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A system for monitoring a fetus during gestation comprises
an input for receiving a plurality of electric signals measured
on a surface of a maternal body; and means for providing a
fetal electrocardiogram based on the received electric signals
and based on an orientation of the fetus, wherein the fetal
electrocardiogram represents a projection of a fetal cardiac
potential vector according to a predetermined projection
direction that is fixed with respect to the fetus. The fetal vector
electrocardiogram is projected according to the projection
direction. An at least partial representation of a fetal vector
electrocardiogram is provided in dependence on the plurality
of electric signals and indicative of a time path of an electrical
field vector generated by a fetal heart of the fetus.
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FETAL MONITORING
FIELD OF THE INVENTION
[0001] The invention relates to monitoring a fetus during
gestation.
BACKGROUND OF THE INVENTION
[0002] Generally, during pregnancy, the fetal health condi-

tion is monitored by assessing fetal heart rate variability and
fetal movements. The degree of fetal heart rate variability
provides indirect information on the physiological state of the
fetus, e.g. when the fetus is asleep the fetal heart rate vari-
ability is expected to be smaller than when the fetus is awake
and active. The frequency with which transitions between
these physiological states occur is used by physicians to
monitor the development of the fetus with progressing preg-
nancy. As stated, the fetal heart rate variability is an indirect
parameter to assess the physiological state of the fetus.
Another parameter from which the state can be determined is
the degree of fetal movement. However, occurrence of fetal
movement can only be established through subjective assess-
ment of the mother or by ultrasonic echo recordings.

[0003] During pregnancy, Doppler ultrasound is the most
widely used method to monitor the fetal heart rate. However,
dueto the small size of the fetal heart and vascular system the
resolution of the Doppler ultrasound signal is small. More-
over, the ultrasound probe requires frequent repositioning as
a result of movement by either the mother or fetus. Another
disadvantage of this method is that, when it is combined with
ultrasonic fetal movement monitoring, two ultrasound probes
are required. Not only is this more demanding for physicians,
but also do both these probes feed energy to the fetal body,
which potentially affects fetal health.

[0004] In “Limitations of autocorrelation in fetal heart rate
monitoring” by Fukushima, T. et al., in Am. J. Obstet.
Gynecol. 1985; 153:685-692, a fetal heart rate monitor is
described that produces a fetal heart rate. Also, autocorrelated
ultrasound fetal heart rate records are compared to simulta-
neously recorded direct scalp fetal electrocardiogram trac-
ings, and the potential misinterpretation of autocorrelated
fetal heart rate data is discussed.

SUMMARY OF THE INVENTION

[0005] It is an object of the invention to provide an
improved system for monitoring a fetus during gestation. Ina
first aspect of the invention a system is presented that com-
prises

[0006] an input for receiving a plurality of electric signals
measured on a surface of a maternal body; and

[0007] means for providing a fetal electrocardiogram based
on the received electrical signals and based on an orientation
of the fetus, wherein the fetal electrocardiogram represents a
projection of a fetal cardiac potential vector according to a
predetermined projection direction that is fixed with respect
to the fetus.

[0008] This allows producing electrocardiograms in a con-
sistent manner, because the fetal electrocardiogram corre-
sponds to a projection direction that is fixed with respect to
the fetus. In general, the fetus moves, rotates, and generally
changes position within the uterus. This influences the elec-
tric signals measured on the surface of the maternal body, and
also influences any fetal electrocardiogram derived from
these signals. By correcting these signals for the orientation
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of the fetus, a more consistent measurement is realized.
Moreover, it allows to obtain a fetal electrocardiogram that
corresponds to a measurement with predetermined position-
ing of electrodes on the surface of the fetus, without actually
requiring to apply these electrodes. This is an advantage,
because applying electrodes to a fetus during gestation is
usually clinically undesirable and often invasive to the mother
and/or invasive to the fetus.

[0009] A fetal vector electrocardiogram may be extracted
from the measured signal in a way known in the art. The
orientation of the fetus may be established by analysis of the
fetal vector electrocardiogram, which may be reconstructed
from the measured signals. This orientation may also be
established by performing a pattern matching of the fetal
electrocardiograms derived from the electric signals, as
known in the art. The projection of the fetal cardiac potential
vector may be computed as a projection of the fetal vector
electrocardiogram. It may also be computed as a predeter-
mined transformation of the fetal electrocardiograms derived
from the electric signals, wherein the transformation depends
on the orientation of the fetus. This predetermined transfor-
mation may be determined by means of machine learning
techniques that are known in the art, such as neural network
techniques and simulated annealing.

