 10 Hz and 1 kHz
the amplitude only changes about a factor 4. For the smaller relative permittivity
hardly any frequency dependency is found in case two holes are present in the layer
vernix caseosa. For the case no holes are present the cut-off frequency of the high-pass
filtering appears to be shifted to a higher frequency.
In order to determine whether the frequency dependency influences the distribution
of the potential, the distributions at 1 Hz and 100 Hz for a case with no and a case
with two holes are computed. These surface potential distributions at the maternal
abdomen are depicted in figure 4.24. Although not visible, the distribution in the case
of no holes at 1 Hz and that at 100 Hz are almost similar apart from the apparent
gain in amplitude. However for the case of the two holes, the maximum seems to shift
from a position at the left of the abdominal surface to the right of this surface. At
a frequency of 1 Hz, the holes in the vernix caseosa cause the currents to enter and
leave the fetus at the left side and here the maximum and minimum are found. At
100 Hz, the layer of vernix caseosa becomes more transparent for currents and the
maximum and minimum are now found to be in line with the fetal heart instead of
the holes in the vernix. The latter distribution is similar to the distribution in case no
holes are present. Hence, the frequency dependency influences the surface potential
distribution.

4.5.3 Influence on fetal MCG
Similar simulations were performed for the magnetic field. The magnetic field was
evaluated for the frequency range from 0.1 to 1000 Hz as well. Again two complex
conductivity values were taken for the case that two holes were present and for the case
that no holes were present. The component of the magnetic field perpendicular to the
maternal abdomen was computed at a distance of 2 cm from the abdominal surface
for three current dipole dipoles each along one of the principal axes. In figure 4.25 the
results of this simulation are shown for a dipole along the z-axis of the model. The
results for the dipoles along the x-axis and y-axis revealed a similar graph. In the
figure, the component of the magnetic field perpendicular to the abdominal surface is
given as a function of the frequency. The graphs represent the magnetic field at that
position where the observed field reaches a maximum at 1 kHz.
The figure clearly demonstrates that the magnetic field is influenced differently by
frequency dependent effects. For the fetal MCG a change in amplitude is found in
case the conductivity of the vernix caseosa is as low as 10−6 S/m and the relative
permittivity is as high as 5 × 105 . Here the magnetic field strength for a frequency
of 200 Hz is about a 20 percent larger than it was for 1 Hz. Whereas a high-pass
filter was found in case of the fetal ECG, for the fetal MCG a band-pass filtering
effect is found that starts to have its influence from about 10 Hz onward. First the
observed amplitudes rise until a frequency of about 200 Hz and subsequently drop
again. Like in the previous case the presence of holes in the vernix caseosa reduces
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Figure 4.26. The transfer function
of the component of the magnetic
field perpendicular to the abdominal
surface at the front side of the abdomen. These distributions are computed for a vernix conductivity of
10−6 S/m and a relative permittivity of 5 × 105 . All graphs are displayed at the same color scale. The
two upper graphs represent the case
in which no holes are present in the
vernix caseosa and the lower ones in
case two holes are present near the
mouth and the other at the beginning of the umbilical chord.
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the temporal filtering effect and the change in amplitude strength is now less than
2 percent between 1 Hz and 100 Hz. For the case of a higher conductivity of the
vernix caseosa and a lower relative permittivity a much smaller filtering effect is seen.
As changes in the distribution of the surface potential were observed for different
frequencies, it is checked whether the magnetic field shows changes in distribution as
well. In figure 4.26 the magnetic field distribution is shown for frequencies of 1 Hz
and 100 Hz for both the case of holes and no holes present. The figure displays the
magnetic field in case the conductivity is 10−6 S/m and the relative permittivity is
5 × 105 . In this case the current dipole is orientated along the z-axis. A small change
in the distribution of the magnetic field strength is found for both cases. The largest
change in distribution is found in case no holes are present in the vernix caseosa. This
change in field pattern can be ascribed to a change in the distribution of the currents
in the abdomen. In case of a frequency of 100 Hz, more currents will flow in the
amniotic fluid as for 1 Hz. The latter explains as well that for 100 Hz the patterns of
the cases with and without holes are more alike. Because the two holes are located
to the side where most of the amniotic fluid is, the currents will flow within the fetus
and through the amniotic fluid leaving the fetus at one hole and returning through
the other.
Although a very small amplitude of the T-wave in the fetal ECG could be explained
by a high-pass filtering effect of the vernix caseosa, this still cannot explain the low
amplitude of the T-wave in the fetal MCG. Simulations show that even for very low
values of the conductivity of vernix caseosa (down to 10−6 S/m) capacitive effects
will take place for frequencies over 10 Hz. However for the fetal MCG, only small
increases in amplitude are found and they display a band-pass filtering characteristic.
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The simulations suggest, that the decrease in T-wave amplitude should only be about
10 percent for the fetal MCG measurements, which is lower than the variance observed in the amplitude of the T-wave. Moreover, our own measurements also show a
dependence of the relative permittivity of the vernix caseosa on the frequency, which
was not taken into account in the simulations. For higher frequencies the value of the
permittivity drops by an order of a decade (from 1 Hz to 1 kHz). This reduces the
capacitive effect even further. Hence, for the fetal MCG the measured signals should
hardly be affected by any frequency dependent behaviour of the volume conductor.
For the fetal ECG a small filtering effect may be expected. However, the holes present
in the layer of vernix caseosa will minimise the capacitive effect of the layer vernix.
How much the vernix caseosa will influence the fetal ECG signals in the frequency
range of 1 to 100 Hz is still dependent on the size of the holes. The smaller the holes,
the lower the cut-off frequency of the high-pass filter becomes. Hence for smaller
holes, the frequency range in which the capacitive effects will play a role, is lower and
shifts to the frequency range of the fetal PQRST-complex. On the other hand if the
holes become too tiny almost no currents will reach the abdominal surface and thence
no potential differences can be measured.
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The forward problem in fetal
magnetocardiography
In the previous chapter the problem how to model the vernix caseosa was discussed, in
this chapter the implications of the volume conductor on the fetal MCG will be studied. In
chapter 4 only a model for the last period of gestation was introduced, this approach will be
extended with volume conductor models of the second trimester. The differences between
pregnancies and hence the differences in fetoabdominal volume conductors can be examined by creating volume conductor models based on the different anatomical morphologies
encountered. Using MR-images of pregnant women, the variability in the fetoabdominal
volume conductor is simulated and evaluated. Fetal heart activity is modeled by a heart
vector obtained from newborns. Using this source model in combination with realistically
shaped volume conductor models fetal MCGs are simulated. The results of the simulations will be compared with the results obtained in fetal MCG. The influence on fetal MCG
parameters such as the P-to-QRS ratio and the intracardiac intervals will be estimated. Finally, the computed field patterns will be examined in order to answer the question whether
it is possible to determine a good measurement position.

5.1

Fetoabdominal volume conduction

In order to improve and to assess the reliability of the MCG several issues need to be
addressed. For instance, the question remains where to measure the fetal magnetocardiogram above the maternal abdomen. It is advantageous, if the position can be
predicted, where a clear P-wave or QRS-complex can be measured over the maternal
abdomen. As devices for clinical application should preferably have a small number
of channels, information on good measuring positions is needed. A good measuring
position refers to the position, where the signal-to-noise ratio of the signal is as large
as possible. Apart from this position, simulations can also be used to determine which
parameters should be recorded as well in order to increase the reliability of the signal.
An example of such a parameter is the position of the fetal heart.
In order to address these issues, simulations are presented in this chapter. Since
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the modeling techniques used in the simulations predict both the magnetic field as
well as the potential distribution, similar items on the reliability of the fetal ECG
can be addressed. The models used to predict the magnetic field distribution over
the abdomen consist of two parts, i.e. a model of the fetal heart represented by a
rotating current dipole and a model describing the transfer function. In case of the
surface potential a similar subdivision can be made. Often knowledge on the transfer
function is enough to answer certain questions.
In order to derive this transfer function a model of the volume conductor is needed.
The construction of such a model raises new questions such as how to subdivide the
volume conductor into regions with the same conductivity, or whether it is necessary
to include inter-individual differences in this model. These questions are addressed in
the next two sections.
Knowledge on the transfer function is also needed in order to predict the reliability of
the intracardiac time intervals, the amplitude of the various waves and the amplitude
ratios which are obtained from the fetal MCG. The transfer function can be used
to estimate the variations in these parameters due to the volume conductor and can
be used to set the bounds of the reliability. In this chapter, the influence on the
amplitudes and the amplitude ratios will be discussed.
Another reason for studying the transfer function, would be the solution of the inverse
problem, so that the measurements obtained outside the maternal abdomen can be
translated into the rotation of a current dipole at the center of the heart. Information
on the rotating dipole would be a more direct translation of the processes taking place
in the fetal heart. Hence, it could be of help in the quest for obtaining reliable data
on the fetal heart’s functioning. Such inverse calculations are used to for instance in
tracking down the location of brain activity out of adult EEG measurements or the
estimation of electrical activity in the adult heart from ECG/MCG measurements.
In a paper by Oostendorp and van Oosterom (1989) an example of such an inverse
computation is given for the reconstruction of the current dipole from fetal ECG
measurements. However, the transfer function has to be evaluated more extensively
before the inverse solution can be trusted.
As described in the previous chapter, the vernix caseosa has a profound influence
on the volume conduction problem. As this layer develops at the end of the second
trimester (from week 28 and onward) it marks a significant change in the volume
conduction problem as noted before by for instance Kahn et al. (1963). Thence,
the volume conduction problem will be divided into two, one for the period before
the segregation of vernix caseosa and one for the period it covers the fetus. Some
investigators claim that the vernix caseosa first covers the fetus completely and that
afterwards holes appear in the layer (Oostendorp, 1989). This assumption is based on
the fact that only in about 20 to 30 percent of the fetal ECGs measured in this period
a usable recording is obtained, in which fetal R-peaks can be discerned (Bolte, 1961).
However, there is no solid evidence that the vernix caseosa is completely covering
the fetus and no holes are present at all, as it seems unlikely that the fetus keeps its
mouth closed for this entire period. Thence, one hole is probably always there. The
simulations in the last chapter showed that when one hole is present in the poorly
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Figure 5.1. Cross section of a
model with a layer of fat at the
outer regions of the volume conductor. The model is based on the one
used in the previous chapter. In this
case the maternal compartment is divided in a fat layer and the remaining
volume.

conducting layer, it is still shielding the currents within the fetus. In order to obtain
larger current densities in the volume outside the vernix caseosa, at least two holes
are needed. Hence, the question remains whether there is a second preferred pathway
to the opposite side to the mouth in respect to the fetal heart. The latter condition
assures that the currents induced by the fetal heart leave the fetus compartment at
one side and return at the other side.

5.2

The layer of subcutaneous fat and amniotic fluid

In the previous chapter it was concluded that the layers outside the fetus did not
have a profound influence on the magnetic field, but did have an influence on the fetal
ECG. In order to further examine the influence of the outer regions of the model an
additional layer of fat will be introduced. Furthermore, the influence of the presence
of the amniotic fluid will be studied.
The model that was introduced in the previous chapter consisting of a fetal compartment surrounded by a layer of vernix with two holes, an amniotic fluid compartment
and one for the maternal abdomen, has been extended with a layer of fat. In this
model, the maternal abdomen compartment is split into two, the outer part of this
compartment is assumed to represent both the skin and the subcutaneous fat and the
inner part the other remaining tissues in the maternal abdomen. In the model the
compartment of fat (and skin) is estimated to have a thickness of about 2 cm near the
abdominal wall. Towards the bottom and top of the model the layer is thicker and
has an average thickness of 3 cm. A cross section of the model is given in figure 5.1.
In the model the layer of vernix caseosa was assigned a value of 2 × 10−5 S/m. Both
the surface potential and the magnetic field strength perpendicular to the abdominal
surface are calculated by means of the boundary element method. The results are
depicted in figure 5.2. In this figure the case with an additional layer of subcutaneous fat is compared with the case without this fat. In the same figure the case is
shown, where the amniotic fluid is replaced by a compartment with a conductivity
of 0.2 S/m. This reflects the case in which the volume conductor outside the vernix
caseosa is considered to be homogeneous.
The results depicted in figure 5.2 show a two-fold effect for the surface potential.
Firstly, in the inner part of the volume conductor the amniotic fluid is shielding
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Surface potential

fat - abdomen amniotic fluid vernix caseosa fetus

abdomen amniotic fluid vernix caseosa fetus

abdomen vernix caseosa fetus

Magnetic field

fat - abdomen amniotic fluid vernix caseosa fetus

abdomen amniotic fluid vernix caseosa fetus

abdomen vernix caseosa fetus

Figure 5.2. Upper row: the
transfer function of the surface
potential for a model in which
the maternal compartment has
been subdivided into a compartment of subcutaneous fat
and a compartment representing
the other tissues in the maternal abdomen, a model without
this subdivision and a model in
which the amniotic fluid layer
is replaced by a layer with the
same conductivity as that of
the maternal abdomen. Lower
row: the transfer function of
the component of the magnetic
field perpendicular to the maternal abdomen calculated for the
three models mentioned above.
The current dipole is oriented
along the z-axis. Note that the
position of the fetus and the amniotic fluid are indicated by the
white lines.
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the surface potential by forcing more currents to flow through the inner part of the
volume conductor, namely the amniotic fluid instead of flowing through the outer
parts of the abdominal volume. Hence, in case the amniotic fluid is replaced by
a compartment having the same conductivity as the rest of the abdominal volume
larger potential values can be measured. However, a lower conductivity at the surface
of the model, representing the layer of fat, causes the currents to follow a pathway
more to the interior of the model. Despite this reduction in current density in the
outer layers, the drop in conductivity is larger than the reduction in current density.
As a consequence, slightly larger potentials are found at the abdominal surface in case
a poorer conductive layer is present at the surface.
In case of the magnetic field no significant difference has been found between the model
with and without the fat layer and once again only a small deviation was found in the
magnetic field due to a dipole along the z-axis. This confirms again the conclusion
made in the last chapter that in case of a layer of vernix caseosa, the tissues outside
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Figure 5.3. The transfer function of the component of the
magnetic field perpendicular to
the maternal abdomen and the
surface potential for a model
with an additional layer of subcutaneous fat. The model is a
three compartment model, including the fetus, the amniotic fluid and the maternal abdomen. Hence in this model
the vernix caseosa is omitted
in order to simulate the second
trimester of gestation. The current dipole is oriented along the
y-axis.
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Figure
5.4. Cross section
through the models showing
a current density map.
In
the figures the magnitude of
the current density vector is
depicted.
In the upper left
graph a model including a layer
of fat is shown. At the upper
right the same model without
this layer of fat. At the lower
left a cross-section is shown in
case no amniotic fluid is present
and at the lower right in case
a layer of vernix caseosa with
holes is present. All cases are
shown for a dipole along the
x-axis.
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the fetal compartment can be ignored in the computation of the magnetic field.
In figure 5.3 the results are shown for the same model with the difference that the
vernix caseosa compartment is removed. Thence, this case depicts the situation in
the second trimester of gestation. In this case the figure shows the results for a dipole
along the y-axis, as for this case the volume conductor has the largest influence. Apart
from the amplitudes the surface potential displays the same influence of the layer of
fat and of the amniotic fluid. In this case the surface potential is about a factor 10
larger than in case the vernix caseosa is present. In this case the shielding properties
of the amniotic fluid also become more obvious. Did the removal of the amniotic fluid
lead to an increase of amplitudes by a factor 1.5 in the previous case, in this case it is
more than a factor 2. Moreover, the magnetic field strength increases slightly when
omitting the vernix caseosa. Whereas, in the previous case, almost no influences of the
layers outside the vernix caseosa on the magnetic field are encountered, in this case
changing the amount of amniotic fluid leads to a different magnetic field amplitude.
The layer of fat on the other hand did not have any influence on the magnetic field.
In order to further analyse the influence of the different layers, four current density
maps have been made. These maps show the current density distribution in a vertical
cross-section through the abdomen. The maps are depicted in figure 5.4. Three of the
four cases show the current density distribution in case no vernix caseosa is present.
The first map shows the case that an additional layer of fat is present, in the second
only the maternal abdomen and the amniotic fluid are present and in the third only
the maternal abdomen is present and no amniotic fluid. The fourth map shows the
case of the fetus covered by a layer of vernix caseosa with a layer of fat, maternal
abdomen and amniotic fluid present. In the last case, it did not matter whether the
layer of fat or the layer of amniotic fluid were included or not, as all cases resulted in
approximately the same current density map. The maps show that in case the fetus is
surrounded by a layer of amniotic fluid, most currents are found in the fetus and the
amniotic fluid. In case no amniotic fluid is present, most currents are confined to the
fetus and the current density in the maternal abdomen is only slightly higher than
in the case there is layer of amniotic fluid. The maps shown, depict the case for a
current dipole along the x-axis. In case the dipole points in another direction similar
results are obtained. In case of a layer of vernix caseosa, all currents are more or less
confined within the fetus and the amplitude of the current density within the fetal
compartment is large in comparison to the other cases. In conclusion, it is found that
the amniotic fluid and the vernix caseosa confine the current density to respectively
the volume occupied by the fetus and the volume within the uterus. Hence, for the
computation of the magnetic field only these compartments need to be considered.

5.3

Inter-individual differences during gestation

5.3.1

Modeling inter-individual differences

So far, simulations have been performed with a volume conductor model based on
a simplified model of the fetoabdominal volume. For instance the geometry of the
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fetus was approximated by a smoothed surface. To be able to estimate the influence of the inter-individual differences between pregnancies, four MR-images of the
last period of gestation (from week 36 until 39) were selected. The reasons for focusing on this period is that the mobility of the fetus within the uterus is small,
the fetus is confined to certain positions and orientations in respect to the maternal
abdomen (Symonds, 1994). This allows for classification of the fetal position into
different classes as described in chapter 3. Thence, by classifying the fetal position
the amount of parameters to be estimated is reduced. In all four cases examined, the
fetuses were lying in a left occiput position. Moreover, using these four MR-images
the inter-individual differences can be estimated in case the position of the fetus is
known. In order to study the volume conduction problem during the second trimester,
three MR-images were used obtained in the period from 21 to 30 weeks of gestation.
The models created for this period did not contain any layer of vernix caseosa and
thence show a different behaviour.
In order to estimate the expected differences when using a realistically-shaped volume conductor model for the fetoabdominal volume in different pregnancies, seven
individually shaped models have been constructed. MR-images of the lower abdomen
of pregnant women were used to subdivide the abdominal volume into three compartments. These compartments consist of a compartment representing the fetus,
one of the amniotic fluid and one of the remainder of the abdominal volume. The
amniotic fluid and the structures within the fetus could be reasonably well distinguished in the MR-images. However the details in the maternal abdomen like a layer
of fat or skin could not be distinguished. Hence, no further subdivision is made of
the maternal volume. The results in figure 5.2 however show that these regions of
the maternal abdomen hardly influence the magnetic field and thence the need for a
further subdivision is not there. The placenta and the amniotic fluid are both white
in the MR-images, nevertheless a distinction could be made between both. In order to
keep the computational effort within the limits of a modern PC, no separate placental
volume is included in the model. The placental volume is divided between both the
amniotic fluid and the maternal abdomen. In order to avoid the use of large amounts
of elements the volume of arms and legs of the fetus are divided between fetus and
amniotic fluid in a similar procedure. Apart from avoiding a huge computational
effort, the arms and legs are difficult to distinguish as some parts fall within the gap
between two MRI-slices, which makes it difficult to exactly define where a hand or a
foot is. In order to include holes in the layer of vernix, the position of the mouth and
the umbilicus are estimated. The first can be obtained easily, as the oronasal cavities
are clearly visible, however the position of the umbilical chord is more difficult as it
can not be discerned on the MR-images. Thence, it is estimated based on the position
of the liver, lungs and heart within the fetus. The position of the heart on the other
hand can be obtained without any problem and the current dipole is thence positioned
at the center of the heart.
In figure 5.5, all seven models are depicted. The first four are of the third trimester and
thence include a layer of vernix caseosa. The latter layer has an estimated thickness
of about 2 mm. These four models are selected because the fetus is in about the same
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Model I, 39-weeks-old fetus.

Model II, 37-weeks-old fetus.

Model III, 39-weeks-old fetus.

Model IV, 36-weeks-old fetus.

Model V, 30-weeks-old fetus.

Model VI, 21-weeks-old fetus.

Model VII, 26-weeks-old fetus.