[0010] An embodiment comprises

[0011] means for providing an at least partial representa-
tion of a fetal vector electrocardiogram in dependence on the
plurality of electric signals and indicative of a time path of an
electrical field vector generated by a fetal heart of the fetus;
and

[0012] wherein the means for providing a fetal electrocar-
diogram is arranged for projecting the fetal vector electrocar-
diogram according to the projection direction.

[0013] This is a particularly efficient way to obtain the
electrocardiogram relating to the projection direction.
[0014] In an embodiment, the projection direction corre-
sponds to a measurement with electrodes attached to a scalp
ofthe fetus. This is a commonly used type of measurement for
fetuses, and consequently clinicians are relatively experi-
enced in interpreting this type of fetal electrocardiogram.
This embodiment allows to obtain scalp ECG in a way that is
non-invasive to the mother and non-invasive to the fetus.
[0015] In an embodiment, the projection direction corre-
sponds to at least one direction associated with the Van
Einthoven triangle: Lead I, Lead II, Lead 1II, aVR, aVL, or
aVF. This is a commonly used measurement for humans, and
consequently clinicians are relatively experienced in inter-
preting this type of electrocardiogram. It allows for a conve-
nient way to determine the fetal heart rate. The signals corre-
sponding to standard leads may be connected to existing
medical equipment that expect these signals as their input.
This embodiment allows to obtain the standard leads (1, 11, III)
and augmented leads (aVR, aVL, aVF) in a way that is non-
invasive to the mother and non-invasive to the fetus.

[0016] An embodiment comprises

[0017] means for obtaining an at least partial representation
of a fetal vector electrocardiogram indicative of a time path of
an electrical field vector generated by a fetal heart of the fetus;
and

[0018] means for establishing orientation information
relating to the fetus in dependence on a shape of the fetal
vector electrocardiogram according to the at least partial rep-
resentation.
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[0019] This system provides an alternative way of monitor-
ing a fetus. The system is more reliable, because the outcome
does not depend on subjective assessment of the mother and
does not depend on the positioning of an ultrasonic probe by
a physician such as a gynecologist or radiologist. The fetal
vector electrocardiogram has a three-dimensional shape, and
this shape has a more or less fixed orientation with respect to
the fetal heart. Consequently, orientation information relating
to the fetus can be extracted from the fetal vector electrocar-
diogram.

[0020] In an embodiment, the orientation information is
indicative of an orientation of the fetus, in particular the fetal
thorax. This is useful diagnostic information.

[0021] In an embodiment, the means for establishing ori-
entation information comprises means for comparing the
fetal vector electrocardiogram with a reference vector elec-
trocardiogram to establish an orientation of the fetal vector
electrocardiogram with respect to the reference vector elec-
trocardiogram. The reference vector electrocardiogram for
example represents an average shape of fetal vector electro-
cardiograms found in a predetermined population of fetuses.
Alternatively, the reference vector electrocardiogram repre-
sents an earlier measured fetal vector electrocardiogram of
the same subject. The comparison may be performed for
example using data fitting techniques (leas mean squares
optimization), using one or more angles of rotation as data
fitting parameters. Comparing of the fetal vector electrocar-
diogram provides useful information of the orientation of the
fetal heart, which is closely related to the orientation of the
fetal thorax and the orientation of the fetus.

[0022] In an embodiment, the reference vector electrocar-
diogram is associated with a predetermined orientation, and
the means for establishing orientation information comprises
means for establishing an orientation of the fetus with respect
to the predetermined orientation. By doing this, the orienta-
tion of the fetus is found.

[0023] In an embodiment, the orientation information is
indicative of a motion of the fetus. Motion, in particular
rotational motion, or translational motion, can be detected
without knowledge of the actual instantaneous orientation at
any moment. This allows the system to establish the rotational
motion even when the fetal vector electrocardiogram does not
contain sufficient information to establish the actual orienta-
tion of the fetus. Rotational motion is a useful quantity in
relation to fetal monitoring.

[0024] In an embodiment, the means for establishing ori-
entation information comprises means for comparing first
fetal vector electrocardiogram data obtained during a first
time interval with second fetal vector electrocardiogram data
obtained during a second time interval to establish the motion
of the fetus. This is an effective way of determining the
orientation of the fetus. The comparison may be performed
for example using data fitting techniques (least mean squares
optimization), using one or more angles of rotation as data
fitting parameters.