Figure 5.5. The seven volume conductor models used to study the inter-individuality in
the second and third trimester. The first four models are used to study the third trimester of
gestation and the last three for the second trimester. As for the models of the third trimester
the position of mouth and umbilicus are important, they are indicated in the model. The
inner volume represents the fetus (covered by vernix in the third trimester), the other two
the amniotic fluid and the maternal abdomen, respectively.

position in all four cases. In these cases, the fetus is lying with its head down and its
back to the right side of the mother. However the fetal presentation is not equal for
each fetus. In model I and IV the fetus has turned its head towards the front of the
abdomen. In model II its head is just facing the mother’s back and in model III it
is facing the left side of the mother. Apart from the position of the head the models
differ in amniotic fluid distribution, some have more fluid on the left side and others
more on the right side. In the second trimester the fetus has more space to swim
around, however still most fetuses are found with the head down and the back facing
one of two sides of the mother. In these models there is clearly more amniotic fluid
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relative to the fetal volume in comparison to the models of the third trimester.

5.3.2

The influence of inter-individual differences

For all seven models the abdominal surface potential and the magnetic field distribution have been calculated. The latter have been computed at a distance of 2 cm
from the abdominal wall. In figures 5.6 and 5.7 the surface potential distributions
are shown for all three components of the current dipole. Likewise, in figures 5.8
and 5.9 the x-component of the magnetic field is depicted for all three current dipole
components. This x-component of the magnetic field is the component perpendicular
to the front of the abdomen and is the one that is usually measured.
In case the fetus is surrounded by a layer of vernix caseosa with two distinctive holes
present in this layer, the surface potential is dominated by the z-component of the
current dipole representing the heart. Hence, a distribution is expected in which the
maximum and minimum of the potential are aligned along the z-axis. The latter
effect is observed in the simulations. The potential maximum is found 5 to 10 cm
above the position that is right on top of the fetal heart and the minimum is found at
approximately the same distance below this point. In the simulations of the previous
chapter the largest potential was found at the side the fetus was facing. For instance,
when the back of the fetus is located to the right, the largest potential difference is
found at the left side of the abdominal surface. However this was assuming that the
fetus faces toward the left side and the mouth opening is pointing to the left side of
the abdomen. However the present models show that the case is more complicated. In
case the fetus has turned its head towards the front of the abdomen or to the left side,
the minimum is still found at a position on top of the mouth, however the position
of the maximum is more variable, but it is found more to the left than the minimum.
In case the mouth is facing toward the back of the mother, the simulation reveals
only a weak potential difference and no clear minimum can be distinguished near the
head of the fetus. On the other hand when the fetus is facing the front a more clearer
minimum is seen over the maternal abdomen than in the other three cases.
The magnetic maps are shown in figures 5.8 and 5.9 and display a wide variety in
patterns. For dipoles oriented along the y and z-axis the overall pattern is the same,
whereas for a dipole along the x-axis the patterns seem to be rotated over a wide
variety of angles. Not only do the patterns change, the amplitudes of the distributions
vary over a wide range. For instance, the amplitude of the field generated by a dipole
along the z-axis in model I and model III differs from that in model III by at least a
factor 10.
In order to get a better understanding why these models show such a diversity in the
magnetic field distribution, the magnetic field is split up into a contribution of the
primary source (current dipole) and a contribution of the secondary sources (volume
conductor contribution). In figure 5.10 both contributions are depicted for models I
and V. From the figure it becomes clear that both contributions tend to counterbalance
each other. This effect decimates the observed amplitudes of the magnetic field in
comparison with a homogeneous volume conductor of infinite extent. It turns out
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Figure 5.6. The surface
potential due to unitary
current dipoles along the x,
y and z-axis for four models of the third trimester of
gestation in which the fetus
is lying in a left occiput position.
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Y-dipole
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Figure 5.7. The surface
potential due to unitary
current dipoles along the x,
y and z-axis for three models of the second trimester
of gestation in which the fetus is lying in an arbitrary
position.
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Figure 5.8. The component of the magnetic field
along the x-axis due to unitary current dipoles along
the x, y and z-axis for
four models of the third
trimester of gestation in
which the fetus is lying in
a left occiput position.
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Figure 5.9. The component of the magnetic field
along the x-axis due to unitary current dipoles along
the x, y and z-axis for
three models of the second
trimester of gestation.
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that slight changes in the geometry of the volume conductor change the degree in
which both the primary and secondary source contribution tend to cancel each other.
Hence, the maxima and minima in the magnetic field distribution of the different
models are also found at a different position due to the contribution of the secondary
sources. Hence, this explains why in model III hardly any magnetic field is found
due to a dipole along the z-axis. In this case, both contributions almost perfectly
counterbalance each other resulting in magnetic fields that are only a tenth of the size
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Total

Figure 5.10. The magnetic field of a current dipole oriented along the z-axis split up in
the contribution of the primary source and that of the secondary sources. Together both
sources account for the final magnetic field. The contributions are depicted for a model in
the second trimester and for one in the third trimester.

of the magnetic field due to the primary source.

5.3.3

The influence of the volume conductor on amplitudes

In the maps shown in figures 5.8 and 5.9, both the volume conduction and the position
of the fetal heart are of influence for the amplitudes and the field patterns observed.
When the fetal heart is further away from the pickup-coil, the magnetic field strength
is smaller. Since it is possible to determine the position of the fetal heart, for instance
by means of ultrasound imaging, this problem can be overcome. Hence, the question
remains to what extent the volume conductor is of influence if we correct for this
distance. For this purpose, the simulations have been repeated with a magnetic
sensor array that is at 12 cm distance from the fetal heart and is centered over the
position of the fetal heart. In this case not the shape of the maternal abdomen
determines where the magnetic field is computed, but a rigid distance from the heart
is chosen. In figure 5.11 the results are shown for all seven models. The figure displays
the magnetic field along the x-axis for a sensor array of 61 points, which covers the
front of the abdomen. Although in the latter case the sensor array is positioned
at a constant distance from the fetal heart, the maps still show a large spread in
amplitudes. For instance the difference in amplitudes between model I and model III
is about a factor 10.
Comparison between the models of the second trimester and the third trimester shows
that on average the volume conductor in the second trimester allows a larger gain
due to the transfer of the volume conductor. Although the volume conductor has a
higher transfer coefficient for the magnetic field in the second trimester, the measured
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Figure 5.11. The component of the magnetic field
along the x-axis due to unitary current dipoles along
the x, y and z-axis for all
seven models. In this case
the magnetometer grid is
positioned at a fixed distance of 12 cm from the fetal heart.
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amplitudes are smaller, as the size of the fetal heart is smaller and thus the amount
of currents released by the myocardiac cells.
Moreover, considering that the fetus is in the same position for the first four models, for an accurate estimation of the size of the current dipole more information is
needed than the lie of the fetus and the position of the fetal heart. Under the present
measurement setup we are only able to determine the position of the fetus and the
position of the fetal heart by means of ultrasound imaging. Hence, the amplitude of
the current dipole which would be retrieved by an inverse computation based on this
information is not reliable for diagnosis. To carry out an analysis of the amplitudes,
more extensive modeling is needed as well as comparison with measured distributions.
The models may be derived from 3D-ultrasound, a new field emerging in ultrasound
imaging which is able to generate three-dimensional reconstructions of the anatomical
layout of the uterus and everything inside. However, an extensive ultrasound scan
would complicate the measurement procedures in fetal magnetocardiography, whereas
the advantages of knowing the current dipole strength for making a diagnosis is still
questionable. For instance, the amplitude of the various complexes in pediatric cardiology are hardly used, as they show a wide spread. For example, Namin and Miller
(1966) report a spread in the amplitudes of the QRS-complex in lead V6 in the range
of 0.2 to 1.0 mV (90 percent confidence interval). These numbers were obtained from
postnatal ECGs 30 hours after birth and are similar for other leads. This large spread
of a factor five in amplitude is probably the reason why the amplitudes are not commonly used in diagnosis. Apart from volume conduction effects the spread in current
dipole strengths is probably large when looking at the data measured in newborns
and its advantages in diagnosing fetal cardiac diseases is unknown.

5.4

The P-wave to QRS-complex ratio

The previous sections showed that the amplitude of the PQRST-complex is heavily
dependent on the symmetries in the volume conductor. Hence, these amplitudes are
not suited for diagnostic purposes. A way to avoid the use of the amplitudes, is looking
at the ratios of the amplitudes within a PQRST-complex. For instance, if one is able
to prove that the amplitude of the P-wave is large in comparison to the amplitude
of the R-peak this may indicate that there is some kind of atrial hypertrophy. The
latter may be the result of a severe arrhythmia or a congenital heart defect. In case
of an atrioventricular block (n = 4) or an atrial flutter (n = 2) our measurements
showed an exceptionally large P-wave amplitude in comparison to the QRS-complex,
see chapter 6. However, if this kind of analysis is to be used, the P-to-QRS ratio
measured in the fetal magnetocardiogram should reflect the ratio in current dipole
strength of the P-wave and the QRS-complex. Moreover, if this ratio depends on the
position where the fetal magnetocardiogram is measured, the variability of this ratio
over the abdomen should be small enough, so that abnormal ratios can be detected.
In order to acquire insight in the ratio of the P-wave amplitude in respect to the
QRS-complex amplitude, simulations have been performed in order to estimate the
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Figure 5.12. Ratio of P-wave amplitude to QRS-complex amplitude as a function of the
position over the maternal abdomen. Four different measurement configurations are depicted. The first is a magnetometer, the second a gradiometer along the x-axis with a
baseline of 6 cm. This baseline is more or less perpendicular to the maternal abdomen.
The third system is a vector magnetometer, which measures the three components of the
magnetic field and combines the three to obtain the magnitude of the magnetic field vector.
And the fourth system is a vector gradiometer along the x-axis with a baseline of 6 cm.
In this system, the difference between the magnitudes of the magnetic field vector at two
positions is subtracted. The ratio between the current dipole generating the P-wave and
the one generating QRS-complex is 0.2. The latter value was obtained from vector ECG
measurements in newborns, from which a model for the current dipole in the fetal heart was
derived, see chapter 3.
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Figure 5.13. The P-to-QRS ratio as a function of the position over the maternal abdomen,
see figure 5.12. In this case only a distribution is given for the locations where the R-peak
is at least 20 percent of the largest R-peak found over the abdomen.

influence of the measurement position and the volume conductor on this ratio. In these
simulations the current dipole is assumed to be rotating as described in chapter 3. In
this model the largest current dipole vector of the P-wave is more or less perpendicular
to the largest vector in the QRS-complex. In these simulations the four volume
conductor models of the third trimester of gestation are used.
In figure 5.12, the results of the simulations are depicted. In this figure four types
of fluxtransformers are described. The first fluxtransformer is a magnetometer and
the second one is a gradiometer with a baseline of 6 cm. Both measure the magnetic
field component along the x-axis. The gradiometer is simulated by subtracting the
magnetic field component at a distance of 6 cm from the one just above the abdomen.
Both fluxtransformers display large fluctuations in the P-to-QRS ratio.
In order to diminish the dependence on the measurement position, a fluxtransformer
was designed that measures all three components of the magnetic field. This vector
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gradiometer system has been described in chapter 1. Both a vector-magnetometer
and a vector-gradiometer setup have been included into the simulations. The former
measures the three components of the magnetic field just above the maternal abdomen
and the latter subtracts the three components of magnetic field at a distance of 6 cm
from the field measured above the abdomen. The P-to-QRS ratio is now defined as the
ratio between the maximum strength of the magnetic field vector during respectively
the P-wave and the QRS-complex. The results are shown in the two columns at the
right-hand side of figure 5.12. A substantial improvement can be seen when using all
three components of the magnetic field, as the P-to-QRS ratio shows less dependence
on the measurement location. However, the spread is still large being a factor 2 to 3
in magnitude.
However in obtaining a fetal MCG with a single channel vector-gradiometer, the
system is moved to different locations in order to find a position where the R-peaks
are good visible. Hence, the comparison over the whole abdominal area is not fair, as
those position with a small R-peak are not selected for diagnostic purposes. In order
to include this procedure a selection is made based on the size of the amplitude of the
R-peak. In figure 5.13 only those node points are plotted whose R-peak is at least
20 percent of the amplitude of the maximum amplitude found over the abdomen.
This figure displays the same distribution as the previous figure, however only the
area in which a good measurement can be obtained, is shown.
The results show that with a vector-magnetometer or vector-gradiometer a larger area
over the abdomen will produce large R-peaks in one of the three channels of such a
system and secondly, the P-to-QRS ratio is more stable over this region and will vary
in a range of about 0.07 to 0.20. This range is experimentally found as well in the
measurements with the vector gradiometer system. Only in model II a larger ratio is
found near the edges of the region in which the R-peak is over 20 percent. Hence, in
these models the P-to-QRS ratio may exceed a ratio of about 0.25. Ratios of the latter
value were only obtained in measurements in which the fetus was not healthy and was
suffering from a cardiac disease. Except from model II, the normal gradiometer and
magnetometer also show a similar range of fluctuations in the obtained P-to-QRS
ratio, the area in which this is obtained is much smaller. In shifting the measurement
system over different areas of the abdomen, this region is easily missed and as a result
the measurements are poor and do not show consistent P-to-QRS ratios.

5.5

An effective model for volume conductor plus source

5.5.1

The magnetic dipole

The simulations in the previous section, did show that the contribution to the magnetic field of the volume conductor and the contribution of the source counterbalance
each other and that the currents are confined within a small volume. In case of the
third trimester the presence of the vernix caseosa ensures that the majority of the
currents is confined in the compartment of the fetus. In case of the second trimester
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and no vernix caseosa, the amniotic fluid takes over the role of the vernix caseosa and
confines the currents in the volume occupied by the fetus and the amniotic fluid.
On average the distance between the heart and the pickup-coil will be larger than the
distance between the heart and the uterus. At the end of gestation the heart is at a
depth in the range of 12 to 15 cm from the abdominal wall. Adding another 3 to 4 cm
for the wall of the cryostat and for the distance between abdomen and cryostat, the
distance from the fetal heart to the pickup-coil will be at least 15 to 18 cm. The size
of the fetus in the same period of gestation will be about 34 cm (crown-rump length)
(Cunningham et al., 1993) and the heart will be in the center of the fetal volume.
Hence the radius of the volume in which the currents are confined is smaller than the
distance from the fetal heart to the pickup-coil, as illustrated in figure 5.14. Assuming
that this is the case, a multipole expansion can be made of the total current density
in the fetus. The magnetic field due to all the currents in the volume conductor reads
µ0
B(r) = ∇ ×
4π

ZZZ

J(r0 )
dV 0
kr − r0 k

(5.1)

Vsource

In this case J is the sum of both the volume currents and the source currents in the
fetal heart itself

J = Js − σ∇Φ

(5.2)

The magnetic field as a function of the total current density can now be expanded
using a multipole expansion
 X

 ZZZ

∞ X
n
µ0
Ȳnm (θ, φ)
0 n
0
0
0
0
B(r) = Re
∇
×
(r ) Ȳnm (θ , φ )J(r )dV
4π n=0 m=0
rn+1

(5.3)

V0

This expansion is in principal the same as introduced for the current source in chapter 3. For the distribution of the current density within the fetal heart no assumptions
are made. In case of the total current density J, it is assumed that the currents are
confined within a volume with radius r0 and that the magnetic field is computed at
a radius r which is larger than r0 . In order to comply with condition that r0 < r,
the origin of the multipole expansion is positioned at the center of the fetal heart.
Hence outside this confined volume the current density is assumed to be zero. Since
the currents in the volume conductor are assumed to be the result of a quasi-static
process, the charges in the volume conductor are assumed to be quasi-static. Hence

∇·J=0
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(5.4)

As in the source regions the currents are not necessary ohmic, i.e. in the cell membrane
diffusion due to ionic concentration differences plays a role as well, the current density
distribution is not rotation free. Hence,
∇ × J 6= 0

(5.5)

The changes in conductivity between compartments also lead to singularities in the
current density. In this case the current density parallel to the interfaces is discontinuous. This can be interpreted as a sheet of vortex sources along this interface. Hence,
the current density field within the confined region is divergence free, but not rotation free. This conclusion has its impact on the different moments in the multipole
expansion. For example the first term in the multipole expansion reads

Bn=0



ZZZ
µ0
1
0
0
∇ ×
J(r )dV
=
4π
r

(5.6)

V0

In case of the current source this term provides the current dipole (Chapter 3). However in this case
ZZZ

J(r0 )dV 0 = 0

(5.7)

V0

Which can be proven under the assumption that the field is divergence free and that
the current density is zero at the edge of the volume. This can be shown as following
ZZZ

0

ZZZ

∇ · (xJ)dV =
V0

0

ZZZ

[∇x] · JdV +
V0

0

ZZZ

x[∇ · J]dV =
V0

Jx dV 0 + 0

V0

(5.8)
ZZZ
V0

∇ · (xJ)dV 0 =

ZZ

xJ · ñdS 0 = 0

∂V 0

ZZZ
⇒

Jx dV 0 = 0

V0

This procedure can be repeated for the two other components. The next terms in the
expansion are the quadrupole moments, which include the current quadrupole and
the magnetic dipole moments. The former can be shown to be zero again and only
the magnetic dipole moments remain. The magnetic dipole reads

Bn=1



3(m · r)r
m
µ0
+
−
=
4π
krk3
krk5

(5.9)

The fact that the first moment in the expansion is zero, explains why in the last
paragraph the contribution to the magnetic field of the current dipole and the one of
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Currents are confined in this region

r > r'
current
source

r
observation point

Figure 5.14. The currents are
confined within the uterus.

r'

the secondary sources, counterbalance each other. Since for the expansion in Legendre
polynomials of the total current density the first term reads zero, the first term of the
expansion of the volume currents plus that of the current source should be zero as
well. Thence, both terms have to counterbalance each other
ZZZ

0

0

ZZZ

0

ZZZ

Js (r )dV −

J(r )dV =
V0

0

V0

σ∇Φ(r0 )dV 0 = 0

(5.10)

V0

As these first order terms define the largest contribution to the magnetic fields of
the primary and secondary sources, these magnetic fields are approximately the same
with an opposite sign. Hence, it seems logical to describe the magnetic field due to
the volume conductor and source as one due to a magnetic dipole at the center of the
heart. However, in literature often a model is used in which the volume conductor
is omitted and the magnetic field is described as the field of a current dipole in an
infinitely large homogeneous conducting medium (Kandori et al., 1999). In case of an
infinite volume conductor, the volume conductor does not contribute to the magnetic
field and the magnetic field can be described as a multipole expansion due to a current
source representing the fetal heart, as introduced in chapter 3, which reads
 X

 ZZZ

∞ X
n
µ0
Ynm (θ, φ)
0 n
0
0
0
0
Bsource (r) = Re
∇
×
(r ) Ȳnm (θ , φ )Js (r )dV (5.11)
4π n=0 m=0
rn+1

5.5.2

Magnetic field distribution

In order to check whether this description of the volume conductor as a magnetic
dipole is sound, the models of the volume conductor have been used to compute the
magnetic field in front of the abdomen. Subsequently, a magnetic dipole is fitted to
the distribution computed and it is checked how much of the field can be explained
by this magnetic dipole. Not only the model of the magnetic dipole is used for this
comparison, also the model of the infinite volume conductor with a current source at
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the center. The magnetic dipole model reads


µ0 3(m · r)r
m
B=
−
4π
krk5
krk3

(5.12)

where m is the magnetic dipole moment and the current dipole model reads


µ0 Q × r
B=
4π kr3 k

(5.13)

where Q is the current dipole moment. Both models have been compared with the
volume conductor models. Both a magnetic dipole moment m and a current dipole
moment Q are fitted to the magnetic field of the volume conductor simulations using
a linear least squares optimalisation. The fit is performed using the magnetic field
computed at 427 points, which are scattered in a cylindrical volume covering the maternal abdomen and stretching 12 cm in the direction perpendicular to the abdominal
wall. This is the region in which normally the measurements take place.
In table 5.1 the results are shown. As both the magnetic field and the current dipole
do not fully describe the fields computed using the volume conductor model, both have
been extended with the magnetic quadrupole moments and the current quadrupole
moments. The position of the fetal heart is taken as the origin of the multipole
expansion. A linear least squares fit has been performed in order to obtain the dipole
and quadrupole moments in the multipole expansion. For this analysis the magnetic
field component along the x-axis has been used. Although not depicted here, the
analysis showed similar results when using another component of the magnetic field.
How well the multipole expansion model explains the magnetic field obtained by the
volume conductor model, is expressed by the amount of explained variance
n
P

explained variance =

(Bx,i,volume conductor − Bx,i,multipole )2

i=1
n
P

(5.14)
(Bx,volume conductor

)2

i=1

In this equation Bx,i,volume conductor is the component of the magnetic field along the
x-axis computed at position i. This measure describes how well the data can be
explained by the proposed model. When the explained variance approaches 1, it
explains most of the data, for lower values the model does not fit the data well.
In the first column of table 5.1 the current dipole moment is given, which is used
in the volume conductor model for the forward computation of the magnetic field.
The next column lists the magnetic dipole moment and the current dipole moment,
which were fitted to the magnetic field distribution. The next two columns list, how
well the computed field can be described by a dipole or by a combination of dipole
and quadrupole. In both columns the fraction of the data, which is explained by the

The forward problem in fetal magnetocardiography

141

Source dipole

Magnetic dipole

Expl. Var.
dipole

Expl. Var.
dipole+quadrp

Angle
(degrees)

Model I
(1,0,0)
(0,1,0)
(0,0,1)

(-0.2,-0.72,0.67)
(0.49,0.049,0.87)
(-0.66,-0.74,0.096)

0.908
0.961
0.984

0.995
0.985
0.996

102
87
84

Model II
(1,0,0)
(0,1,0)
(0,0,1)

(-0.17,-0.28,-0.95)
(-0.19,-0.74,0.64)
(0.45,-0.67,0.59)

0.762
0.731
0.935

0.992
0.974
0.977

100
138
54

Model III
(1,0,0)
(0,1,0)
(0,0,1)

(-0.14,-0.95,-0.29)
(0.54,-0.014,0.84)
(-0.4,-0.69,0.6)

0.622
0.974
0.922

0.995
0.994
0.964

98
91
53

Model IV
(1,0,0)
(0,1,0)
(0,0,1)

(0.34,-0.93,0.13)
(0.49,-0.17,0.85)
(-0.3,-0.76,0.58)

0.567
0.923
0.819

0.983
0.976
0.985

70
100
55

Source dipole

Current dipole

Model I
(1,0,0)
(0,1,0)
(0,0,1)

( 0,0.7,0.71)
( 0, 1,-0.041)
( 0,0.15,0.99)

0.705
0.437
0.302

0.908
0.568
0.351

90
2
9

Model II
(1,0,0)
(0,1,0)
(0,0,1)

( 0,-0.94,0.33)
( 0,0.52,0.85)
( 0,0.68,0.73)

0.666
0.478
0.489

0.924
0.884
0.61

90
58
43

Model III
(1,0,0)
(0,1,0)
(0,0,1)

( 0,-0.28,0.96)
( 0, 1,0.0025)
( 0,0.66,0.75)

0.51
0.384
0.637

0.94
0.514
0.66

90
0
41

Model IV
(1,0,0)
(0,1,0)
(0,0,1)

( 0,0.13,0.99)
( 0,0.98,0.21)
( 0,0.63,0.78)

0.338
0.379
0.573

0.814
0.572
0.826

90
12
39

Table 5.1. Results of fitting a magnetic dipole and a current dipole to the computed magnetic fields of models I to IV. first column: the current dipole moment, which is used
in the volume conductor model for the forward computation of the magnetic field. second column: the magnetic/current dipole moment which was fitted to the magnetic field
distribution. third and fourth column: the amount of variance explained by a magnetic/current dipole or by a combination of magnetic/current dipole and quadrupole. fifth
column: the angle between the current dipole in the volume conductor model and the
magnetic/current dipole moment of the expansion.
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Volume conductor
simulation

Magnetic dipole

Magnetic dipole
and quadrupole

Current dipole

Current dipole
and quadrupole

Figure 5.15. Magnetic field distribution due to a current dipole along the z-axis in Model
II. In the upper left corner the result of the volume conductor simulation is shown. In
the upper right graphs are the distributions shown due to a magnetic dipole and due to
a magnetic dipole in combination with a quadrupole. In the lower graph the distributions
due to a current dipole in an infinite large medium and a current dipole together with a
quadrupole are shown.

model, is given. The last column lists the angle between the current dipole in the
volume conductor model and the dipole moment of the expansion. As the magnetic
field was fitted to the component of magnetic field along the x-axis, the current dipole
moment along this axis is always zero as it gives no contribution. Hence, for the
current dipole the fitted data for a dipole along the x-axis is always at an angle of
90 degrees. In the expansion of the current dipole to higher order terms, the magnetic
dipole moments are omitted to allow for a fairer comparison.
For the four models in the third trimester, the magnetic dipole model explains about
75 to 90 percent of the data, whereas the current dipole model often explains less
than 50 percent of the data. Hence, the assumption that currents are confined within
the uterus is justified. Including the magnetic quadrupole moments will increase the
ratio of explained data to a range of 97 to 99 percent of the data. Hence, the field
surrounding the maternal abdomen is shaped like that of a magnetic dipole plus a
magnetic quadrupole. This result can be used for optimising the pickup-coil geometry.
These field geometries should be used instead of the current dipole field, which were
used previously. Also, a comparison between different measurement systems for fetal
MCG can be made based on the notion that the magnetic field is that of a magnetic
dipole and its quadrupole moments.
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X-Dipole
I
Model I
Model II
Model III
Model IV

0
114
59
46

Model
II III
0
56
85

0
37

Y-Dipole
IV

I

0

0
65
6
14

Model
II III
0
63
55

0
11

Z-Dipole
IV

I

0

0
75
34
35

Model
II III
0
50
44

0
7

IV

0

Table 5.2. Angle in degrees between the fitted magnetic dipoles. The tables list the angles
found between the magnetic dipoles found for the four models of the third trimester of
gestation. Each table was derived assuming a current dipole in the volume conductor model
along one of the principal axis.

Examples of the distributions found with a magnetic dipole and with a current dipole
are shown in figure 5.15. In this figure on the left-hand side a map of the magnetic
field of a volume conductor model is shown and on the right-hand side four expansions
in Legendre polynomials are shown. The upper two graphs show the expansion in a
magnetic dipole and in a combination of a magnetic dipole and quadrupole, the lower
figures show the results for the current dipole and its quadrupole moments. From the
figure it becomes clear that a magnetic dipole at the position of the fetal heart gives
a rather good description for the magnetic field distribution found near the abdomen.
When the magnetic quadrupole moments are added, the unexplained fraction of the
magnetic dipole distribution is less than 3 percent. As the numerical errors of the
boundary element method are of this order, it does not make sense to continue the
analysis to even higher order contributions, like magnetic octupoles.
In the previous section, the discrepancy between the amplitude of the current dipole
and the amplitude of the magnetic field observed above the abdomen has been discussed. However, the distribution of the magnetic fields in the models has not yet
been addressed. As the magnetic dipole contributes the most to the magnetic field
observed near the maternal abdomen, the magnetic dipole moment can be used to describe the inter-individual differences. For this purpose the magnetic dipole moments
of all four models of the third trimester have been calculated. Assuming the same
current dipole in the volume conductor model, the variance in the magnetic dipole
moments fitted to the resulting magnetic fields is a measure for the differences encountered. By measuring the angles between the different fitted magnetic dipoles, it
shows how much the magnetic field distribution is rotated due to the volume conductor. For each model three magnetic dipoles have been computed, each representing a
current dipole in the volume conductor along one of the cartesian axis.
In table 5.2 the angles are depicted which are found between the different multipole
fits. In this table for each component of the current dipole, the angles between
the fitted magnetic dipole moments are compared. As follows from these tables the
angles vary considerably. Hence, these results indicate that it is difficult to predict
the position of the maximum or the minimum in the magnetic field distribution over
the abdomen. As can be seen in figure 5.15 the magnetic dipole moment has a much
more localised maximum and minimum in comparison to the current dipole model.
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Source dipole

Magnetic dipole

Expl. Var.
dipole

Expl. Var.
dipole+quadrp

Angle
(degrees)

Model V
(1,0,0)
(0,1,0)
(0,0,1)

(0.051,-0.45,-0.89)
(0.54,-0.059,0.84)
(0.85,-0.52,0.017)

0.981
0.986
0.993

0.999
0.997
0.997

87
93
89

Model VI
(1,0,0)
(0,1,0)
(0,0,1)

(0.018,-0.98,0.18)
(0.8,-0.059,0.6)
(0.09,-0.94,0.32)

0.984
0.975
0.959

0.999
0.989
0.993

89
93
71

Model VII
(1,0,0)
(0,1,0)
(0,0,1)

(-0.17,-0.59,0.79)
(0.37,0.053,0.93)
(-0.5,-0.87,0.0071)

0.98
0.985
0.987

0.997
0.995
0.994

100
87
90

Source dipole

Current dipole

Model V
(1,0,0)
(0,1,0)
(0,0,1)

( 0,-0.89,0.45)
( 0, 1,0.041)
( 0,-0.0016, 1)

0.9
0.415
0.115

0.992
0.503
0.138

90
2
0

Model VI
(1,0,0)
(0,1,0)
(0,0,1)

( 0,0.17,0.99)
( 0, 1,0.098)
( 0,0.31,0.95)

0.929
0.155
0.808

0.997
0.196
0.97

90
6
18

Model VII
(1,0,0)
(0,1,0)
(0,0,1)

( 0,0.82,0.57)
( 0, 1,-0.053)
( 0,0.018, 1)

0.851
0.61
0.482

0.932
0.727
0.559

90
3
1

Table 5.3. Results of fitting a magnetic dipole and a current dipole to the computed magnetic fields of models V to VII. first column: the current dipole moment, which is used
in the volume conductor model for the forward computation of the magnetic field. second column: the magnetic/current dipole moment which was fitted to the magnetic field
distribution. third and fourth column: the amount of variance explained by a magnetic/current dipole or by a combination of magnetic/current dipole and quadrupole. fifth
column: the angle between the current dipole in the volume conductor model and the
magnetic/current dipole moment of the expansion.

Together with the large angles found between different volume conductors, this makes
it difficult to predict a good measurement position over the abdomen.
When considering the models of the second trimester of gestation, similar results are
obtained. In table 5.3 the explained fraction of the field by a magnetic and current
dipole are shown. The numbers are about equal in comparison to the model of the
third trimester. The only difference is that the angle between the different magnetic
dipoles and current dipoles is smaller. Hence, the prediction of a good measurement
position in this case is somewhat easier.
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Week of gestation
Measurement I
Measurement II
Measurement III
Measurement IV
Measurement V

38
42
38
36
35
Week of gestation

Measurement I
Measurement II
Measurement III
Measurement IV
Measurement V

38
42
38
36
35

Mag. Dipole
Expl Var. Depth (m)
0.974
0.948
0.874
0.976
0.971

0.16
0.11
0.15
0.11
0.10

Cur. Dipole
Expl Var. Depth (m)
0.966
0.903
0.847
0.78
0.944

0.12
0.08
0.12
0.10
0.06

Mag. Dipole + Quadrup.
Expl Var.
Depth (m)
0.996
0.990
0.985
0.985
0.992

0.12
0.10
0.19
0.09
0.04

Cur. Dipole + Quadrup.
Expl Var.
Depth (m)
0.991
0.987
0.972
0.905
0.956

0.17
0.14
0.14
0.09
0.04

Table 5.4. Comparison between two magnetic field models and the observed magnetic field.
The models are the expansion in a magnetic dipole and higher-order terms and the expansion
in a current dipole and higher-order terms. Both the explained variance by the magnetic
field model and the depth of the dipole that explains the distribution best are given.

5.6

Comparison between measurement and simulations

5.6.1

Fetal MCG maps

In order to validate some of the results obtained in the previous sections. The results
are compared with measurements. In order to check the magnetic dipole description,
fetal MCG maps measured at the Institute of Microtherapy in Bochum have been
compared with a magnetic field distribution due to a magnetic dipole. The fetal
MCG maps have been obtained using a 61-channel system, which covers an area with
a cross section of about 30 cm. Five of these maps obtained near the end of gestation
(between 36 and 42 weeks of gestation) are used for comparison.
In order to fit a magnetic dipole distribution to the maps, a non-linear least squares
fit is made, in which the position and strength of the dipole and its higher-order
moments are fitted to the measured distribution. In this least squares fit the linear
parameters are fit using a standard projection matrix. This linear fit is done for
each position of the magnetic dipole and the position of this dipole is varied to find
an overall minimum. In the latter optimalisation the Nelder-Mead simplex method
is used. The magnetic dipole is fitted for the time instant the R-peak shows the
maximum amplitude. In order to extend the comparison to other models, a current
dipole in an infinite homogeneous medium was used as well. In table 5.4, the goodness
of fit is described by the fraction of explained variance by the model. In order to be
able to estimate whether the fit is fair the depth of the dipole is given also.
From the data it becomes apparent that the magnetic dipole moment results in a
slightly better description of the magnetic field. In the comparison the simulations
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Measurement

Magnetic dipole

Magnetic dipole
and quadrupole

Current dipole

Current dipole
and quadrupole

Figure 5.16. Magnetic field distribution of measurement II. In the upper left corner the
measured field is shown. In the upper right graphs the distributions are shown due to a
magnetic dipole and due magnetic dipole in combination with a quadrupole. In the lower
graph the distributions are shown due to a current dipole and a current dipole together with
a quadrupole.

with the volume conductor models resulted in a large difference between the explained
fraction of the current dipole model and the magnetic dipole model. In these cases
the current dipole model is only slightly worse. However, both the current dipole and
the magnetic dipole model show a different location for the dipole. Hence, this is
the reason why the comparison resulted in different numbers, as both dipoles were
thought to be at the center of the heart. Another difference is that the measurement
took place on a shell for which most measurements coils had an approximately equal
distance to the fetal heart. Hence, the measurement is not selective for the radial
dependency of the magnetic field. Therefore, less distinction can be made between a
magnetic dipole and a current dipole.
The depth of the fitted dipoles and quadrupoles changes when including the higher
order moments as well. For the magnetic dipole, except for measurement III, disregarding the higher order moment leads to a deeper source. For the current dipole
the opposite effect is found and the inclusion of higher order terms leads to deeper
sources. However it is difficult to say which of these dipoles is closest to the real fetal
heart position, as the distance between abdominal wall to the fetal heart ranges from
8 cm to 15 cm. The latter numbers are estimates obtained by ultrasound. Hence, all
models will fit the dipole in the range of where the fetal heart is.
In figure 5.16, the results are shown for measurement II. In the figure the measured
distribution and the fields due to a magnetic and current dipole are shown. In this
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cryostat
upper coil
y-axis

fetal heart
lower coil

Figure 5.17. Overview of the measurement
setup in order to obtain the magnetic field as
a function of the distance to the fetal heart. In
order to fit a model on the measurements a local coordinate system is introduced consisting
of a y and z-axis.

z-axis

case there is a striking similarity between the field of a magnetic dipole and that of the
measurement. What can be noticed is that both the measurement and the magnetic
dipole distribution show a localised minimum, whereas for the current dipole model a
more gradual change is seen from the minimum to the area where the magnetic field
is almost zero. This feature is found for the other measurements as well, although not
as strikingly as in this measurement.
The measurements demonstrate that the magnetic field surrounding the abdomen can
be described by the field of a magnetic dipole and its quadrupole moments. Thence, for
comparison of different measurement systems using different fluxtransformer arrays,
a decomposition into the magnetic dipole and its quadrupole would be sufficient.

5.6.2

Dependence on distance

In the previous section, the models were compared with a fetal MCG map in which
the pickup-coils were approximately at the same distance from the fetal heart. In
order to verify the magnetic field strength as a function of the distance from the
fetal heart, another experiment has been performed. The magnetic field strength has
been measured as a function of the distance to the fetal heart. For this purpose a
measurement system was designed with two magnetometers, one at a fixed distance
from the bottom of the cryostat, and another coil that was able to move along the axis
of the cryostat, see figure 5.17. The lower coil is used to detect movements of the fetus
between consecutive measurements of the fetal MCG. In case the fetus would move to
a different position, this would imply a change of the fetal cardiac complex as found in
the lower coil. Hence, this coil will be used to ensure that the fetus did not move. The
upper coil is used to measure the dependence of the amplitude of the QRS-complex
as a function of the distance. For this purpose seven fetal MCG measurements were
carried out for positions along the vertical axis. Each measurement took one minute
and the amplitude of the R-peak was determined after averaging all the fetal MCG
complexes in this one minute measurement. During these measurements the fetus
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Figure 5.18. The magnetic field
strength as function of the distance of the fetal heart. The
figure includes as well a current
dipole and a magnetic dipole fit.
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was at the same position as followed from measurements by means of the lower coil
and hence the distance to the fetal heart is a reliable parameter. As the lower coil
also performed a measurement, a total of eight amplitudes were obtained. In order
to relate the amplitude dependence to the distance of the heart, the position of the
fetal heart was determined using ultrasound. This position determination is accurate
up to one or two centimeters and was performed before the measurement.
In figure 5.18, the R-peak amplitude as a function of distance to the heart is given.
The measurement was obtained in a 34-week old fetus. In order to test the magnetic
dipole and the current dipole model, a second measurement of the dependence on
the distance was included but at another position above the abdomen. The latter
measurement series was added as simulations revealed that fitting a current dipole or
a magnetic dipole on a series of measurements that line up is not stable. Errors in
the range of 7 or 8 cm are expected for this case. Both the magnetic dipole and the
current dipole model could be fitted on the data explaining in both cases 98 percent
of the variance in the measured magnetic fields. In order to test the stability of
this solution, the amplitudes of the measured R-peaks were randomly altered by a
maximum of 10 percent. This order of magnitude for the error was encountered when
varying the number of complexes in a measurement used in the averaging process.
The results of the fit are described in table 5.5. From these results it becomes clear
that the magnetic dipole is closer to the fetal heart and that its location is within
error limits of where the fetal heart was located. The current dipole is shifted to
a shallower position and more to the side of the abdomen. However both give an
accurate description of the magnetic field. That the current dipole is found at a
different position in comparison with the fetal heart, also follows from figure 5.17.
This reconstruction shows that the pickup-coil is more or less in alignment with the
fetal heart, as a consequence only a small magnetic field is expected. In case of a
perfect alignment no magnetic field would be observed for a current dipole model.
As this measurement position proved to be one of the best places to measure a fetal
MCG, the interpretation of the current dipole in an infinite homogeneous volume as
being the current source in the fetal heart is not correct. This current dipole fit is a
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position
magnetic dipole
current dipole
fetal heart

X (cm)

Y (cm)

Z (cm)

-1.2±2.7
-4.9±2.2 +3.3±0.7
+2.43± 3.0 -6.9±3.3 +0.8±1.4
-3.0±1.5
-3.7±1
0±3

Table 5.5. The position of the fitted magnetic and current dipole in comparison with the
localisation with ultrasound imaging. The standard deviation of the dipole fit was obtained
by adding 10 percent noise to the measurement. The latter amount is about the accuracy
with which the amplitude of the QRS-complexes could be determined. The error limits
on the ultrasound imaging was estimated based on the procedure followed to obtain this
position.

mere parametric fit of the magnetic field of both the volume and the source currents.
Although actual measurements can be nicely described by both a current dipole or a
magnetic dipole, the simulations showed that these dipoles are only weakly correlated
to the source current dipole in the volume conductor. Hence, is seems tempting to
describe the fetal heart by one of both dipoles. However, since the field is heavily
dependent on the volume conductor the expected spread in the dipoles is huge. This
confirmed by measurements conducted by Kandori et al. (1999) who fitted a current
dipole in a infinite half space to the fetal measurements they obtained. The latter
model is similar to a dipole in an infinite volume conductor. The difference is that
in case of an infinite half space there is no contribution to the magnetic field of the
current dipole perpendicular to the half space. Their measurements show a large
spread in amplitudes observed. Another disadvantage is that the current dipole in
an infinite plane suggests that the fitted current dipole represents the current dipole
within the fetal heart. However the simulations with the volume conductor model
clearly demonstrated that the current dipole representing the heart is underestimated
when this approach is followed, see for instance figure 5.10. The current dipole model
in an infinite conductor should be considered as parametric models, whose parameters
do only weakly link to the parameters of the fetal heart.
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In order to discriminate between pathological and healthy fetuses, reference values of the
parameters describing the cardiac waveforms are needed. Commonly, the duration of the
intracardiac time intervals are extracted from averaged fetal MCGs and are screened for
any abnormal interval durations. Knowledge on these interval durations within the fetal cardiac waveform is scarce. Apart from fetal MCG recordings, these parameters are obtained
by means of fetal ECG measured using electrodes attached to the maternal abdomen
(Brambati and Pardi, 1980), using ECG recordings in newborns (Hastreiter and Abella,
1971), or using ECG recordings obtained during labour by means of a pair of electrodes
where one is attached to the scalp of the child. In this chapter our effort is described to
collect and join the cardiac parameters measured at different centers involved in fetal MCG
measurements (Stinstra et al., 2001b). The parameters collected include the duration of
the P-wave, the PR-interval, the PQ-interval, the QRS-complex, the QT-interval and the
T-wave.