[0025] In an embodiment, the orientation information is
indicative of an orientation of the fetal heart.

[0026] In an embodiment, at least part of the orientation
information is relative to an orientation of a maternal body
bearing the fetus. This may be automatically the case since the
electrodes with which the measurements were acquired, are
usually affixed to the maternal body surface.

[0027] An embodiment comprises means for transforming
electrocardiography data into a projected fetal electrocardio-
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gram according to a predetermined projection direction that is
fixed with respect to the orientation of the fetus as indicated
by the orientation information.

[0028] 1Inan embodiment, the means for obtaining the fetal
vector electrocardiogram comprises a plurality of electrodes
arranged for being positioned close to a surface of a maternal
body bearing the fetus. This allows for a convenient, nonin-
vasive way of acquiring the fetal vector electrocardiogram.
Usually the electrodes are positioned on or fixed to the mater-
nal body surface.

[0029] In an embodiment, at least one of the electrodes
comprises a capacitive electrode. A capacitive electrode is
particularly convenient to use. However, any other type of
electrode may also be used.

[0030] 1Inan embodiment, the means for obtaining the fetal
vector electrocardiogram comprises signal processing means
for transforming signals from a plurality of electrodes that are
arranged for being positioned close to a surface of a maternal
body bearing the fetus into the fetal vector electrocardiogram.
This is an efficient way of obtaining the fetal vector electro-
cardiogram.

[0031] In an embodiment, the signal processing means
comprises a means for removing a maternal electrocardio-
graphy signal from at least one of the signals obtained from
the plurality of electrocardiography electrodes. This
improves the signal to noise ratio of the fetal electrocardio-
graphy signal.

[0032] In an embodiment, the orientation information is
indicative of an orientation of a heart of the fetus, and further
comprising

[0033] amedical imaging apparatus for establishing an ori-
entation of a body of the fetus; and

[0034] means for establishing an orientation of the heart of
the fetus relative to the body of the fetus using a difference
between the orientation of the body of the fetus established
using the medical imaging device and the orientation of the
heart of the fetus established using the vector electrocardio-
gram.

[0035] This helps to determine whether the heart has a, for
example, abnormal orientation.

[0036] An embodiment comprises at least one of:

[0037] a display for showing the established information;
[0038] arecorder for storing the established information; or
[0039] an output for transmitting the established informa-
tion to another device.

[0040] This allows for display, storage, or further process-
ing of the results.

[0041] An embodiment comprises a cardiac monitoring
device comprising one of the systems set forth.

[0042] An embodiment comprises a method of monitoring
a fetus during gestation, the method comprising

[0043] obtaining an at least partial representation of a fetal
vector electrocardiogram indicative of a time path of an elec-
trical field vector generated by a fetal heart of the fetus; and
[0044] establishing orientation information relating to the
fetus in dependence on a shape of the fetal vector electrocar-
diogram according to the at least partial representation.
[0045] An embodiment comprises a computer program
product comprising machine executable instructions for
causing a processor to perform the method set forth.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] These and other aspects of the invention will be
further elucidated and described with reference to the draw-
ing, in which
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[0047] FIG. 1 illustrates electrode configurations;
[0048] FIG. 2A illustrates a vector electrocardiogram and
standard projections;

[0049] FIG. 2B illustrates standard projections including
augmented projections;

[0050] FIG. 3 illustrates a fetal vector electrocardiogram;
[0051] FIG. 4 illustrates standard lead fetal electrocardio-
grams;

[0052] FIG. 5 illustrates three axes of rotation; and

[0053] FIG. 6 illustrates an embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0054] A major problem in modern obstetrics with respect
to fetal monitoring is the limited possibilities to extract infor-
mation from the fetus to assess its condition. The fetal heart
rate is one of very few useful fetal signals that can be mea-
sured non-invasively and in many cases in clinical practice the
only source of information available.