6.1

The intracardiac time intervals

In the determination of reference values of the intracardiac time intervals five centers
are involved, i.e. the Department of Biomagnetism of the Research and Development Center for Microtherapy in Bochum (Germany), the Departments of Internal
Medicine II and Obstetrics and Gynecology and Pediatric Cardiology of the University of Erlangen (Germany), the Biomagnetic Center and Department of Gynecology
and Obstetrics of the Friedrich Schiller University in Jena (Germany), and the Department of Pediatrics and the Institute of Clinical Medicine of the University of
Tsukuba in Ibaraki (Japan). A total of 575 fetal MCGs have been used for the extraction of the intracardiac intervals. The MCGs were recorded in uncomplicated
pregnancies, which means that no maternal or fetal complications were noticeable.
As the intracardiac time intervals are extracted from fetal MCGs measured at the
various cooperating centers, they were obtained under different conditions, i.e. different measurement arrays, flux transformers, magnetic field components, and signal
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Figure 6.1. Definition of the intracardiac time intervals. The P-interval is defined as the
duration of the P-wave. The PR-interval is the duration from the start of the P-wave until
the start of the QRS-complex. The PQ-interval is the duration from the end of P-wave until
the start of the QRS-complex. The QRS-interval is the duration of the QRS-complex. The
QT-interval is the duration from the start of the QRS-complex until the end of the T-wave.
The T-interval is the duration of the T-wave. In case the T-wave was biphasic the ending
of the last wave (often referred to as U-wave) was taken as reference point.

processing techniques.
Every intracardiac time interval recorded is extracted from an averaged fetal MCG,
based on two to five minutes of fetal MCG data. Due to the lack of a reliable automated algorithm for extracting the intracardiac time intervals from the averaged fetal
MCGs, all centers extract the intracardiac time intervals manually. A definition of
these time intervals is indicated in figure 6.1.
As the QT-interval is dependent on the fetal heart rate, the mean RR-interval is
included as well. To overcome this dependence on the fetal heart rate, Bazett’s
formula (Bazett, 1920) is used to obtain the QTc, the corrected QT-interval. Bazett’s
formula for the QTc reads (Bazett, 1920)
QT
RRpreceding

QT c = p

(6.1)

As the fetal QT-interval is extracted from an averaged complex, the mean RR-interval
is taken instead of the preceding RR-interval. The reason that the QT-interval depends on the heart rate, is caused by the fact that the activation rate of the cardiac
cells shortens the action potential duration (Berne and Levy, 1993).
A complication is the definition of what is an uncomplicated pregnancy. For instance,
Leuthold et al. (1999) included mothers with diabetes, gestational diabetes and low
amniotic fluid when the birth weight was normal. However, the thickness of the
cardiac walls increases faster for fetuses of diabetic mothers than for normal fetuses
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Figure 6.2. The duration of the various intracardiac time intervals against the week of
gestation. The gray lines mark the 90%, 95%, and 98% prediction interval.
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irrespective of fetal size (Romanini et al., 1995) and therefore the duration of various
waves may grow faster with gestational age than normally.
In order to make the data globally available, the data is pooled in a database,
which can be consulted through the internet. This internet database is available
at http://bct.tn.utwente.nl/database and includes all individual data of the groups
referred to, as well as data available from the literature.

6.2

Statistics

Posing a linear regression model, the dependence of the duration of the various time
intervals on the gestational week is analysed. Assuming that the data of the different
groups are comparable, the influence of different measurement conditions is ignored
and the data of the different groups are pooled into one set of data. Assuming that
the fetal age is the only independent parameter, the regression model reads

D = β0 + β1 × week + ,

 ∼ N (0, σ)

(6.2)

where D is the duration of the interval and  the variability, having a normal distribution that is independent of the week. In reality the duration will be a function of
more than one parameter, such as the diameter of the heart or the thickness of the
heart wall and the heart rate. Including the latter in the regression model did increase
the explained variance only by a couple of percents and is therefore not included in
the model. No data is available on the other parameters. Hence, the data will be
analysed in regard to the fetal age, which is indirectly linked to parameters such as
the ones mentioned above.
The regression coefficients (β0 and β1 ) obtained by a least squares fit for the seven
intracardiac intervals and the QTc-value are given in table 6.1. In order to check how
much of the variance in the data can be explained by the linear regression model of
equation 6.2, the correlation coefficient r2 is given as well. By means of the F-test it
is checked whether the regression parameter (β1 ) is needed to explain the data, i.e.
whether the duration is dependent on the fetal age. The outcome of this F-test is
given in table 6.1 as well as the probability p of falsely rejecting the hypothesis that
only β0 is sufficient to explain the data. When this probability is less than 1 percent,
the hypothesis is rejected and a linear regression model is chosen, which includes the
fetal age into the model. From the given probability values one can conclude that the
duration of the P-wave, PR-interval, QRS-complex and QT-interval are dependent on
the fetal age, whereas the duration of the PQ-interval, the QTc-value and the T-wave
are independent of the fetal age. However, looking at the correlation coefficient r2 ,
only a small percentage of the variance in the data is explained by the inclusion of the
week of gestation into the model. For instance, for the QRS-complex only 36 percent
of the variance is explained by the fetal age and for the P-wave only 24 percent. In
case of the T-wave and the QT-interval even a smaller fraction is explained, which may
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P
PR
PQ
QRS
QT
QTc
T

n

β0

β1

r2

s

p

max

min

391
525
342
570
399
262
167

23.7(2.5)
87.7(3.8)
57.3(0.7)
19.4(1.6)
197(9)
0.367(0.003)
125(2)

0.83(0.08)
0.56(0.12)
∼
0.86(0.05)
1.3(0.3)
∼
∼

0.24
0.042
0.0034
0.36
0.06
0.0019
0.0075

9.32
15.6
13.6
6.73
30.1
0.0459
19.7

< 0.01
< 0.01
0.23
< 0.01
< 0.01
0.49
0.27

83
166
93
75
312
0.49
180

22
66
21
18
149
0.27
85

Table 6.1. Least squares analysis of the intracardiac time intervals. The statistics are
based on pooling all data of each group. The least squares fit is indicated by the regression
parameters β0 and β1 . r2 indicates how much of the variance is explained by the regression
model. The estimated standard deviation is indicated by s. Whether the inclusion of the
fetal age into the model is significant is expressed by p. The number of measurements (n)
as well as the maximum and minimum are given.

point to a weaker dependence on the fetal age or a higher variance due to measurement
errors.
The remaining variance in the data after removing the linear regression is expressed
by the standard deviation σ in equation 6.2, which is estimated by s in table 6.1.
For comparison the largest and smallest observed value for the duration of each intracardiac time interval are given as well. Especially, the duration of the T-wave and
QT-interval have a wide spread (s is large), which can be explained by the difficulties
in determining the onset and termination of the T-wave due to its poor visibility in
the fetal MCGs.
Scatter plots of the duration of the QRS-complex, the P-wave, the PR-interval, the
T-wave,the QT-interval and QTc-value versus the gestational week are shown in figure 6.2. Superimposed are the linear regression lines and the bounds marking the
90%-, 95%- and 98% prediction interval. The prediction interval, sometimes referred
to as the reference interval, is the range, in which a new observation is expected.
Hence, this interval can be used to define what is normal and what is not.
The duration of the P-wave, like the duration of the QRS-complex, increases with
gestational age by approximately the same factor, i.e. from week 20 of gestation to
term by a factor of about 1.4. This increase can be explained by the fact that the
cardiac dimensions increase with gestational age. It is found that the left ventricular
mass increases linearly by about a factor 10 from 0.86 ± 0.09 g at 20 weeks to 7.47 ±
2.43 g at term. Maximum and minimum right and left diameters double in size from
0.7 ± 0.1 cm at week 20 to 1.5 ± 0.2 cm at term (St. John Sutton et al., 1984).
Since, measurements show that the weight of the fetus increases linearly with the
fetal age (St. John Sutton et al., 1984), it can be assumed that the fetal volume
increases linearly as well. Assuming that the heart grows in the same rate as the
rest of the fetal body, with the heart being about 0.6 percent of the weight of the
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fetus (van Wezel-Meijler et al., 1997), the dimensions of the heart wall should increase
by approximately the cubic root of the fetal age. Both the duration of the P-wave and
the QRS-complex are thought to be linear dependent on the diameter of the heart
wall. Therefore, based on this assumption one might prefer a model which reads,
1

D = α0 + α1 × week 3 + 

(6.3)

However, taking into account that the intracardiac time intervals are obtained between
the 20th and 40th week of gestation, this function may be linearised as follows


1
1
1
40 3 − 20 3
(week − 20) + 
D = α0 + α1 20 3 +
40 − 20

(6.4)

The relative error made by substituting equation 6.4 for equation 6.3 is about one
percent. This means that without any prior knowledge on which set of regression
coefficients is preferred, both models can be used to describe the duration of the
QRS-complex and P-wave. The linear relation between fetal weight and fetal age is
in fact a linear fit on the measured data, simplifying an even more complex situation.
The linear model will be used to describe the dependency of the duration of the
P-wave and QRS-complex on the week of gestation.
Although the duration of the QT-interval is slightly increasing with fetal age, the QTcvalue, which is corrected for the duration of the RR-interval, is not dependent on the
fetal age. Apparently, the duration of the QT-interval is not noticeable influenced
by an increase in the dimensions of the fetal heart, but only by the fetal heart rate,
which decreases as the fetus grows older and increases the QT duration.
In the preceding, it was assumed that the influence of the cooperating research groups
was negligible. However inspecting figures 6.2(a) and 6.2(b) suggests a considerable
influence. To elucidate this dependence, the 98%-prediction intervals for both the
duration of the QRS-complex and the P-wave have been plotted for each research
group in figure 6.3. The regression coefficients for each group are listed in table 6.2.
Whereas in case of the QRS-complex most lines coincide, in case of the P-wave both
the inclination as well as the spread of the data show a wide variation, resulting in a
large overall spread. However in this case the overall statistics do not fit the individual
cases.

6.3

Comparison with previously measured data

Fetal MCG is not the only method for obtaining the intracardiac time intervals. In
the literature also values obtained by means of fetal ECG can be found. Also ECGs of
prematurely born children may provide values for comparison. In the latter case, the
question remains whether these children can be considered healthy. Another source
of values of the durations of the intracardiac time intervals, are the ECGs obtained
during labour and shortly after labour. As during labour, the fetus experiences a lot
of stress and may be for instance aenemic, this may alter the durations of the various
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Figure 6.3. The prediction intervals of the various groups vs gestational age. The colored
lines indicate the 99-percentile, the least squares fit and the 1-percentile, whereas the black
lines indicate the overall prediction interval.

QRS-complex
group

β0

Bochum
17.2 ± 1.8
Erlangen 12.7 ± 4.7
Jena
19.6 ± 2.8
Tsukuba 13.0 ± 4.2
Twente
19.0 ± 13.5

β1

P-wave
β0

β1

1.00 ± 0.06 11.7 ± 2.3
1.05 ± 0.15 24.1 ± 6.4
0.75 ± 0.08 26.2 ± 4.6
1.11 ± 0.12
0.94 ± 0.39 −9.6 ± 12.5

1.42 ± 0.08
0.55 ± 0.20
0.71 ± 0.13
1.70 ± 0.36

Table 6.2. Regression coefficients for the different research groups

intracardiac time intervals. Schwartz et al. (1998) measured the postnatal ECG in
the third or fourth day after birth, because they observed that the ECG is stable in
this period.

6.3.1 Measurements during gestation
In figure 6.4 a comparison of the duration of the various intracardiac time intervals
with values previously reported in literature is made. The values found in literature
comprise values for the QRS-complex, the PR-interval, the QT-interval and the QTcvalues. The regression line, which was fitted to the data in the previous section,
is indicated by the black line and the individual measurements by the grey dots.
The 98 percent prediction interval and the 98 percent confidence interval for the
collected data are given by the thin gray lines. Brambati and Pardi (1980) obtained
the durations of the QRS-complex from fetal ECGs. They measured a total of 421 fetal
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Figure 6.4. Comparison of the duration of the various intracardiac time intervals with
values previously reported in literature.

ECGs. The second order polynomial they fitted to this data is shown by the green line.
The regression line Leuthold et al. (1999) fitted to their 145 fetal MCG measurements
of the PR-interval and QRS-complex are shown by the purple line. The red dots
are the mean values obtained from fetal MCGs measured by Quinn et al. (1994), the
endings of the bars indicate the maximum and minimum values measured in that
period. In this case a total of 102 measurements were obtained. The blue dots are
the 29 measurements obtained from ECGs of prematurely born infants by van WezelMeijler et al. (1997). The green dots are the individual measurements obtained from
fetal ECG measured by Abboud et al. (1990), who measured 21 fetal ECGs. As the
latter group published their QT-intervals as well as their mean RR-intervals, it was
possible in this case to reconstruct their QTc-value.
All measurements show a reasonable agreement, only the regression line published by
Leuthold et al. (1999) for the duration of the QRS-complex is significantly different
from the regression line which was obtained from the data collected by the other
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fetal MCG
P-wave
PR-interval
PQ-interval
QRS-complex
QT-interval
QTc-value
T-wave

postnatal ECG

mean SD
n
mean
56
10
84
109
16 110 1131
57
16
73
52
8
113
571
243
27 100 2741
0.37 0.04 46 0.4001
131
20
21

SD

postnatal ECG

n

mean SD n
592
10 126
13
13442 1082 15 126
492
12 126
2
7
13442 62
9 126
28
13442 2842 50 126
0.002 13442

Table 6.3. Comparison between the means of the intracardiac time intervals during the
38th week until the 41st week of gestation and postnatal ECGs and the ECGs recorded
during labour. 1 ECG of mature newborn infants, recorded during the third or fourth day
after birth (Schwartz et al., 1998). 2 ECG of mature newborn infants 1-7 days after birth
(DePasquale and Burch, 1963)

groups. The values of the PR-interval obtained from Quinn et al. (1994) and the
data obtained from Leuthold et al. (1999) are significantly different from the mean
obtained in the previous section. The QT-intervals and the values of the QTc obtained
from fetal ECGs measured in 21 fetuses by Abboud et al. (1990) agree within one
standard deviation. However, the duration of the QT-interval as measured by Quinn
et al. (1994) by means of fetal MCG is significantly lower.
Brambati and Pardi (1980) found a linear relationship between the duration of QRScomplex and the weight at birth. The average birth weight may differ between the
cooperating centers, as it depends for instance on the sex, the ethnic group, the fact
that the mother smokes or the fact that the country has a high altitude (Gardosi
et al., 1994). Also the PR-interval and QT-interval increase linearly with gestational
age, as is the case during normal development after birth.
Janse et al. (1976) measured the duration of the PR-interval in three isolated hearts
of fetuses in the 12th -16th week of gestation. In their experiments they artificially
stimulated the atria and measured when the ventricles were activated as a function
of the pace in which the atria were triggered. Their values of 85-100 ms agree with
ours.

6.3.2

Postnatal ECG and ECG during labour

In table 6.3, a comparison is made between the values obtained in the last weeks of
gestation (week 38-41) by means of fetal MCG and those values obtained postnatally or during gestation. Comparing the durations of the various waves of fetuses in
week 38-41 with those measured in newborns shows that these values agree within
one standard deviation. Comparing the duration of the QRS-complex found in the
database (figure 6.2) with those obtained from fetal ECG during labour shows that
both are in agreement. Hence, although the blood flow through the heart has altered
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from a system where the pulmonary system is mainly bypassed and an additional
pathway exists between both atria to a normal double looped system, it has no immediate influence on the intracardiac time intervals recorded. The durations of the
various waves are also measured during labor. By attaching a pair of electrodes to
the scalp of the child and a reference electrode to the maternal thigh an ECG of
the child is measured. Marvell et al. (1980) measured the duration of the P-wave
and the PR-interval. They devised an average P-wave duration of 52±10 ms and
an average PR-interval of 103±10 ms (n=37). They measured also the duration of
the QRS-complex, however they defined this duration as the interval between Q-peak
and S-peak. For this interval they found a value of 31 ms, which is less than the
average found in the database, but the difference is mainly due to the definition of
the interval. The P-interval and PR-interval values do coincide with the values found
in the database.

6.4

Factors influencing intracardiac time intervals

6.4.1

Different measurement systems

As the data was gathered at different centers, the magnetometer systems varied
considerably, from multi-channel magnetometer systems to a one-channel vectorgradiometer system. A multi-channel system usually measures the magnetic field
component perpendicular to the maternal abdomen at several positions over the maternal abdomen, simultaneously. A one-channel vectorgradiometer measures all three
components of the magnetic field at one position over the maternal abdomen. The
drawback of the systems covering only a small part of the abdomen, is that the measurement position might not be ideal, resulting in a poor signal-to-noise ratio. In
order to cope with this drawback, the system is repositioned to look for the optimal
measuring position, which is in general the position where a prominent QRS-complex
is seen in the time trace. In other words, this is not necessarily a position with a high
signal-to-noise ratio for the P-wave or T-wave. At the University of Erlangen two
different 37-channel systems were used, at the Biomagnetism Center in Bochum a 37channel system and recently a 67-channel system and at the University of Tsukuba a
32-channel system measuring two components of the magnetic field at 16 positions or
a 9-channel system measuring 3 components and at the Friedrich Schiller University
in Jena a 31-channel system and at the University of Twente a homemade 19-channel
system or a one-channel vector-gradiometer.
A question that arises when using a multi-channel system, is which channel to use
for the determination of the various intracardiac time intervals. Van Leeuwen et
al. (2001a) showed that the determination of the duration of the P-wave may differ
by an amount of about 20 ms for two different channels separated by about 15 cm
from each other. In this case the component of the magnetic field perpendicular to
the maternal abdomen was measured. The more channels were included in the determination of the duration of the P-wave, the longer the P-wave interval became (van
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Leeuwen et al., 2001b). A similar inaccuracy was observed using the one-channel vectorgradiometer system. In figure 6.5 an example is given in which the three measured
components of the magnetic field are shown. When estimating the duration of the
P-wave based on the middle channel, a duration of 63 ms is found, when the upper
channel is used only a duration of 29 ms is found. The difference between both is
34 ms. Using the same measurement a difference in QRS-duration of 10 ms can be
found. Apart from this measurement three other measurements were performed at a
different positions over the maternal abdomen, in these cases smaller differences were
found between the different channels. One way to reduce this problem is taking into
account all the channels available and not relying on one channel for the determination of the duration of the various waves. The procedure to be followed should detect
the first onset of a P-wave in whatever channel this occurs and should measure the
time interval until in none of the channels a P-wave can be observed.
The P-wave and the QRS-complex can be easily identified in averaged fetal MCGs,
whereas the detection of the T-wave is difficult. The beginning of the T-wave is often
hardly definable, as it may be biphasic and its shape varies from channel to channel.