[0055] The fetal heart rate can be determined in several
ways, based on two different physical principles. Electrical
activity of the fetal heart can be determined by positioning
electrodes either directly on the fetus or by positioning elec-
trodes on the maternal abdomen. Positioning the electrodes
directly on the fetus is an invasive technique and can only be
performed when the fetal membranes have ruptured. Posi-
tioning the electrodes on the maternal abdomen is preferable
since it is a non-invasive technique, which therefore can be
applied in all stages of pregnancy. For example, in “Fetal
Electrocardiogram Extraction by Blind Source Subspace
Separation” by Lieven De Lathauwer et al., in: IEEE Trans-
actions on Biomedical Engineering, Vol. 47, No. 5, May
2000, the technique of independent component analysis, also
known as blind source separation, is proposed as a tool for the
extraction of the antepartum fetal electrocardiogram from
multi-lead cutaneous potential recordings.

[0056] A second physical principle from which the fetal
heart rate can be determined is used in Doppler ultrasound
measurements. Ultrasonic waves experience a shift in fre-
quency when they reflect and scatter at a moving interface.
The magnitude and direction of this shift contains informa-
tion about the motion of that interface. This effect is known as
the Doppler principle. Since the fetal heart moves during
contraction, Doppler ultrasound can be used as a non-invasive
technique to determine the fetal heart rate. The use of Doppler
ultrasound is therefore incorporated in the most widely used
device to monitor the fetal heart rate non-invasively, the fetal
cardiotocograph monitor.

[0057] Nextto fetal heart rates, this cardiotocograph (CTG)
also monitors uterine activity. As uterine contractions can
impose stress on the fetus, the relationship between uterine
activity and fetal heart rates can provide information on the
fetal condition. This relationship has therefore been investi-
gated extensively through the years. Many guidelines and
scoring systems have been proposed for the interpretation of
CTG recordings and several of these guidelines are used in
clinical practice. However, the information provided by the
CTG has turned out to be only sufficient when the condition
of the fetus is clearly good or clearly bad. Very often, it is not
possible to draw conclusions from CTG recordings and addi-
tional tests, such as microblood examination, are required to
evaluate the condition of the fetus. Besides the lack of infor-
mation for accurately evaluating the fetal condition, theuse of
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the CTG is also associated with the drawback that, since it is
based on ultrasound, the CTG is very sensitive to motion and
noise.

[0058] From this it is clear that any additional source of
information from which the fetal condition can be assessed or
any reliable and accurate alternative to determine the fetal
heart rate would be highly appreciated.

[0059] The fetal ECG complexes are calculated by sub-
tracting the maternal ECG, detecting the fetal R-peaks and
increasing the SNR of the resultant signals by averaging and
filtering. Averaging is performed by aligning ten successive
fetal ECG complexes by their R-peaks and calculating the
average complex, excluding complexes that have a relatively
small correlation with the other complexes. To further
increase the SNR of the resultant fetal ECG complexes an
adaptive filter, working with a moving window, is applied. To
evaluate the condition of the fetus, physicians have to inter-
pret ECG leads that are commonly determined for humans.
For this reason, the measured ECG complexes have to be
transformed to these commonly determined ECG leads. This
transformation is performed by reconstructing the fetal vec-
torcardiogram (VCG) from the recorded ECG leads and by
calculating the standard and extremity ECG leads from this
VCG.

[0060] Maternal uterine activity is calculated by two differ-
ent methods, based on two different phenomena. First the
uterine activity is calculated from the electromyogram
(EMQG) signals originating from the uterus. Furthermore,
uterine activity can be calculated from motion artifacts,
caused by deformations of the abdominal surface. Uterine
activity is calculated from motion artifacts by applying a
high-pass filter on the data signals and summing the activities
in all signals. The uterine EMG signal is obtained by applying
FastICA, an algorithm based on independent component
analysis, on the recorded data and uterine activity is deter-
mined from this EMG signal by calculating the contributions
ofthe EMG signal to the recorded signals in the spectral band
between 0.6 Hz and 3 Hz.

[0061] The fetal heart rates calculated from the abdominal
recordings are compared to the heart rates calculated from a
simultaneously measured direct fetal ECG, obtained by using
a scalp electrode. The correlation coefficient between the
abdominally determined heart rates and the directly measured
heart rate is 0.998 and the mean value of the differences
between them is 0.0£0.7 BPM. Furthermore, the algorithm is
capable of calculating 90 percent of the fetal heart rates from
all performed measurements, except for gestational ages
between 28 and 32 weeks. For these ages the fetus is electri-
cally shielded from its environment by the vernix caseosa, a
waxy substance coating the skin of the fetus. As a result of this
shielding less than 60 percent of the fetal heart rates can be
determined.

[0062] The fetal ECG complexes calculated from the fetal
VCG show similar waveforms as for the same leads recorded
on a healthy human being outside the uterus. Furthermore, the
mean P-R/R-R interval length ratio from the abdominally
determined fetal ECG complexes agree well with the mean
P-R/R-R interval length ratio calculated from the directly
measured fetal ECG; the mean value of the differences
between instantaneous values is —0.01+0.01. As a result of
noise, the agreement between instantaneous values is worse;
the correlation coefficient is 0.583. The mean QRS-interval
length calculated from the abdominal recordings also agrees
well with the mean QRS-interval length determined from the
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directly measured ECG; the mean value of the differences
between instantaneous values is —0.001£0.002 s.

[0063] Uterine activity determined from both motion arti-
facts and uterine EMG signals is consistent with an intra-
uterine pressure measurement conducted simultaneously
with the abdominal recordings, i.e. bursts in uterine activity
calculated from both methods coincide with bursts in the
intra-uterine pressure. Difference between both methods is
that for the uterine activity calculated from the uterine EMG
the SNR is relatively high, but the amplitude of a particular
burst with respect to other bursts cannot be determined. In
contrast, the uterine activity calculated from abdominal
deformations has a relatively low SNR but the amplitude of a
particular burst with respect to other bursts can be deter-
mined.

[0064] The following abbreviations are used throughout
this text.

[0065] aVF Augmented Voltage lead Foot;

[0066] aVL Augmented Voltage lead Left; and

[0067] aVR Augmented Voltage lead Right.

[0068] At a certain distance the heart can be modeled by a

time-dependent dipole with variable amplitude and orienta-
tion. At this distance, the ECG can be seen as the projection of
the electrical field generated by this dipole on the measure-
ment vector.

[0069] The fetal protection mechanism against oxygen
deficiency consists of several reactions that enable the fetus to
maintain sufficient oxygen supply to central organs, such as
the fetal heart and brain. A first reaction to oxygen deficiency
is a reduction of fetal activity, i.e. the reduction of fetal move-
ment and fetal respiration. As the lack of oxygen continues,
the fetus reacts by redistributing the blood circulation to
central organs at the expense of the oxygen supply to periph-
eral organs. Furthermore, activity of the autonomic nervous
system is increased, stimulating anaerobe metabolism in the
peripheral organs. When the fetal protectionis fully intact, the
fetus reacts optimally to hypoxemia (a decrease of the arterial
blood oxygen level) and acute hypoxia during labor, mini-
mizing the risk of damage. When fetal protection is missing,
minimal reaction to hypoxia is observed since most of the
defensive mechanisms have been used already or did not have
had the opportunity to develop. In this case the risk of damage
as a result of asphyxia (global oxygen deficiency including
the central organs) is significant and several non-characteris-
tic signs of fetal distress can be expected.

[0070] Consequently, fetal monitoring during labor has
become very important and has enabled physicians to take
action when fetal protection is activated but when an
increased risk of long-term consequences exists.

[0071] The fetal heart rate can be determined in several
ways, based on two different physical principles. Electrical
activity of the fetal heart can be determined by positioning
electrodes either directly on the fetus or by positioning elec-
trodes on the maternal abdomen. Positioning the electrodes
directly on the fetus is an invasive technique and can only be
performed when the fetal membranes have ruptured. Posi-
tioning the electrodes on the maternal abdomen is preferable
since it is a non-invasive technique, which therefore can be
applied in all stages of pregnancy. However, due to the low
signal-to-noise ratio, determination of the fetal heart rate
from abdominal recordings with existing techniques is inac-
curate and not reliable.

[0072] Next to fetal heart rates. the cardiotocograph (CTG)
monitors uterine activity. As uterine contractions can impose
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stress on the fetus, the relationship between uterine activity
and fetal heart rates can provide information on the fetal
condition. This relationship has therefore been investigated
extensively through the years. Many guidelines and scoring
systems have been proposed for the interpretation of CTG
recordings and several of these guidelines are used in clinical
practice. However, the information provided by the CTG has
turned out to be only sufficient when the condition of the fetus
1s clearly good or clearly bad. Very often, it is not possible to
draw conclusions from CTG recordings and additional tests,
such as microblood examination, are required to evaluate the
condition of the fetus. Besides the lack of information for
accurately evaluating the fetal condition, the use of the CTG
is also associated with the drawback that, since it is based on
ultrasound, the CTG is very sensitive to motion and noise.