6.4.2 Interpretation of waveforms
Another important factor is the subjective interpretation of the complexes. All groups
use a manual inspection of the complexes for extracting the intracardiac time intervals. Because everyone interprets the data differently small differences occur. For
instance, it is difficult to determine where a P-wave starts especially when the baseline is noisy. In order to examine how accurate the interpretation is, three observers
have interpreted about 40 fetal MCGs, measuring their intracardiac time intervals.
The difference in their interpretation results in the order of magnitude this subjective interpretation has. All three observers work at Biomagnetic Center Twente and
thence influence each other in the interpretation and thence are not fully independent
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n

P (ms) PQ (ms) PR (ms) QRS (ms)

Obs 1 ⇔ Obs 2
Obs 1 ⇔ Obs 3
Obs 2 ⇔ Obs 3

Mean ± Standard deviation
47
2±5
-3±7
-1±5
29
2±8
-4±10
-3±8
23 1±10
0±11
1±8

Obs 1 ⇔ Obs 2
Obs 1 ⇔ Obs 3
Obs 2 ⇔ Obs 3

Median
47
1
29
3
23
-2

-2
-5
0

0
-3
-1

QT (ms)

T (ms)

2±4
6±4
-2±7

19±13
32±21
10±10

11±19
24±18
16±20

1
0
-2

20
30
8

17
20
12

Table 6.4. Difference in measured intracardiac time intervals. The mean, the median and
standard deviation of the differences between the durations of the intervals measured by
two observers are depicted. Here, n indicates the number of measurements that that was
used for the analysis (a T-wave was not observed for each measurement).

observers.
In table 6.4, the mean, the median and the standard deviation of the differences
between the interval durations measured by two observers are given. In this table,
the results obtained by one observer are compared with those obtained by the other
two. For the QRS-complexes these differences are the smallest, although the numbers
still suggest a wide variance in the observed values. A difference of 10 ms in the
observed value can be easily accounted for by the subjectivity of the interpretation.
A systematic error of a few milliseconds is found for most intervals and a random
error of about 8 ms. In case of the QT-interval and the T-duration the interpretation
is more subjective and large differences occur. An error in the order of 30 ms is not
unusual. The latter accounts for the wide spread in the observed values. Because
the T-waves are small in amplitude and start and end smoothly, they are difficult
to discern from noise, leading to many different interpretations on where the T-wave
starts and ends. All these measurements used in this survey were obtained with the
vectorgradiometer in the Biomagnetic Center Twente and do depend on the signal-tonoise ratio of that system. For the determination of the starting point and termination
of the P-wave and the QRS-complex van Leeuwen et al. (2001a) obtained a median
difference between two observers of about 1 ms. These results are similar to the
differences found between observer 1 and 2.

6.4.3

Filters

As shown in chapter 2, a filter can alter the shape of a PQRST-complex and thence the
durations of the intracardiac time intervals. For instance, applying a high-pass may
trigger an impulse response on a QRS-complex and broaden the complex. However,
the results of chapter 2 suggest that filters can be applied with minimal distortion.
The interval durations are prolonged or shortened by a few milliseconds due to the
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filters. However for P or T-waves that start or end very smoothly, the filters may
alter the appearance of the complexes, because after removing most of the noise it is
easier to determine the onset and termination of the wave. The latter may lead to a
different estimation of the duration of the complex.

6.4.4

Physiology

Changes in the P-wave morphology have been reported during decelerations in the
fetal heart rate. Decelerations usually are absent in the third trimester in case of
a healthy fetus. The interval between the ending of the P-wave to the beginning
of the QRS-complex is variable and depends on the duration of the P-wave. If this
interval is short it is most often due to a long P-wave with a normal PR-interval.
The PR-interval of children normally increases with age and decreases with heart
rate. A common cause for a short PR-interval in a normal heart is a low right atrial
pacemaker. The PR-interval fluctuates as a result of variations in the conduction
time of the AV-node (Heethaar, 1972). These fluctuations give rise to trigger jitter,
which in turn effects the morphology of the averaged fetal MCG in the same way as
a low-pass filter (Rompelman, 1987; Woolfson et al., 1990), resulting in a longer Pwave. Under normal physiological conditions it is found that the RR-interval and the
PR-interval are positive related (Symonds, 1994). The fetal heart rate is characterized
by a normal baseline frequency of 110-150 bpm. A baseline variability of more than
10 bpm and presence of acceleration in relation to fetal movements is regarded as a
sign of fetal well being (van Woerden and van Geijn, 1994). Factors that may influence
the fetal heart rate are fetal age, the behavioral state, the fact that the mother is in
supine position. During quiet sleep the fetal heart rate hardly changes (bandwidth
7 bpm), the bandwidth increases during breathing movements.
Moreover, the spread in the intracardiac time intervals, is mainly due to the interpretation of the complexes and the fact that some fluxtransformer arrays are “blind”
to a current dipole in a certain direction, hereby underestimating the duration of a
complex. In order to minimise the differences due to the fluxtransformer array, one
should estimate the duration of the intervals based on all channels available. In order
to overcome the differences with the manual interpretation an automated algorithm
(see for instance, Marvell and Kirk, 1980a) may be developed, which estimates the
duration of the intervals.

6.5

Application of intracardiac time intervals

In the previous section a wide spread in the time intervals was observed. Thence,
this leads to a large prediction interval. This means that only values that differ
substantially from the mean can be indicated as being abnormal. For these reference
values to be useful in the diagnosis, congenital heart defects or abnormalities in the
electrical conduction system of the fetal heart should coincide with abnormal intervals
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exceeding the prediction interval based on the reference values, e.g. exceeding the 99percentile. Although the intervals of healthy and pathological fetuses may have a
different mean value, when both have a large overlap in the distribution of their
values, it renders the evaluation of the intracardiac time intervals ineffective in the
diagnosis for certain heart diseases. The usefulness of the intracardiac time intervals
analysis will be illustrated in the next sections by means of a few examples.
In order to express the deviation from the reference values, it is assumed that the error
 is normally distributed. This allows for estimating the likelihood of an encountered
value. This likelihood is expressed by the chance p that the observed value is larger
than the value expected in case the pregnancy was uncomplicated. Hence, p reads
p = P(Dinterval < β0 + β1 × week)

(6.5)

Moreover if a p value of 0.99 is found the value must be on the 99-percentile. This
definition was used for the QRS-complex and the QT-interval, where the regression
lines of the different centers coincided, as was concluded in section 6.2. For the Pwave and the PR-interval, all the centers show a different regression line, i.e. both
the constant and the linear parameter differ substantially. Hence, the data sets are
not combined into one set, but the observed values are compared with the individual
regression line of each center and the center, which comes closest to explaining the
data is chosen for comparison. In this case the definition of p reads
p = min[ P(D < β0,i + β1,i × week) ]

for D > β0,i + β1,i × week

p = max[ P(D < β0,i + β1,i × week) ]

for D < β0,i + β1,i × week

i

i

p = 0.50

(6.6)

for all other cases

In this equation β0,i and β1,i refer to the regression coefficients of each individual research group. In this comparison with individual centers the Twente data is discarded,
as not enough reference values were available for a reliable comparison. However as
the regression line of our data falls between the other regression lines for the gestational period of 27 weeks until term, there is no apparent reason for the intracardiac
intervals to exceed the range of the other centers in case more measurements were
taken.

6.5.1

The duration of the P-wave

Fetal conditions that coincided with abnormal durations of the P-wave are the congenital complete AV-block and the fetal atrial flutter. In both cases a dissociation of
atrial and ventricular rate takes place. For a more elaborate description of these cases
see chapter 7. Measuring the duration of the P-wave in two atrial flutter cases and
four third degree AV-block cases, a significant increase in P-wave duration was found,
see table 6.5. In this table both the durations of the P-waves and the probabilities p
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week P-wave (ms)
Table 6.5. Values of the duration of the Pwave during periods of a third-degree AVblock and during atrial flutter measured using
fetal MCG. The p-value gives the probability
of the normal duration being smaller than the
observed value. This probability is based on
the reference values of the P-wave.

p-value

third degree AV-block
27
31
35
34

63
71
85
89

0.9789
0.9916
0.9999
0.9999

atrial flutter
28
38

90
75

0.9999
0.9283

are given. Apparently, the P-wave is prolonged. A possible reason for this prolongation is atrial hypertrophy. Because of the desynchronisation of atrial and ventricular
rhythm, the atria frequently have to pump blood into a contracted ventricle. This
requires more pressure to be generated in the atria and the heart adapts to this situation by thickening the atrial wall. As the duration of the P-wave depends on the
thickness of the atrial wall, a prolonged P-wave will be the result. As the postnatal
ECG in all five cases was recorded using a normal ECG recorder, the prolongation of
the P-wave could not be determined with enough accuracy to verify these findings.
More abnormal P-wave durations and PR-intervals have been published by Golbach
et al. (Golbach et al., 2001).

6.5.2

The duration of the QRS-complex

An example of an abnormal QRS-complex is given in figure 6.6. This QRS-complex
was measured in a 31-week-old fetus, diagnosed with a congenital heart defect. By
means of ultrasound the diagnosis of a monoventricle was made, meaning that both
ventricles were in open connection with each other and that a certain part of the
septum was missing. As a consequence the ventricular conduction system differs from
that of a healthy fetus. In this case a prolonged QRS-complex of 70 ms (p = 0.9998)
was found. In the 31st week of gestation the reference value is 46 ms and the upper
bound of the 98%-prediction interval is 62 ms. Thus a duration of 70 ms is clearly
prolonged.
Another example of a prolonged QRS-complex was reported by Pardi et al. (1986)
for a severely rhesus affected fetus. In case of a severe Rh disease, chronic fetal
anemia, may lead to myocardial hypertrophy and cardiac enlargement, which gives
rise to a prolonged QRS-complex. They measured a QRS-complex duration of 68 ms
(p=0.9998) at a gestational age of 29 weeks, whereas the reference value at this age
is 44 ms with an upper bound of the 98%-prediction interval of 60 ms. Furthermore,
Pardi et al. (1986) report a dependence on the ventricular mass of the QRS-complex.
In five cases of congenital heart defects an increase in QRS-duration was observed
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Monoventricle
QRS = 70 ms
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Figure 6.6. Average fetal MCG obtained in a
fetus diagnosed with monoventricle (31 weeks).
The prolonged duration of the QRS-complex
is indicated. The average was obtained using
180 complexes.

0.2

Figure 6.7. Average fetal MCG obtained in
a fetus diagnosed with a persistent bradycardia (27 weeks). The prolonged QT-interval
(including U-wave) is indicated. The average
was obtained using 243 complexes.
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and in four other cases the congenital heart defect accounts for smaller ventricular
masses and as a consequence these values belong to the observations with the lowest
durations of the QRS-complex. However, all of these observations are within the
determined 95%-prediction
interval.
393
Another possible application for the determination of the duration of the QRScomplex, is the detection of fetal growth retardation. Van Leeuwen et al. (2001a)
showed that the mean QRS-duration of 9 intra-uterine growth retarded fetuses is significantly different from their control group (n = 172). However, their data show that
only a few of the individual measurements exceed the 98%-prediction interval. Apart
from the growth retarded fetuses, they showed that the duration of the QRS-complex
of twins is shortened as well, however not as severe as the growth retarded fetuses.
The same observation was made for the duration of the P-wave for both twins and
growth retarded fetuses.

6.5.3

The duration of the QT-interval

The idiopathic long-QT-syndrome is a congenital disease often with a familial transmission characterised by a prolonged QT-interval and is thought to be associated
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with the sudden infant death syndrome (Schwartz et al., 1993). The condition is
often accompanied by the occurrence of life-threatening tachyarrhythmia or bradycardia (Surawicz, 1992). In a multicenter study in Italy (Schwartz et al., 1998), half
of the newborns who died of the sudden infant death syndrome, were suffering from a
prolonged QT-interval in the postnatal ECG. As the T-wave is difficult to distinguish
even in the postnatal ECG and a clear definition of when the QTc is prolonged is
lacking, Schwartz et al. (1993) drew a list of secondary diagnostic criteria to enable
the diagnosis of what has become known as the long-QT-syndrome. Secondary criteria include the existence of a tachy- or bradycardia or the unexplained cardiac death
of family member at an early age. In the last couple of years, several genetic defects
have been located that are associated with the presence of the long-QT-syndrome. For
instance, long-QT-type III is associated with genetic defects in the genes that decode
the sodium channels of the cardiac cells (Augustus, 2001). As these ionic channels
play an important role in depolarising and repolarising the cardiac cells, flaws in the
inactivation mechanism of these ionic channels may prolong the depolarised state of
the cell, prolonging the QT-interval or even trigger arrhythmia. The latter are thought
to be caused by early afterdepolaristions of the cardiac cells (Clancy and Rudy, 1999)
and may lead to ventricular tachycardia or even ventricular fibrilation, which renders
this condition life-threatening.
Hamada et al. (1999) were able to diagnose a long-QT-syndrome in the 37th week of
1
gestation using fetal MCG. The QTc-value measured by Hamada et al. was 0.57 s 2
(p = 0.999), which according to the durations given in figure 6.2(f) is clearly prolonged. A second report on prenatal detection of a long-QT-syndrome is given by
Menéndez et al. (2000), who measured two cases with a QTc-value of 0.54 and 0.511
0.57 s 2 (p > 0.98).
During our research only one case of prolonged QT interval was encountered. A
woman in her 27th week of gestation referred to the Biomagnetic Center Twente
after ultrasound analysis demonstrated a persistent bradycardia, showed a prolonged
1
QT-interval with a QTc-value of at least 0.53 s 2 (p = 0.998). Several fetal MCGs
were recorded using a 1-channel vector-gradiometer, confirming the presence of the
bradycardia. The averages obtained from all recordings showed a small T-wave with a
prolonged QT-interval showing QTc-values of about 0.53 and more. As the ending of
the U-wave was difficult to obtain, a cautious estimate was made in which the duration
of the QT-interval was rather underestimated than overestimated. An example of such
an average is shown in figure 6.7. In comparison with the reference database all values
obtained from the measurements showed a prolonged QT and therefore the diagnosis
of long-QT-syndrome was issued. Postnatal examination did confirm this finding,
however a compelling diagnosis in this case has not yet been made on the basis of the
postnatal ECG.
Up till now, a possible case of long-QT-syndrome, could only be suspected by means of
the detection of unexplainable fetal arrhythmia using ultrasound, as fetal arrhythmia
often coincide with the long-QT-syndrome. Hence, the determination of the QTcvalue prenatally is presently only possible by means of fetal MCG. As presently the
cause of the long-QT-syndrome is not always clear and diagnosis relies on the detection
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of several symptoms associated with the disease, the prenatal detection of prolonged
QT-intervals may help the early detection of fetuses at risk for sudden cardiac death.
Moreover, if fetal MCG becomes available in the clinic, prenatal screening of prolonged
QT-intervals may help to determine which fetuses are at risk and these children may
be born in centers with expertise in pediatric cardiology. As the mechanisms behind
the prolongation of the QT interval are beginning to be understood, treatments and
medicine may follow.
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Chapter 7

The classification of arrhythmia by fetal
magnetocardiography
So far fetal magnetocardiography has been discussed in the light of the healthy fetus. This
chapter will illustrate the diagnostic value of the fetal magnetocardiogram by means of
four types of arrhythmias. Apart from the detection, it is also important to classify the arrhythmia. The four cases discussed are a complete atrioventricular block, an atrial flutter,
a case of premature atrial contractions and a bundle branch block. The first two conditions are rarely seen, whereas premature atrial contractions are considered to be more
common. The arrhythmia will be classified and the diagnosis will be compared with the
postnatal evaluation. After a case-wise description of the arrhythmias and the corresponding measurements, fetal magnetocardiography is evaluated in its ability to obtain a reliable
diagnosis.

7.1

Fetal arrhythmia

The most common fetal arrhythmia is an irregular rhythm due to isolated extrasystoles, in particular premature atrial contractions. Premature beats are beats that
occur earlier than expected and briefly interrupt the normal sinus rhythm. These
arrhythmias rarely cause hemodynamic problems and often disappear before term or
within a few days after birth. However about one percent of the fetuses having premature atrial contractions, have a concomitant structural heart disease as well and about
0.5 percent of these fetuses are found to develop a reentrant tachycardia later on in the
pregnancy (Friedman et al., 1993). Van Leeuwen et al. (1999) observed different types
of abnormal heart rates in about half of 155 fetal magnetocardiography recordings.
These arrhythmias included supraventricular and ventricular ectopic beats as well as
bradycardia and tachycardia. In another study by Richards and Southall (1979) using
echocardiography in 963 fetuses in week 36 to 40 of gestation an incidence of 1.9%
was found for bradycardia and 0.5% for tachycardia. Strasburger (2000) estimates the
incidence of malignant arrhythmias to be 1:5000 pregnancies. The fetal heart rate is
considered normal when the heart rate is between 100 bpm and 160 bpm (Friedman
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et al., 1993). Tachycardia are considered mild when the baseline rate is between 160
and 180 bpm and severe when it exceeds 180 bpm. The rhythm is considered to be a
bradycardia when the fetal heart rate falls below 100 bpm. Depending on the origin
of the tachycardias they are divided in supraventricular and ventricular tachycardia.
Ventricular tachycardia are rarely observed in the fetus, whereas supraventricular
tachycardia are more common. About two-thirds of the fetal arrhythmias are found
in the last trimester of pregnancy (Strasburger, 2000).
As arrhythmias come in different forms, from innocent to life threatening, the classification is crucial to the treatment. It may, for instance, help in the determination
of which drugs to use in order to restore the fetal heart to normal sinus rhythm. As
the recent advances in prenatal heart monitoring start to unleash their possibilities in
detecting arrhythmias, such treatments are currently under investigation. Choosing
a therapy appropriate to the arrhythmia reduces the chance of causing accelerations
of the fetal heart rate or the chance of degeneration to a life-threatening arrhythmia
(Kleinman et al., 1985). For this reason, it is important to know the origin of a
tachycardia. In case it is supraventricular, one may for example use the drug digoxin
to treat the arrhythmia, however in case of a ventricular origin, this therapy could
potentially exacerbate the arrhythmia (Clark and Case, 1990). Another reason for a
diagnosis as precise as possible is that intra-uterine pharmacologic treatment involves
the administration of the cardiac medicine to the mother. This involves exposing the
mother to potential side effects these potent agents have.
In the next sections the classification of four types of arrhythmias will be discussed
and demonstrated. The arrhythmias in these four patients were first discovered during
a routine ultrasound investigation. Subsequently, fetal magnetocardiography was applied in order to test its ability to scrutinize the origin of the arrhythmia. In each case
about five measurements of two to three minutes were taken, the best recording was
subsequently taken for further analysis. In this case the best recording refers to that
recording that shows the largest QRS-complexes in combination with the abnormality
we were looking for, like additional P-waves.

7.2

Complete atrioventricular block

This section describes the use of fetal magnetocardiography in patients with a congenital complete atrioventricular block, a condition that is manifest in one of 20,000 live
births (Somville and Morgenstern, 1994; Michaëlsson and Engle, 1972), but probably
twice as much in utero (Ferrer, 1998). Three types of AV-blocks are distinguished, the
first degree AV-block refers to a slow conduction of the depolarisation front through
the AV-node. In a second degree AV-block only one out of several depolarisation
fronts is conducted through the AV-node, thence the ventricles are stimulated only
once for several atrial beats. A complete, or third degree, AV-block refers to a condition of the heart, in which the depolarisation front is not conducted through the
AV-node and as a consequence the ventricles are not activated by the electrical impulse traveling down the atria. The heart compensates for this loss by triggering

170

Chapter 7

the depolarisation of the ventricles using an independent pacemaker in the ventricles.
Hence, this condition reveals itself by an independent pace of the atrial and ventricular contraction. The atria contract at a normal rate as they are triggered by the
SA-node, however the pacemaker in the ventricles is often more slowly, compromising the fetal cardiac output and thereby the fetal condition (Michaëlsson and Engle,
1972). This disease is either associated with structural cardiac abnormalities or the
presence of maternal antibodies in relation to a maternal connective tissue disorder
like systemic lupus erythematosus (McCue et al., 1977; Clark and Case, 1990). The
latter relation is thought to be caused by an inflammatory process in the heart due
to transplacental transfer of maternal auto-antibodies (anti-Ro and anti-La) from the
14th or 16th week of gestation onward (Rosenthal et al., 1998). In this process muscle
tissue at the location of the AV-node is replaced by granulation tissue. It is thought
that from this time on the AV-block progresses into a third degree block, for instance
Copel et al. (1995) found in one patient a progression from a second degree AV-block
into a complete AV-block. However in two other cases they observed an improvement
from a second degree AV-block into normal sinus rhythm and an improvement from
a third degree AV-block to a second degree AV-block. In both cases the mothers
were treated with 4 mg of dexamethasone in order to stop the inflammatory process
in the fetal heart. Hence a second degree AV-block may still be reversed to normal
sinus rhythm and information on the progression towards a complete AV-block may
lead to an understanding of how these patients have to be treated. Especially, those
children showing a slow ventricular rate (50 bpm or less) are at risk and often require
the implantation of a pacemaker shortly after birth (Michaëlsson and Engle, 1972).
Currently, the prenatal detection of a complete AV-block is obtained from ultrasound
images. As the mechanical contraction of the heart can be monitored step-by-step
on a modern ultrasound machine, a complete AV-block shows up as a desynchronised
contraction of the atria and ventricles. By obtaining a four-chamber view of the
fetal heart showing both ventricles and atria the contraction rate of both can be
compared and a desynchronised rhythm can be demonstrated (Fouron et al., 2000).
However, this detection still relies on the mechanical action of the heart to detect a
disorder in the electrical conduction system of the heart. Furthermore, the detection
of a fetal AV-block by means of ultrasound is difficult, especially the classification of
the type of block. Therefore fetal magnetocardiography may provide an alternative
to detect this condition, as it directly relates to the electrical phenomena taking
place in the heart. Using fetal electrocardiography as a means to detect a fetal AVblock is often not feasible, because the signal-to-noise ratio is poor and it is usually
impossible to distinguish the P-wave in the raw data trace, which complicates the
precise interpretation of the signals, in particular the classification of a third degree
congenital atrioventricular block (Brambati and Pardi, 1980). The detection of a
complete AV-block by means of fetal magnetocardiography has been described before
by Wakai et al. (2000a) and Ménendez et al. (2001). Wakai et al. depicted only
the overall atrial and ventricular rates of one case. Ménendez et al. report the
observation of three complete AV-blocks and two second degree ones. Hosono et al.
(2001) reported a case of complete AV-block measured in the 32nd week and performed
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(a) Fetal Heart Rate. Upper trace shows the RR-interval against time and the lower trace
the PP-interval

(b) Time trace during the period of second degree AV-block

(c) Time trace during the period of complete AV-block

Figure 7.1. Fetal heart rate and time traces of a 35-week old fetus showing the progression
of a second degree AV-block into a complete (third degree) AV-block

a direct fetal ECG with needles attached to the fetus confirming the fetal MCG.
Four cases of fetal complete congenital AV-block were encountered since the start
of fetal magnetocardiographic recordings in the Biomagnetic Center Twente. All of
them were diagnosed with an AV-block of a certain degree (not necessarily a complete
AV-block) using echocardiography previously to the magnetocardiogram recording.
Later postnatal electrocardiography confirmed the diagnosis of a complete AV-block
(Quartero et al., 2001). In this section the case of one patient will be discussed. This
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Figure 7.2. Averages triggered on the R-peaks during the period of second degree AV-block
and complete AV-block

patient was referred to the local hospital Medisch Spectrum Twente in the 27th week
of gestation with a persistent fetal bradycardia. With ultrasound a complete AVblock was diagnosed and SS-B antibodies were found. A fetal magnetocardiogram
was measured in week 35 of gestation. The child was born at a gestational age of
38 weeks and the complete AV-block was confirmed.
In order to distinguish P-waves in the time traces, the fetal magnetocardiogram traces
were filtered using a band-pass filter from 2 to 120 Hz. After subtraction of the
maternal PQRST-complexes, fetal QRS-complexes and P-waves could be observed in
the time traces. However, not all P-waves could be seen in these traces. To enhance
the detection of the P-waves, the best channels were summed to cancel even more
noise and a stronger band-pass filter was applied for visual inspection. After these
measures, it was possible to detect the individual P-waves. The fetal QRS-complexes
were subtracted in the summed channel to allow the detection of the P-waves using
an automated algorithm, as discussed in chapter 2. About 95 percent of the P-waves
could be identified this way, the others had to be detected manually.
In figure 7.1(a), the ventricular and atrial rate during 100 s of the measurement are
shown. In this figure an abrupt change in ventricular and atrial rate can be observed.
In the first period of 40 s, the P-waves and QRS-complexes are coupled with a mean
RR-interval of 77 bpm and a mean PP-interval of 154 bpm, suggesting a two to one
block, see figure 7.1(b), whereas during the next 60 s, they are uncoupled with an
entirely irregular PR-interval, suggesting complete AV-block, see figure 7.1(c). The
averaged signals were calculated using the R-peak for the alignment of the complexes.
Figure 7.2 shows the averaged complexes. When a P-wave was found in the averaged
signal, it was concluded that the P-wave and R-peak were coupled in time. Note that
two P-waves were found, one preceding the QRS-complex and one following it, clearly
showing the presence of two P-waves for each QRS-complex. When no P-wave was
found, it was concluded that the P-wave and R-peak were uncoupled in time.
The change in atrioventricular conduction (from a second to a third degree AV-block)
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Figure 7.3. The average as function of the number of complexes.

coincided with a change of the ventricular rhythm from 77 bpm to a rate of 62 bpm. A
similar change in atrial rate was observed from 152 bpm to 130 bpm. The variability
of the ventricular rate was less than the atrial one and the atrial variability showed
a larger variability during the second degree AV-block. The duration of the QRScomplex was 58 ms and the duration of the P-wave was 85 ms, during the period
with a complete AV-block. The P-to-QRS amplitude ratio was 0.31, which is large
in comparison to the ratio normally observed. The duration is clearly prolonged
(p=0.999) and may indicate a certain degree of atrial hypertrophy, see chapter 6.
The patient was born at full term with a normal intracardiac anatomy, with an atrial
rate of 136 bpm and a ventricular rate of 64 bpm. No pacemaker was necessary.
In order to determine how many complexes are needed in the averaging procedure for
detecting, whether the P-wave is coupled to the QRS-complex or not, five averages
have been computed from respectively 10, 20, 30, 40 and 50 complexes. The complexes
have been computed for both the uncoupled and the coupled case. The results are
depicted in figure 7.3. From these graphs it becomes apparent that 20 complexes are
already sufficient for discriminating between both cases. However more complexes
will enhance the signal-to-noise ratio of the averages.
In the other cases of complete AV-block it was possible to detect the P-waves in the
time traces from the 27th week onward. An earlier attempt to detect P-waves in the
25th week of gestation was unsuccessful and averages using the R-peaks as triggers only
revealed that no P-waves could be observed, which may in it self point to a complete
AV-block, especially in combination with the observed bradycardia. However, even for
uncomplicated pregnancies measurements taken before the 27th week of gestation, do
not always show a P-wave in the average as the P-wave is obscured by environmental
noise.
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7.3

Atrial flutter

Atrial flutter, a potentially lethal arrhythmia (Lisowski et al., 2000), is an uncommon
form of a supraventricular tachycardia constituting one to two percent of all fetal
arrhythmias (Calvin et al., 1992; Friedman et al., 1993). It may occur in normal
individuals, however, there is usually an underlying heart disease. It is a reentrant
supraventricular tachycardia with an atrial rate of more than 250 bpm. The ventricular rhythm is most often regular and not as fast as the atrial rate with a varying
degree of AV-block, usually 2:1. However, the ventricular rate is usually above the
200 bpm (Strasburger, 2000). Postnatally, this arrhythmia displays an electrocardiogram showing typical flutter waves with a sawtooth-like pattern superimposed on
the baseline of the ECG. This pattern consists of a fast sequence of atrial depolarisations and the succeeding repolarisations. Due to reentry of the atrial impulse into
the atrial wall, the atrial depolarisation front travels up and down the atria in a circular perpetual motion, reactivating itself after completing one cycle. Prenatally, an
echocardiographic diagnosis of atrial flutter is usually made on the basis of an atrial
contraction rate in the range of 300 to 500 bpm. This atrial rate is determined using
M-mode echocardiography, while the ventricular rate is determined with the use of
M-mode and echo Doppler. One case of atrial flutter is described by Ménendez et
al. (2001). Blumenthal et al. (1968) describe a case of fetal atrial flutter detected by
means of fetal ECG. However the lack of details in the averaged fetal ECGs, renders
the technique not reliable for the detection of P-waves and thus the detection of fetal
flutter may be difficult. Recently, Oudijk et al. (2000) found a conversion rate of 80
percent for atrial flutter with Sotalol and this may become the in utero treatment.
In total two cases of atrial flutter were encountered in our group. Both cases were
referred to the Biomagnetic Center Twente after routine ultrasound analysis revealed
a severe intermittent tachycardia of a fetal heart rate of 280 and 230 bpm, respectively.
One patient had a fetal MCG recording in the 32nd week of gestation and the other in
the 36th and 37th week of gestation. All fetal MCG recordings were able to demonstrate
the existence of a fetal atrial flutter. One case will be presented in this section.
In the patient, episodes of tachycardia were discovered in the 36th week of pregnancy
during a routine prenatal evaluation by the obstetrician. Ultrasound analysis showed
no evidence of fetal structural anomalies, particularly no cardiac anomalies. Thus far,
the pregnancy had been uncomplicated. Fetal magnetocardiograms were obtained in
weeks 36 and 37 of gestation. The patient was referred to the hospital in the 38th
week of gestation, where the existence of a fetal atrial flutter was diagnosed by means
of echocardiography. An atrial rate of 400 bpm was observed and a ventricular rate
of 280 bpm. No signs of congestive heart failure or hydrops fetalis were noticed.
In order to distinguish P-waves in the time traces, the same procedure as in the case of
the congenital complete AV-blocks was chosen. The fetal magnetocardiogram traces
were filtered using a band-pass filter from 2 to 120 Hz. Subsequently, the maternal
complexes were subtracted and to enhance the detection of the P-waves the best
channels were summed. After these measures it was possible to detect the individual
P-waves in the time traces. In figure 7.4(a) the fetal heart rate is displayed, showing

The classification of arrhythmia by fetal magnetocardiography

175

1000

RR Interval (ms)

800
600
400
200
0
0

50

100

150
time (s)

200

250

300

(a) Fetal Heart Rate

(b) Time trace during sinus rhythm

(c) Time trace during atrial flutter

(d) Time trace during sinus rhythm with a short interval of atrial flutter

Figure 7.4. Fetal magnetocardiogram heart rate and time traces of a 36-week old fetus
diagnosed with periods of atrial flutter
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Figure 7.5. Averages during atrial flutter and sinus rhythm

periods of the RR-interval of about 400 ms as well as abrupt changes to episodes of
about 200 ms, the latter corresponds to a fetal heart rate of about 240 bpm. Hence,
the arrhythmia is a severe intermittent tachyarrhythmia. Examples of time traces
during three different episodes are given in figures 7.4(b), 7.4(c) and 7.4(d). The first
trace, figure 7.4(b), shows a heart rate during a period of normal sinus rhythm of
about 150 bpm, whereas figure 7.4(c) corresponds to a period of atrial flutter with
a tachycardia of about 240 bpm. In the latter time trace flutter waves are present,
whereas in the former trace only one P-wave is preceding every QRS-complex. The
third time trace shows normal sinus rhythm interrupted by a short period of fetal
flutter of about 12 flutter waves interrupted by abnormal QRS-complexes. These
abnormal QRS-complexes are most probably ventricular extrasystoles. A ventricular
extrasystole occurs when the normal activation of the ventricles is interrupted by an
activation within the ventricle itself. This results in abnormal looking ventricular
complexes that once in a while disturb the normal pattern, not preceded by a P-wave.
However in this case it is difficult to determine whether the atrial activity triggers the
ventricular activity, as the atrial flutter is present.
In order to improve the visibility of the atrial flutter waves averaged heart complexes
triggered on R-peaks are constructed. The mechanism of the atrial flutter imposes a
certain degree of AV-block in the AV-conduction system. It is therefore expected that
the flutter waves are correlated with the QRS-complexes in the rhythm. Whenever the
atrial rhythm is stable, this correlation to the ventricular rhythm should produce an
average in which both the atrial flutter waves are present as well as the QRS-complex.
Hence, the signal is divided into episodes of suspected atrial flutter and normal sinus
rhythm. The R-peaks in each episode are detected and subsequently an average of
700 ms for each episode is calculated. The length of this average is chosen in such way
that multiple QRS-complexes are visible in the averaged complexes, making it easier
to judge the degree of AV-block. An average during an episode of tachycardia (interval
of 100-180 s) is shown in figure 7.5(a). The first and third QRS-complex shown are
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seemingly smaller than the middle one. This is due to the averaging procedure and
can be explained by the fact the RR-interval is not perfectly regular during this
episode of atrial flutter resulting in a slightly broadening of the QRS-complex and
a smaller amplitude, see chapter 2. The averaged fetal MCG shows waves that are
typical for atrial flutter. For each QRS-complex two P-waves are seen (2:1 AV-block)
with a mean RR-interval of 253 ms and PP-interval of 122 ms. The duration of the
P-wave itself is 75 ms (p=0.928), which is slightly prolonged. Like in the case of the
atrioventricular block, the observed P-to-QRS ratio is about 0.25, which is large in
comparison to the values observed for healthy fetuses. The average calculated using
the PQRST-waveforms in the interval of 0-80 s during the episode of normal sinus
rhythm is shown in figure 7.5(b). In this figure no atrial flutter waves nor a 2:1
AV-block are present. Hence, the conclusion of normal sinus rhythm is confirmed.
At 39 weeks of gestation a child was born with a regular sinus rhythm alternated
with episodes of atrial flutter and a 2:1 AV-block. Ventricular rhythm varied between
200 and 250 bpm. Sotalol was given as a treatment and the episodes of tachycardia
diminished. Finally, the patient had a sinus rhythm of 130 bpm.

7.4

Premature atrial contractions

The most common fetal arrhythmia is an irregular rhythm due to isolated extrasystoles, particularly premature atrial contractions. Premature beats are beats that occur
earlier than expected and briefly interrupt the normal sinus rhythm. Premature beats
often originate from the atria, within the myocardium but outside the SA-node, i.e.
premature atrial contraction, near the AV-node junction, i.e. premature junctional
beats, or from the ventricle i.e. premature ventricular contraction. Most premature
atrial contractions are detected in the last trimester of gestation and are found in one
to three percent of the pregnancies, they resolve within the first month of extrauterine
life (Strasburger, 2000).
Several cases of fetal premature atrial contractions were found. In this section, a
case of premature atrial contractions will be described. During repeated ultrasound
evaluations premature fetal heart beats were observed. No evidence of structural fetal
anomalies was found. Fetal MCG was performed at 38 weeks of gestation. The fetal
heart rate, measured during this recording, is shown in figure 7.6(a). The RR-rate
is about 130 bpm and very irregular. Time traces during two different intervals are
depicted in figures 7.6(b) and 7.6(c). The rhythm as shown in figure 7.6(b) can be
described as two normal beats (numbered 1 and 2) followed by a premature atrial
contraction (labeled 3) followed by a compensatory pause after which the pattern
repeats. Once in a while the pattern is interrupted by abnormal complexes, as shown
in figure 7.6(c). These abnormal beats are probably ventricular extra systoles, i.e.
ventricular depolarisation waves triggered by a pacemaker in the ventricles and not by
the AV-node. This explains why these beats are not preceded by a P-wave and show
a prolonged duration. These kind of extrasystoles are encountered once in a while. In
three out of the seven cases of premature atrial contractions, premature ventricular
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Figure 7.6. Fetal magnetocardiogram heart rate and time traces of a 38-week old fetus
diagnosed with premature atrial contractions as well as a postnatal ECG trace
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Figure 7.7. Averages obtained by separately averaging the first and third beats in the
repeating pattern

contractions are observed, whereas postnatally only four percent of patients with ectopic beats are found to have premature ventricular contractions (Strasburger, 2000).
The time traces shown are processed in a similar way as the two previous examples and
in this case the P-waves are hardly discernible in the time traces. In order to check
whether the QRS-complexes are indeed preceded by a P-wave, thereby confirming
the supraventricular origin, the cardiac complexes numbered 1, 2, and 3 are averaged
separately. The results are shown in figure 7.7. In figure 7.7(a) the average of the
beats labeled 1 are shown and in figure 7.7(b) the beats labeled 3. The average of
the beats labeled 2 is equal to the average of the beats numbered 1, and therefore
not depicted. However a different shape and polarity of the P-wave is found in the
last average. Therefore, the premature atrial beats originate from somewhere outside
the SA-node, as the P-wave has a different shape and polarity. The diagnosis of a
premature atrial contraction is thereby confirmed.
A boy was born after 39 weeks of pregnancy. A postnatal ECG was made 4 days
after delivery showing a normal sinus rhythm alternated with some premature atrial
contractions followed by a normal QRS-complex and a compensatory pause 7.6(d).
No abnormal complexes were found.
In other cases of premature atrial contractions, the P-waves were hardly distinguishable and averaging was needed to confirm the diagnosis. For instance, averaging all
beats followed by a compensatory pause in a case where R-peaks seemed to be missing the rhythm, revealed a premature P-wave too premature to trigger a ventricular
contraction (Quartero et al., 2001).

7.5

Bundle branch block

An unusual arrhythmia had been observed during a routine investigation by ultrasound in the 24th week of gestation in a woman, who consumed three liters of coca-cola
daily as a pregnancy habit. Some beats seemed to succeed each other inexplicably
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Figure 7.8. Fetal MCG heart rate, showing a tachycardia

fast. In order to classify this very irregular rhythm, a fetal magnetocardiogram has
been recorded in the 24th week of gestation. The fetal heart rate, which is derived
from the fetal magnetocardiogram, is shown in figure 7.8. In this figure the same
inexplicably fast rhythm is found. This rhythm is inexplicably fast, as the refractory
period of the cardiac cells in the ventricles should be at least 200 ms (Janse et al.,
1976). In figure 7.8 this minimum interval between ventricular stimulation has been
indicated by the dotted line. In order to find the cause of this arrhythmia, more fetal
magnetocardiograms were made during the pregnancy.
After discontinuing the daily intake of three liters of cola, the arrhythmias disappeared. Fetal magnetocardiography was repeated in the 34th and 39th week of gestation, see figure 7.9 and only a regular rhythm was observed. A fetal electrocardiogram
was recorded simultaneously with the fetal MCG as well during the last session. Although the signal-to-noise ratio of the electrocardiogram measured by means of electrodes attached to the maternal abdomen was very low, an averaged signal could be
extracted using time information obtained from the fetal magnetocardiogram. Neonatal electrocardiograms were recorded immediately after birth and two weeks later.
In figure 7.10, averaged complexes of the recorded magnetocardiograms and electrocardiogram are shown. In case of the fetal magnetocardiogram recorded during the
24th week of gestation, only those beats were averaged that were part of the regular
sinus rhythm, separated from the previous and next QRS-complex by about 400 ms.
The averages of both the magnetocardiograms and the electrocardiograms show an
enlarged QRS-complex duration. The QRS-complex durations are indicated in figure 7.10. Comparing these values with the normal values found in chapter 6, these
values exceed the 99-percentile. Thence this prolongation is significant. Apart from
the length, the shape of the QRS-complexes is unusual as well, because an additional
peak is seen in the QRS-complex. This additional peak is especially noticeable in the
average of the electrocardiogram.
Such a prolonged and notched QRS-complex generally refers to an additional pathway
between the atria and the ventricles bypassing the AV-node or to a block in the left or
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(a) Time trace magnetocardiogram in week 24

(b) Time trace magnetocardiogram in week 34

(c) Time trace magnetocardiogram in week 37

(d) Time trace electrocardiogram in week 37

Figure 7.9. Time traces of the magnetocardiogram and electrocardiogram measured at
three different time instances during gestation

right bundle branch within the ventricles. In the first case the ventricles are stimulated
through an additional pathway, i.e. the bundle of Kent, preceding the stimulation
of the ventricles through the AV-node, causing the ventricular depolarisation front
to start at a different position and not through the fast tract of the His-bundle. In
the latter case the depolarisation front is not conducted along one of the two bundle
branches, which inhibits a fast conduction of the depolarisation front through one of
the ventricles. A distinction between both cases is often made on the shape of both
complexes and the duration of the PR-interval. However the normal values of the
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Figure 7.10. Average MCG/ECG complexes obtained during different stages of gestation

PR-interval, as discussed in the previous chapter, allow for a large variation in values
rendering it difficult to prove that the PR-interval is shortened in comparison to a normal case, which could indicate an additional pathway. As a result the existence of an
additional pathway cannot be excluded. The prolonged QRS-complex is also observed
postnatally and a QRS-width of 79 ms is observed as well as the additional peak in
the QRS-complex. Even postnatally it remains unclear whether the heart contains
an additional pathway or some kind of bundle branch block, as the interpretation of
the postnatal ECGs by different experts resulted in different diagnoses.
Retrospection of the fetal magnetocardiogram recorded in the 24th week shows that in
some beats the left and right ventricle did contract successively. In figure 7.9(a), two
examples of such beats are indicated by an A. The time interval observed between the
two peaks of these beats is shorter than the refractory period. Whether this behaviour
is triggered by activation due to an additional pathway or due to a conduction block
in the ventricles remains unclear.
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7.6

Discussion

The four examples demonstrate that important parameters in the classification of
arrhythmias are the fetal heart rate and the shape of the fetal cardiac complexes.
These parameters predict the hemodynamic consequences as well as the potential for
deterioration of rhythm into a life threatening form.
Apart from the viewpoint of ensuring a good classification of the arrhythmia, there
is also the need to detect the arrhythmia. About 40 percent of the abnormalities are
detected using modern echocardiography in centers of excellence. And these rates are
even lower in regular clinical settings (Buskens et al., 1996). As a consequence, the
arrhythmia will be found postnatally, whereas an intra-uterine treatment may benefit
the fetus, as the uterus is a protective environment and the fetus does not yet rely on
its own pulmonary system (Kleinman et al., 1985).
The cases of the congenital AV-block and the atrial flutter demonstrate the need for
the detection of the P-wave in the fetal MCG. So far, it has not been possible to
detect an AV-block before the 27th week of gestation, due to the insufficient signalto-noise ratio. However a possible cure to the congenital complete AV-block linked to
maternal connective tissue disorders like systemic lupus erythematosus requests the
detection of the progression of a second degree AV-block into a complete AV-block in
an early stage of the disease (Copel et al., 1995). However it is not certain when a
complete block exactly arises during gestation and whether they can be cured by an
appropriate treatment. At the moment the only way to monitor the progression of
AV-blocks is by means of echocardiography, hence magnetocardiography offers a nice
possibility to improve diagnostics as it offers a reliable way to classify arrhythmias.
In case of an atrial flutter or an atrioventricular block it is important to observe
the individual P-waves in time traces. In a way nature helps detecting these Pwaves, as that the P-to-QRS ratio and the P-wave duration in these measurements
is larger than those of healthy fetuses (the P-to-QRS ratios are larger than 0.2).
Although the variations in the P-to-QRS ratio depends on the volume conductor
(see chapter 5), the cases of atrial flutter (2) and complete atrioventricular block (4)
showed ratios that were rarely encountered in uncomplicated pregnancies. Hence,
a certain degree of atrial hypertrophy might raise the chance of detecting an atrial
flutter or an atrioventricular block. A similar example of a large P-to-QRS ratio is
reported by Wakai et al. (2001), who observed unusually large P-waves in a fetus
with an intermittent supraventricular tachycardia
Although fetal MCG offers an adequate method to classify arrhythmias, it will not
rule out the need for echographic analysis, as the detection of an arrhythmia may
point to the presence of an underlying structural heart disease.
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Conclusions and discussion
8.1

Influence of the signal-processing

It turned out that the digital filters and the magnetometer system did hardly affect
the measured signals when applied properly. The differences in the durations of
various intracardiac time intervals after filtering and averaging differed only a few
milliseconds, which was far less than the inter-observer variability. The amplitudes of
the averaged signals did change only by a few percents. In comparison to the influence
of the volume conduction effects on the amplitudes these differences can be ignored.
The maternal ECG measurement provided an easy means to get rid of the maternal
MCG contribution in the fetal MCG recordings. Despite the fact that averaging the
maternal complexes and subtracting these complexes from the signal did not result in
a perfect removal of the maternal MCG, it was sufficient to obtain an averaged fetal
MCG without any noticeable influence of the maternal MCG.