[0073] The information, obtained by using electrodes on
the maternal abdomen, is superior to Doppler ultrasound
recordings in several aspects. Not only are the abdominal
recordings more reliable in the sense that they are much less
sensitive to motion, but as a result the obtained fetal heart rate
signal is almost a continuous signal without blank periods
requiring interpolation, as is often the case with ultrasound
recordings. Spectral analysis, performed on abdominal
recordings, is therefore more accurate. Finally, the abdominal
recordings provide additional information with respect to
ultrasound recordings by means of the fetal ECG. Besides the
more reliable and additional information, electrical record-
ings on the maternal abdomen have one more advantage over
ultrasound recordings: electrical recordings do not feed
energy to the fetal and maternal body.

[0074] Measurements are preferably performed using sev-
eral Ag/AgCl electrodes positioned on the shoulders and
abdomen of the mother. However, any kind of electrodes may
be used, including non-contact electrodes such as capacitive
electrodes. Three different electrode configurations 102, 104,
and 106 are shown in FIG. 1 as examples. Configurations 102
and 104 use two electrodes 1 and 2 on the shoulders and the
remaining electrodes on the abdomen as indicated. Since the
amplitude of the fetal signal is not equal across the maternal
abdomen, configuration 104 has two transversal lines of six
electrodes each on the abdomen, to ensure having at least one
electrode in the vicinity of an optimal measuring position.
This allows to obtain the fetal electrocardiogram (ECG) and
fetal heart rate from the abdominal recordings. In configura-
tion 102 electrodes are positioned on the abdomen in such a
way as to cover as much uterine surface area as possible. This
way, it is possible to analyze which positions provide the
highest fetal ECG amplitude. It is advantageous to reduce the
number of electrodes because of efficiency, patient comfort,
cost, and processing power needed to perform signal process-
ing. To this end, configuration 106 shows nine electrode posi-
tions covering the maternal abdomen. In configuration 106,
electrode 9 is a grounding electrode used in conjunction with
the other electrodes 1-8, and an additional grounding elec-
trode is used (not shown). In configuration 106, electrodes on
the shoulders of the mother are not used.

[0075] Fetal electrophysiological signals are calculated
from abdominal recordings according to an algorithm that
operates in two steps. First step is the subtraction of the
maternal electrocardiogram (ECG), filtering of the 50 Hz
power line interference and elimination of the baseline drift.
The second step consists of the detection of fetal R-peaks.
Measurements are performed using twelve electrodes posi-
tioned on the maternal abdomen. In general any number of
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electrodes may be used that allows to obtain spatial informa-
tion such as orientation information, for example configura-
tion 106 may be used. One reason for using a plurality of
electrodes is that the signal-to-noise ratio of particular elec-
trodes is high with respect to the other electrodes, depending
on the position of the fetal heart. However, due to relatively
large computation times, it is desirable to reduce the number
of signals processed by the algorithm.

[0076] In order to achieve this, at first the algorithm per-
forms a so-called initialization in which the signals contain-
ing the largest fetal component are determined. The data
obtained from the abdominal recordings are a mixture of
electrophysiological signals and noisy interferences. One of
the main noisy components is the 50 Hz powerline signal,
which is cancelled out by the application of a fourth order
Butterworth bandstop filter, filtering between frequencies of
48 Hz and 52 Hz. Since the signals of interest are in the range
between 2 Hz and 80 Hz, harmonics of the powerline signal
are cancelled out using a fourth order Butterworth low-pass
filter with cut-off frequency of 90 Hz. The baseline wander of
the signals is cancelled out by the application of a fourth order
Butterworth high-pass filter with cut-off frequency of 1.5 Hz.
All filters are applied in both forward and backward direc-
tions to compensate for phase shifts. Alternatively FIR filters
may be used, for example 1000 tap linear phase FIR filters.

[0077] After filtering the data, the next step is the removal
of the maternal ECG. The amplitude and morphology of the
fetal ECG depend on the position of the electrode with respect
to the position of the fetal heart. Therefore, the fetal ECG is
not detected with equal amplitudes by all electrodes. In order
to determine which electrodes detect the largest fetal signal,
the location of the fetal R-peaks has to be known. The pro-
cessed data from the electrodes are combined and linearly
transformed into independent components, for example by
using the FastICA algorithm. The FastICA algorithm is a
known blind source separation technique based on the prin-
ciple of Independent Component Analysis (ICA). Since the
fetal ECG is uncorrelated and statistically independent of the
maternal ECG and other noisy interferences, one of the inde-
pendent components, as determined by FastICA, represents
the fetal ECG signal.