8.2

Models

Models of the volume conductor in the last trimester of gestation were designed to
include a layer of vernix caseosa containing two holes. The fetal ECG maps that were
calculated using these models resembled the fetal ECG maps that were measured.
The holes in the vernix caseosa were constructed over the mouth of the fetus and
at its abdomen near the onset of the umbilical cord. Hence, the assumption that
the preferred pathways for the currents generating the fetal ECG are the mouth and
the onset of the umbilical cord, is reinforced by these measurements and simulations.
However, more maps should be obtained to come to a more definite conclusion.
For the magnetic field, the outer regions in the volume conductor do not play a role,
as the currents are mainly confined within the uterus. In case of the second trimester,
the amniotic fluid is shielding the fetus, whereas in the third trimester the vernix
caseosa shields the fetus. Hence, the magnetic field is generated mainly by currents
within the uterus. As a consequence, a further refinement of the model should focus
on differentiating more compartments within the fetus.
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As the volume currents are mainly confined within a volume which is smaller in
diameter than the distance between the fetal heart and the pickup-coil, the magnetic
field outside the volume conductor resembles the field of a magnetic dipole at the
location of the fetal heart. This equivalent magnetic dipole moment depends on the
volume conductor and not solely on the currents within the fetal heart.
That the boundary element method is not suited for modeling thin layers with holes
was confirmed by simulations. The introduction of a hybrid method helped to overcome the numerical difficulties of the boundary element method. The hybrid method
was used for the models in which a thin highly-resistive layer with holes was present.
The thin highly-resistive layers could be modeled as a set of resistors as the currents
cross this layer almost perpendicularly. For conductivity ratios of 10−3 or less between
the surrounding medium and the thin layer, the hybrid method proved to give better
results than the boundary element method.
Another advantage of the hybrid method is that the influence of local variations in the
conductivity and thickness of the layer vernix caseosa could be studied. Simulations
showed that as long as the vernix caseosa surrounds the fetus completely, the magnetic
field is not influenced by these variations, for the simple reason that the layer of vernix
caseosa confines the currents within the volume within this layer. The currents that
escape through the layer are not contributing noticeably to the magnetic field.

8.3

Amplitude of the fetal MCG

The simulations performed show that the amplitudes of the PQRST-complex obtained
from the fetal MCG strongly depend on the volume conductor. Simulations based
on the MR-images of four fetuses in the same position within the maternal abdomen
showed that the observed amplitudes at the same distance of the heart could still differ
a factor 5. The inter-individual differences between the pregnant women cause these
differences in the observed amplitudes. The reason for these large differences is that
the contribution of the primary and the secondary sources more or less counterbalance
each other. Depending on subtle differences in the symmetry of the volume conductor,
both contributions will cancel each other in a higher or lesser degree. In order to derive
a reliable diagnosis from the amplitude, more information is needed than the magnetic
field provides. The location of the heart and the lie of the fetus are definitely needed.
The latter is needed, as the heart can be modeled by a rotating dipole within the
fetal heart. It is important whether the current dipole is pointing to the feet or to
the head of the fetus.
In case of the fetal ECG, the simulations showed that the higher frequency components in the signal may be influenced by capacitive effects. However, holes in the
layer of vernix caseosa will minimise these capacitive effects and shift the frequency
dependency to frequencies above 100 Hz. The latter frequency range is not important
for fetal ECG analysis. For the magnetic field, the influence is minimal and in the
worst case scenario, the influence is no more than a change in amplitude of 20 percent
for frequencies well over 50 Hz. Hence, this effect is negligible in comparison with the
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volume conductor uncertainties and its influence on the amplitudes in the fetal MCG.
Thus this effect cannot explain the small T-wave amplitudes observed in fetal ECGs
and MCGs. Since the influence of the magnetometer system and the signal-processing
procedures on the amplitude of the T-wave is small, these cannot explain the small
T-wave amplitudes either. Hence, a likely explanation is that these small T-waves are
intrinsic to the fetal heart and that the explanation has to be found in the physiology
of the fetal heart.

8.4

Ratios of the amplitudes in the fetal MCG

The ratios of the amplitudes in the simulations do not as strongly depend on the
volume conductor as the amplitudes themselves. Hence, the use of ratios should be
preferred over the use of the actual amplitudes, as long as no volume conductor model
exists, which can be used for inverse computations. From simulations it followed
that using a vector-gradiometer in determining the P-to-QRS ratio, leads to more
reliable ratio than using a magnetometer or gradiometer. The computed variations
in this ratio turned out to be comparable with those found during measurements in
uncomplicated pregnancies, when using a current dipole model that was derived from
neonatal vector ECGs. In fetuses with a heart block (4), atrial flutter (2) or some
kind of congenital heart disease (2) this ratio was found to be higher (> 0.25) than
encountered in healthy fetuses. So far, a large ratio has only be found for fetuses with
a serious heart disease. Hence, the P-to-QRS ratio may prove to be important in
detecting cardiac diseases. If this is the case, the use of a vector-gradiometer system
may help to determine a reliable diagnosis.

8.5

Field distribution of the fetal MCG

The field patterns computed outside the maternal abdomen are similar in the sense
that they can primarily be described as the field of a magnetic dipole. Also the measured maps can be described as that of a magnetic dipole. In that sense the field
patterns are similar. However, simulations with different volume conductor models
demonstrated that the orientation of this magnetic dipole depends on the volume conductor. Different volume conductor models describing the fetus in the same position
and lie with the current dipole pointing in the same direction were used to calculate
the magnetic fields. The equivalent magnetic dipole sources describing these fields
differed in orientation. The angles between these equivalent dipoles showed a wide
spread ranging from 6 to 114 degrees.
This finding makes it difficult to predict a good measuring position over the maternal
abdomen. In the simulations the fetus is at the same position, but in reality the fetus
can twist and turn resulting in even a larger variety of the field distributions. Apart
from the uncertainty in the fetal position within the volume conductor, the variability
in orientation of the fetal heart within the fetus adds up to the variety in the field
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distribution. The latter can be overcome by measuring the orientation of the fetal
heart by means of ultrasound.

8.6

Field distribution of the fetal ECG

For fetal ECG measurements it is important to stick electrodes to those positions
at the maternal abdomen that result in a relatively large potential difference. In
order to overcome the poor signal-to-noise ratio in this technique information on
these positions is essential. The fetal ECG maps in the third trimester of gestation
that where obtained using a trigger from the fetal MCG suggest that the extrema
in the potential distribution can be found over the mouth of the fetus and the onset
of the umbilical cord at the fetal abdomen. In both these locations holes in the
layer of vernix caseosa are present. A fetal ECG measurement should thus measure
the potential difference between both positions. The simulations modeling the effect
of these holes on the fetal ECG point out that the position of the fetal mouth is
important. For instance when it is facing the back of the maternal abdomen the
maximum potential difference at the abdomen is a factor three lower than in case
it would be facing the abdomen. Moreover, the influence of the volume conductor
on the amplitude of the fetal ECG is large as well and depends for instance on the
amount of amniotic fluid and positions of fetus within the uterus.

8.7

The intracardiac time intervals

The intracardiac time intervals depend on fetal age and show a wide spread in their
durations. Despite this wide spread several diseases coincide with an interval duration
exceeding the 95 percent prediction interval. Hence, measuring these parameters in
the fetal MCG makes sense. For instance, in all cases of atrial flutter and complete
congenital AV-block a prolonged P-wave was found.
The wide spread in the durations is mainly due to the inter-observer variability. On
average these variations are about 10 ms for the P-wave, the PR-interval and the
QRS-complex and even larger for the QT-interval and the T-wave. Another factor of
importance is the way the interval durations are measured. It turns out that taking
more channels into account leads to longer durations. Especially, when measuring the
duration of the P- or T-wave in one channel, their width may be underestimated. The
reason for this underestimation is the fact that current dipoles in certain directions are
silent when measuring certain magnetic field components in certain positions. When
this, for instance occurs during the last part of the P-wave, its width is underestimated.
In order to reduce the variation, better definitions of the start and termination of a
cardiac wave should be derived and the analysis should be based on measurements
with multiple channels. These channels should be far apart or should measure different
magnetic field components.
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8.8

Classification of arrhythmia

It was shown in chapter 7 that arrhythmia can be classified by means of fetal magnetocardiography. For a good classification the detection of a P-wave turned out to
be essential. For instance, in case of an atrioventricular block, the detection of the
P-wave is needed to classify the block e.g. first, second or third degree. From the data
collected in the Biomagnetic Center Twente it followed
√ that P-waves were only seen
in the raw data when the noise level was below 2 fT/ Hz. In all measurements of a
complete atrioventricular block that were carried out after the 27th week of gestation,
a P-wave could be identified after applying a strong band-pass filter. It is suspected
that nature helps in a way to detect these P-waves. This is due to the fact that the
P-to-QRS ratio in these measurements is higher than in those in healthy fetuses (the
P-to-QRS ratio is about 0.25). The reason for this enhancement is probably atrial
hypertrophy as the atria often have to pump blood into a contracted ventricle. The
same effect is observed for atrial flutter. But also for less serious arrhythmia, such as
premature atrial contractions, it is important to classify a premature QRS-complex
by detecting a premature P-wave just in front of it. In the latter case the P-wave
amplitude was not exceptionally large.
In conclusion: it was shown that the observed intracardiac time intervals are reliable, whereas the measured amplitudes are not. However, the first steps were taken
in creating a model predicting the magnetic field distribution surrounding the maternal abdomen. Such model will be needed if the amplitude of the magnetic field is
ever to be used for clinical diagnosis. Despite these incertainties in the amplitudes,
it turned out that fetal magnetocardiography can already be used for diagnostic purposes. Moreover, the four examples given show that arrhythmia can be classified
reliably.
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Abbreviations
Abbreviation

description

AV
BEM
bpm
CTG
DC
ECG
FEM
FHR
FIR
IIR
MCG
SA
SD
SQUID
WPW

Atrioventricular
Boundary element method
beats per minute
Cardiotocogram
Direct current
Electrocardiogram
Finite element method
Fetal heart rate
Finite Impulse Response
Infinite Impulse Response
Magnetocardiogram, Magnetocardiography
Sinoatrial
Standard deviation
Superconducting quantum interference device
Wolff-Parkinson-White-syndrome

Symbol

description

x
b
x
X̄
x̃
ñ
P (x)
Pn (x)
S, dS
V, dV

pseudo vector in cartesian space∗
vector not indicating a position in cartesian space
matrix
unit pseudo vector
unit vector normal to surface
Probability
Legendre polynomial
Surface
Volume

∗

referring to a right handed coordinate system
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Samenvatting
Het meten van het magnetisch veld boven de buik van de moeder, dat het gevolg is van
de elektrische activiteit in het foetale hart wordt foetale magnetocardiografie genoemd.
De cellen in het foetale hart genereren elektrische stromen. Deze stromen blijven
niet beperkt tot het hart, maar verspreiden zich door alle aangrenzende weefsels.
Al deze stromen geven een bijdrage tot het magnetisch veld dat buiten het lichaam
meetbaar is. De registratie van dit veld als functie van de tijd gedurende de hartcyclus
noemt men het foetale magnetocardiogram. Dit foetale magnetocardiogram wordt
gemeten met behulp van een magnetometer systeem, dat boven het bed hangt waarop
de moeder ligt. Dit magnetometer systeem bestaat uit een cryostaat, waarin de
supergeleidende sensoren, de zogenaamde SQUIDs, gekoeld worden. Door middel
van oppik-spoelen onderin de cryostaat wordt het magneetveld boven de moederbuik
gemeten. De meting wordt vervolgens met de computer bewerkt en weergegeven in
een magnetocardiogram.
In het magnetocardiogram wordt de elektrische activiteit in het hart uitgedrukt door
een reeks opeenvolgende golven, die achtereenvolgens de depolarisatie van de boezems
(P-golf), de depolarisatie van de kamers (QRS-complex) en de repolarisatie van de
kamers (T-golf) weerspiegelen. De centrale vraag in dit proefschrift is, welke aspecten
van het foetale magnetocardiogram betrouwbare informatie leveren en kunnen worden
gebruikt voor de diagnose van hartafwijkingen in het foetale hart.
Om deze vraag op te lossen is er gekeken naar drie aspecten, namelijk de duur,
de amplitudes en de verhouding in amplitude van de verschillende golven in het
magnetocardiogram. Om de invloed van de meetapparatuur op deze drie aspecten
te bestuderen wordt in hoofdstuk twee gekeken of de apparatuur (magnetometer
systeem en de electronica nodig om het signaal uit te lezen) het gemeten magnetisch
veld boven de buik nauwkeurig weergeeft. Tevens wordt ook naar de invloed van
het signaal-verwerkings algoritme gekeken. In hoofdstuk drie tot en met vijf wordt
vervolgens gekeken naar de invloed op het foetale magnetocardiogram van de weefsels,
die het foetale hart omringen. Omdat de elektrische stromen vanuit het hart door
deze weefsels gaan, heeft de geleidbaarheid van deze weefsels invloed op de verdeling
van de stromen en daarmee op de verdeling van het magnetisch veld boven de
moederbuik. Hoe de elektrische stromen zich verdelen over de weefsels die het
foetale hart omringen, wordt ook wel het volume geleider probleem genoemd. Naast
de betrouwbaarheid van de signalen is het van belang, dat men op basis van het
foetale magnetocardiogram ook onderscheid kan maken tussen zieke en gezonde foetale
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hartjes. Hiertoe wordt in hoofdstuk zes gekeken naar de duur van de verschillende
golven in het magnetocardiogram bij gezonde kinderen en in hoofdstuk zeven wordt
er gekeken naar ziektegevallen. In dit hoofdstuk wordt besproken hoe verschillende
hartziekten kunnen worden gedetecteerd met behulp van foetale magnetocardiografie.
Het blijkt dat de meetapparatuur de gemeten foetale magnetocardiogrammen
nauwelijks beı̈nvloedt. Om het magnetisch signaal ten gevolge van bijvoorbeeld
ademhaling in het foetale magnetocardiogram te onderdrukken, wordt gebruikt
gebruik gemaakt van een band-pass filter met een doorlaatband van 2 tot 120 Hz.
Daarnaast wordt er gebruik gemaakt van middeling over meerdere hartslagen om
de signaal-ruis-verhouding te verbeteren. Het blijkt dat deze procedures het foetale
magnetocardiogram nauwelijks beı̈nvloeden en dat het gemeten signaal een reflectie
is van het magnetisch veld boven de moederbuik.
Om de invloed van de omliggende weefsels op het magnetocardiogram af te schatten,
is er van simulaties gebruik gemaakt. Deze simulaties beschrijven het foetale hart
als een stroomdipool en de omliggende weefsels worden beschreven door homogene,
isotrope compartimenten. In de modellen wordt de volume geleider opgedeeld in
de foetus, de vernix caseosa, het vruchtwater en de rest van de moederbuik. Deze
indeling is gebaseerd op de geleidbaarheid van deze verschillende weefsels. Omdat dit
model de verdeling van elektrische stromen in de moederbuik simuleert, worden zowel
het magnetisch veld boven de buik als de elektrische potentiaal op de buik berekend.
De elektrische potentiaal kan worden gemeten met behulp van electroden, die op
de buik van de moeder geplakt worden (foetaal electrocardiogram). De registratie
van het potentiaalverschil tussen twee elektroden als functie van de tijd wordt een
foetaal ECG genoemd. Daarom leveren de simulaties zowel informatie over het foetal
magnetocardiogram als over het foetale ECG. De informatie over het foetale ECG
kan gebruikt worden om te voorspellen waar op de buik gemeten moet worden. Dit
laatste is van belang vanwege de slechte signaal-ruis verhouding en informatie over de
grootste potentiaalverschillen te verwachten zijn kan de kans op het meten van een
foetaal ECG vergroten.
Om numerieke problemen te vermijden met de traditionele methoden, die gebruikt worden om de potentiaal verdeling te berekenen, is een nieuwe methode
geı̈ntroduceerd. Het probleem ligt bij een dun laagje dat de foetus omringt, de
vernix caseosa genaamd. Dit laagje wordt aan het begin van het derde trimester
van de zwangeschap afgescheiden door de huid van de foetus en is één miljoen keer
slechter geleidend dan de andere weefsels. In dat laatste punt liggen ook de numerieke
problemen. Deze problemen zijn omzeild door aan te nemen dat de elektrische stromen
deze laag loodrecht oversteken in een methode die gebruik maakt van zowel de “finite
difference method” als de “boundary element method”. Het bleek nu mogelijk te zijn
om aannemelijk te maken dat variaties in de dikte van deze laag geen invloed hebben
op de potentiaal verdeling gemeten op de buik van de moeder. Echter gaten in de
vernix caseosa laag hebben wel degelijk invloed. Wanneer de invloed van deze gaten
(het ene gat is de mond en het andere het aanhechtingspunt van de navelstreng) wordt
meegenomen, lijken de uitkomsten van de berekeningen op de potentialen gemeten
op de moederbuik. Zowel de simulatie als de metingen tonen een extremum in de
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potentiaal verdeling boven het mondje van de foetus en één boven het begin van de
navelstreng. Daar de laag vernix caseosa ervoor zorgt dat de elektrische stromen
voornamelijk binnen de foetus blijven, blijkt het magnetisch veld voornamelijk te
worden bepaald door deze stromen binnen de foetus. Stromen daar buiten hebben een
verwaarloosbare invloed. Daar in de literatuur een vermoeden wordt uitgesproken dat
de naar verhouding geringe amplitude van de T-golf in het foetale magnetocardiogram
(in vergelijk met het ECG van een volwassene) zijn oorzaak kan hebben in een
filterende werking door de vernix caseosa, is dit effect ook gesimuleerd. Uit de
simulaties volgt dat de aanwezigheid van de vernix caseosa niet de reden is voor
het meten van een kleine T-golf. Daar het ook niet het gevolg is van manco’s in de
meetapparatuur, lijkt het waarschijnlijk dat de oorzaak van de geringe amplitude van
de T-golf gezocht moet worden in de fysiologie van het foetale hart.
Om iets meer te kunnen zeggen over de betrouwbaarheid van de amplitudes, zijn
zeven individuele modellen gemaakt van de foetus in de moederschoot op basis van
MRI beelden (alle foetussen liggen in ongeveer dezelfde houding). Simulaties met
deze modellen tonen aan, dat de amplitudes nogal afhankelijk zijn van hoe de foetus
in de moederbuik ligt. Het blijkt, dat de verhouding tussen de P-golf en het QRScomplex minder variatie vertoont dan de variaties in de absolute amplitudes. Bij
het bepalen van deze verhouding lijkt het gebruik van een meetsysteem, dat alle
drie de componenten van het magnetisch veld meet, voordelig te zijn wat betreft
betrouwbaarheid. Door de P-tot-QRS ratio te baseren op alle drie de componenten
van het magnetisch veld, gemeten op één positie boven de buik, is deze ratio minder
afhankelijk van de plaats waar er boven de buik wordt gemeten. Voorts blijkt het
veld buiten de moederbuik bijna volledig te kunnen worden beschreven door dat van
een magnetische dipool. Dit laatste model kan gebruikt worden om het meetapparaat
verder te optimaliseren.
Een database op internet is gemaakt dat de duur van de verschillende golven in het
magnetocardiogram gemeten door verschillende groepen in de wereld bevat. Het
blijkt dat variaties groot zijn, maar de gemiddelde waarden komen overeen. De
voornaamste reden voor deze variabiliteit is de interpretatie van de duur van de golven
door verschillende mensen. Deze variabiliteit bedraagt ongeveer 10 ms en is nog groter
voor de T-golf en het QT-interval. Ondanks de grote spreiding blijken bij een aantal
ziektes zulke grote afwijkingen in de duur van de verschillende golven op te treden
dat ze toch te onderscheiden zijn van gezonde foetussen.
Als laatste worden er een viertal voorbeelden getoond, die laten zien dat foetale
magnetocardiografie geschikt is voor het classificeren van ritmestoornissen. In het
geval van een hartblok, een atriale flutter, premature atriale contracties en een
bundeltakblok bleek het mogelijk om de ritmestoornis te bepalen. Het blijkt vooral
van belang te zijn om P-golven te herkennen in het foetale magnetocardiogram
(onafhankelijk van de detectie van de P-golf door middel van middeling van een reeks
hartslagen).
Al met al bleek foetale magnetocardiografie een uitermate geschikte manier voor het
classificeren van ritmestoornissen. Wat betreft de grootte van de signalen, deze is
erg afhankelijk van de volume geleider en een individueel model is nodig om de
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grootte van stromen in het hart te reconstrueren. Echter de duur van de verschillende
golven is betrouwbaar en eveneens lijkt de ratio tussen de P-golf en het QRS-complex
diagnostische informatie te bevatten. Kortom foetale magnetocardiografie is een
waardevolle techniek om ritmestoornissen op te sporen en te classificeren.
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Summary
In fetal magnetocardiography the magnetic field over the maternal abdomen is measured in order to measure the electrical activity of the fetal heart. Cardiac cells in
the fetal heart generate electric currents within the fetal heart. These currents are
not confined to the fetal heart itself, but also spread through the tissues surrounding
the fetal heart. All these currents together give rise to a magnetic field observed over
the maternal abdomen. A measurement of this magnetic field as a function of time
is called the fetal magnetocardiogram. This fetal magnetocardiogram is measured
using a magnetometer system in points near the maternal abdomen with the mother
in a supine position underneath this system. The magnetometer system consists of
a cryostat containing the superconducting sensors, the so-called SQUIDs. By means
of a series of pickup-coils at the bottom of the cryostat the magnetic field is coupled
into the SQUID. The signal is subsequently processed by means of a computer and it
is displayed in the magnetocardiogram.
In this fetal magnetocardiogram the electrical activation of the heart is reflected as
a succession of waves in the time trace. The first one, the P-wave reflects the depolarisation of the atria, the second, the QRS-complex reflects the depolarisation of the
ventricles and the third one, the T-wave reflects the repolarisation of the ventricles.
The central question in this thesis is which aspects of the fetal magnetocardiogram
are to be trusted for a reliable diagnosis of cardiac disorders.
In order to solve this question, three aspects are considered, the duration, the amplitude and the amplitude ratio of the different depolarisation/repolarisation waves in
the fetal magnetocardiogram. In order to study the influence of the magnetometer
system on the fetal magnetocardiogram, chapter two describes whether the magnetic
field measured is distorted by the signal-processing procedures (both in hardware and
software). In chapter three to five the influence on the fetal magnetocardiogram of the
tissues surrounding the fetal heart is discussed. Because the currents that originate
in the heart flow through the tissues surrounding the fetal heart, the conductivity
of these tissues influences the distribution of the currents and thence the magnetic
field. These tissues together are referred to as the volume conductor. Apart from
the reliability aspect, the recorded signals also need to be able to distinguish between
healthy and ill fetuses. For this purpose the duration of the various waves in healthy
fetuses are discussed in chapter six and in chapter seven examples of cardiac diseases
are discussed and how they can be detected by means of fetal magnetocardiography.
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It turns out that the magnetometer system hardly influences the fetal magnetocardiograms. In order to suppress breathing artifacts from the magnetocardiograms, a
band-pass filter is used width a bandwidth from 2 Hz to 120 Hz. Apart from that an
averaging procedure is used to improve the signal-to-noise ratio. These procedures
when applied properly do not influence the information contained in fetal magnetocardiograms that is relevant for diagnostic purposes.
In order to estimate the influence of the volume conductor on the fetal magnetocardiogram, simulations are used. These simulations describe the fetal heart as a current
dipole and divide the maternal abdomen in homogeneous, isotropic compartments. In
the simulations used a subdivision is made consisting of the fetus, the vernix caseosa
(a fatty layer surrounding the fetus having a poor conductivity), the amniotic fluid
and the maternal abdomen. A rotating current dipole is used to model the fetal
heart. The rotation and strength of the current dipole as a function of time is based
on vector ECG measurements obtained in newborns. Based on this model the electrical potential over the maternal abdomen is computed as well as the magnetic field
outside the abdomen. The former simulates the fetal ECG, which is measured using
electrodes attached to the maternal abdomen and the latter represents the fetal MCG.
The simulated fetal ECG can be used to predict where electrodes should be stuck in
order to obtain a reasonable potential difference.
In order to avoid numerical problems in the computation of the potential at the
maternal abdomen, a new method is introduced. Customarily the boundary element
method is used, however this method produces large numerical errors when highly
resistive layers are present. And the vernix caseosa is just such a layer. In order
to circumvent the problems with the boundary element method, a hybrid method is
applied in which the parts of the model that are suited for boundary element modeling
is simulated using this method and in which the vernix caseosa is modeled using a
finite difference approach. In the latter approach it is assumed that the electric
currents cross this layer perpendicular, this assumption will be approximately true
as the currents tend to avoid regions with a low conductivity. As this layer confines
most of the currents within the fetus, the magnetic field is mainly determined by
the currents within the fetus. Thence, all tissues which are located outside of the
vernix caseosa do hardly influence the magnetic field. The hybrid method also allows
for modeling thickness variations in the layer of vernix caseosa. Simulations with
thickness variations between 0.5 and 2.5 mm did hardly influence the potential at
the maternal abdomen nor the magnetic field. However, when holes are simulated
within the layer of vernix caseosa (one near the mouth and one near the onset of the
umbilical cord) a profound influence on the fetal ECG is found. It turns out that
the simulations of the surface potential do coincide with fetal ECG maps measured
over the abdomen in the third trimester of gestation. In both the measured and the
computed fetal ECG maps extrema are found over the mouth of the fetus and the
onset of the umbilical cord at fetal abdomen. the Hence the presence of holes in
this layer seems likely. As in literature a suspicion is raised that the small amplitude
of the T-wave in regard to the QRS-complex is due to a filter effect of the vernix
caseosa, this is also investigated by means of simulations. In this theory the filtering
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of vernix caseosa is due to its low conductivity which causes this layer to act as a
leaky capacitor. However, simulations exclude this as the cause of the presence of
a relatively small T-wave. As the signal-processing cannot be the cause either, the
small amplitude of the T-wave is probably due to the physiology of the fetal heart.
In order to estimate the reliability of the amplitudes of the various waves in the fetal
magnetocardiogram, seven models have been constructed based on MRI-images of
pregnant women. In all cases the fetuses are in about the same position within the
maternal abdomen. Simulations with these models show that the amplitudes depend
considerably on inter-individual differences. Hence, the amplitudes are not reliable
in case these inter-individual differences are not taken into account. Moreover, it
turns out that the ratios between the P-wave and QRS-complex are less affected
by the volume conductor. Using a system that measures all three components of
the magnetic field turns out to be beneficial in the determination of the P-to-QRS
ratio. The overall ratio taking into account all three components does less depend on
the measurement position in comparison to a system where only one component is
measured. Finally, the simulations show that the magnetic field outside the maternal
abdomen can be described pretty well by a magnetic dipole. The latter model can be
used to optimise the measurement system.
The duration of the various waves of the magnetocardiogram as measured by various
research groups all over the world are collected into a database. This database is
available on internet. Some of these durations turn out to be dependent on fetal
age. They show a considerable variability. The primary reason for this variability
is the subjective interpretation of the various waves in the fetal magnetocardiogram.
This variability is about 10 ms and is even larger for the T-wave and the QT-interval.
However, comparison with the durations obtained from ill fetuses shows that in certain
cases a congential heart disease can be detected using these intracardiac time intervals.
Finally, four cases of fetal arrhythmia are shown, which show that fetal magnetocardiography can be used for classifying fetal arrhythmia. In case of a complete congenital
AV-block, an atrial flutter, a bundle branch block and premature atrial contractions,
it turned out to be possible to classify the arrhythmia. Important for diagnosis was
the detection of the P-wave in the time trace of the fetal magnetocardiogram.
In conclusion, fetal magnetocardiography turns out to be a valuable tool for the
diagnosis of congenital heart diseases and for classifying arrhythmia in the fetus.

Summary

207

Dankwoord
Allereerst zou ik Michiel willen bedanken voor de manier, waarop hij mij enthousiast
heeft gemaakt voor bioelectromagnetisme. Zonder mijn stage toendertijd in Graz,
die hij begeleidde en de lange discussies die wij over het volumegeleidingsprobleem
voerden, zou ik nooit aan een promotie op dit gebied zijn begonnen. Voorts wil ik
Ellen bedanken voor de prettige samenwerking in het BCT en voor alle chocolade,
die zij me als dokter voorschreef, telkens wanneer ik niet genoeg opschoot met het
schrijven van dit proefschrift.
Ook wil ik Erik-Jan bedanken voor de begeleiding op het gebied van de kindercardiologie en Erik voor de onophoudelijke technische ondersteuning, waardoor van zulke
mooie foetale MCG metingen mogelijk zijn geweest.
Ook denk ik met vreugde terug aan de samenwerking met Maikel en de lange discussies, die we hadden over hoe we de weefselmodellen nu precies moesten interpreteren. Sander, jou moet ik bedanken voor je onophoudelijke inzet, die je hebt
getoond voor het onderzoek en de frisse moed, waarmee je elk keer weer aan de gang
ging als ik weer een idee had hoe we het model misschien konden verbeteren. Verder
wil ik Ibolya, Luuk, Ramon, Olaf, Hermerik, Luc, Benjamin, Peter, Richard, Przemek
en Micha bedanken voor hun gezelschap op het BCT.
Sairhei, I want to thank you for the smart remarks you always make, which often did
me realise that we could improve the fetal MCG system. I also want to thank you for
your suggestions that improved this thesis. John, I want to thank you for my stay
in Nottingham during which I greatly improved my english and which inspired me
to continue with the modeling. Jean-Francois, I want to thank you for showing me
around in Nottingham and in Cannes. Rachel, I want to thank you for supplying me
with the nice MR-images of pregnant women.

Jeroen Stinstra

Dankwoord

209

Curriculum Vitae
Jeroen Stinstra was born in Leeuwarden on the 7th of October 1974. In 1993, he
started studying applied physics at Twente University. In 1998 he graduated after
completing his masters thesis on volume conductor models. The same year, he started
working at the same university as a PhD-student in the biomagnetism group of the low
temperature division. During the next three and a halve year he continued working
on volume conductor models of the fetoabdominal anatomy and embedding them in
the fetal MCG measurements taking place at the Biomagnetic Center Twente. In
this thesis some of these model simulations are described and their impact on the
reliability of fetal magnetocardiography as a diagnostic tool.
Papers
Stinstra JG, and Peters MJ, “The volume conductor may act as a temporal filter on the ECG and
EEG”, Med Biol Eng Comput, 36(6), 711–716. 1998.
Peters MJ, Stinstra JG, van den Broek SP, Huirne JAF, Quartero HWP, ter Brake HJM, and Rogalla
H, “On the fetal magnetocardiogram”, Bioelectroch Bioener, 47(2), 273–281. 1998.
Peters MJ, Hendriks M, and Stinstra JG, “The passive DC conductivity of human tissues described
by cells in solution”, Bioelectrochemistry, 53, 155–160. 2001.
Peters MJ, Stinstra JG, and Hendriks M, “Estimation of the electrical conductivity of human tissue”,
Electromagnetics, 21, 545–557. 2001.
Quartero HWP, Stinstra JG, Golbach EGM, Meijboom EJ and Peters MJ, “Clinical implications of
fetal magnetocardiography”,Accepted for publication in: Ultrasound Obstet Gynecol. 2001.
Golbach EGM, Stinstra JG, Quartero HWP and Peters MJ, “Magnetocardiography and fetal heart
disease”, To be published in: It Heart J. 2001.
Peters MJ, Crowe JA, Piéri JF, Quartero HWP, Hayes-Gill BR, James DK, Stinstra JG and Shakespeare SA, “Monitoring the fetal heart non-invasively: A review of methods”, Accepted for
publication in: J Perinat Med, 29. 2001.
Stinstra JG, Golbach EGM, van Leeuwen P, Lange S, Menéndez T, Moshage W, Schleußner E,
Kaehler C, Horigome H, Shigemitsu S, and Peters MJ, “Multicentre study on the fetal cardiac
time intervals using magnetocardiography”, Submitted to: Br J Obstet Gyneacol. 2001.

Curriculum Vitae

211

Conference papers and books
van Burik MJ, Mulder MC, Stinstra JG and Peters MJ, “Inward continuation of the scalp potential
distribution by means of the (vector) BEM ”, pp. 2131–2134 In: Proc 20th Ann Int Conf of
the IEEE Eng in Medicine and Biology Society, Hongkong. 1998.
van Burik MJ, Mulder MC, Stinstra JG and Peters MJ, “The application of the (vector) boundary
element method for the reconstruction of the cortical potential distribution”, pp. 21–23 In:
Proc of the Dutch Ann Conf on Biomedical Eng, Papendal. 1998.
Stinstra JG and Peters MJ, “The frequency dependence of the volume conductor of foetal cardiograms”, pp. 94–96 In: Proc of the Dutch Ann Conf on Biomedical Eng, Papendal. 1998.
Stinstra JG, Krooshoop HJG, Muis B, Huirne JAF, Quartero HWP, and Peters MJ, “The influence
of the vernix caseosa on foetal magnetocardiograms”, pp. 1070–1073 In: Yoshimoto T, Kotani
M, Kuriki S, Karibe H, and Nakasato N (eds), Recent Advances in Biomagnetism, Sendai,
Japan: Tohoku University Press. 1999.
Stinstra JG, Selen LPJ, and Peters MJ, “The processing of the foetal magnetocardiograms”, pp. 971–
974 In: Yoshimoto T, Kotani M, Kuriki S, Karibe H, and Nakasato N (eds), Recent Advances
in Biomagnetism, Sendai, Japan: Tohoku University Press. 1999.
Peters MJ, van Burik MJ and Stinstra JG, “On the effective conductivity of human tissue at low
frequencies”, Biomed Tech, 44, 83–86. 1999.
Stinstra JG, Quartero HWP and Peters MJ, “Monitoring the foetal heart”, Med Biol Eng Comput,
37, 564–565. 1999.
Peters MJ, Stinstra JG, Hendriks M and van Burik MJ, “The influence of inhomogeneities of the
conductivity of the head on the EEG”, Med Biol Eng Comput, 37, 1642–1643. 1999.
Quartero HWP, Stinstra JG, Krooshoop HJG and Peters MJ, “Clinical applications for fetal magnetocardiography present and future”, Frontiers in fetal health, 1(5), 6–7. 1999.
Stinstra JG, Peters MJ and van Leeuwen P, “Using simulations to estimate the reliability of fetal
magnetocardiograms”, Frontiers in fetal health, 1(5), 10–11. 1999.
Peters MJ, van Burik MJ and Stinstra JG, “On the effective passive conductivity of tissues within
the head”, Neuro Image, 10, A3. 1999.
Stinstra JG, Quartero HWP and Peters MJ, “Monitoring the foetal heart rate”, pp. 126–128 In:
Proc of the Dutch Ann Conf on Biomedical Eng, Papendal. 1999.
Golbach EGM, Stinstra JG and Peters MJ, “Reference values for fetal MCG/ECG recordings in
uncomplicated pregnancies”, pp. 41–43 In: Proc of the Dutch Ann Conf on Biomedical Eng,
Papendal. 2000.
Stinstra JG, Peters MJ, “The influence of fetoabdominal volume conduction on the fetal MCG”,
pp. 130–132 In: Proc of the Dutch Ann Conf on Biomedical Eng, Papendal. 2000.
Peters MJ, Stinstra JG and Hendriks M, “Estimation of the electrical conductivity of human tissue”,
pp. 184–190 In: Proc Int Conf Mechatronics, Warschau. 2000.
Peters MJ, Stinstra JG, Quartero HWP and ter Brake M, “The foetal magnetocardiogram”, pp. 41–
54 In: Res Adv in Biomedical Eng, 1. 2000.
Stinstra JG, Veenstra RR and Peters MJ, “The influence og fetoabdominal volume conduction on
the fetal MCG”, pp. 831–834 In: Nenonen J, Ilmoniemi RJ and Katila T (eds), Biomag2000
Proceedings 12th Int Conf on Biomagnetism, Helsinki University of Technology, Espoo, Finland.
2001.

212

Stinstra JG, Golbach EGM, Peters MJ and Quarteo HWP, “Extracting reliable data from the fetal
MCG”, pp. 591–594 In: Nenonen J, Ilmoniemi RJ and Katila T (eds), Biomag2000 Proceedings
12th Int Conf on Biomagnetism, Helsinki University of Technology, Espoo, Finland. 2001.
Golbach EGM, Stinstra JG, Grot P and Peters MJ, “Reference values for fetal MCG/ECG recordings
in uncomplicated pregnancies”, pp. 495–498 In: Nenonen J, Ilmoniemi RJ and Katila T (eds),
Biomag2000 Proceedings 12th Int Conf on Biomagnetism, Helsinki University of Technology,
Espoo, Finland. 2001.
Stinstra JG and Peters MJ, “Modeling inhomogeneities in highly resistive layers”, pp. 160–162 In:
Proc of the Dutch Ann Conf on Biomedical Eng, Papendal. 2001.
Stinstra JG, Golbach EGM, Peters MJ, Quartero HWP, Klumper FJCM and Meijboom EJ, “Magnetocardiography in the detection of fetal arrhythmias”, pp. In:, Proc 3rd World Congress of
Pediatric Cardiology and Cardiac Surgery, Toronto, Canada, 2001.
Uzunbajakau SA, Golbach EGM, Stinstra JG and Peters MJ, “A sensitive magnetocardiograph for
fetal surveillance” To be published in: Proceedings IEEE Eng in Medicine and Biology, Istanbul.
2001.
Stinstra JG and Peters MJ, “Modelling Inhomogeneities in highly resistive Layers”, Biomed Tech,
46, 156–158. 2001.
Stinstra JG and Peters MJ, “On the Influence of inhomogeneous Layers that have a low Conductivity
and that vary in Thickness ”, Biomed Tech, 46, 194–196. 2001.

Curriculum Vitae

213