[0078] A preferred way to determine the heart rate from an
ECG signal is by measuring the time between the start of the
depolarization at the SA-node of two successive heartbeats.
Inastandard ECG, this is expressed by the start of the P-wave.
Due to noise in fetal ECG signals, it is not always possible to
detect the start of this wave accurately. For this reason, the
time between two successive R-peaks is used to determine the
instantaneous heart rate. The use of the R-wave simplifies the
determination of the heart rate but, due to variations in P-R
interval length, additional jitter may occur.

[0079] The algorithm, suitable for online monitoring of the
fetal heart rate, processes the data collected by the four elec-
trodes with the largest fetal component in the signal. How-
ever, any desired number of electrodes may be used instead of
four. First step of the algorithm is the subtraction of the
maternal ECG using segmentational adaptive averaging. The
signals obtained after subtraction are averaged, regarding the
SNR and polarity of the fetal ECG in the signal:
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4
Z pol;- SNR; - fecg,(n)
Tecgin = —

4
S SNR;
=1

wherein fecg,(n) is the fetal ECG as determined by subtrac-
tion of the maternal ECG, pol, is the polarity of the fetal
R-peaks andis equal to =1. SNR, is the signal-to-noise ratio of
the fetal ECG. Tecg(n) is the average of the fetal ECG.
[0080] Under some circumstances, the estimated maternal
ECG complex can incorporate part of the fetal ECG complex.
These situations occur when the amplitudes of the peaks in
the maternal ECG are affected by the fetal ECG. In these
situations subtraction of the estimated maternal ECG results
in the partial or complete subtraction of the fetal ECG. To
guarantee a sufficient signal-to-noise ratio for all peaks in the
averaged fetal ECG, the maternal ECG is estimated again
using for example linear prediction. In this step the ECG
complex is averaged as a whole. For this reason, the fetal ECG
complex does not affect the maternal ECG estimate. The fetal
R-peaks are detected using a peak detection algorithm. The
instantaneous fetal heart rate is calculated from the time
between two successive R-peaks. For example, N=20 preced-
ing ECG complexes are used to estimate the morphology ofa
particular complex. These preceding complexes are stored in
asmall database containing 20 complexes for each of the four
signals used by the online monitoring algorithm. In order to
deal with significant changes in the morphology of the mea-
sured maternal ECG complex over time, the database is
updated continuously replacing the oldest complex with the
newest one. Any suitable value of N may be used instead of
20.

[0081] In some situations the order of magnitude of the
averaged fetal R-peak amplitudes is about the same as the
order of magnitude of the noise. In these situations, it is
possible that noise is detected as fetal R-peak. To reduce this
possibility, the detected peak locations are verified by check-
ing whether the interval between two successive peaks is
within a certain deviation, i.e. 20 percent, from the mean
interval length. To guarantee a reliable mean interval length,
asufficiently large number of fetal R-peaks have to be present
in the processed data set.

[0082] The fetal ECG complex is determined from the sig-
nals resulting from the subtraction of the maternal ECG com-
plex, and defined analogously to the definition of the maternal
ECG complex. That is, after the abdominal recordings have
been filtered to remove the powerline interference and base-
line drift and after the maternal ECG has been subtracted, the
fetal R-peaks are detected and each fetal ECG complex is
defined as the interval between two successive triggers. These
triggers are defined as the point in time 0.40T, with T the mean
R-R interval length, before a fetal R-peak. Due to the rela-
tively low signal-to-noise ratio of the fetal ECG, it may not be
possible to extract particular features, such as intervals
lengths, from the complex. Improvement of the SNR is
obtained in a few post processing steps.

[0083] First, the individual fetal ECG signals are subtracted
from each other to obtain specific ECG leads. Next, for a
specific lead, each normalized ECG complex is cross-corre-
lated with N-1 preceding complexes. N is herein, for
example, set equal to N=10. Since the maximal amplitude of
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the correlation supplies information about the similarity of
the complexes, averaging the complexes while excluding
complexes with arelatively low correlation, results in ahigher
SNR. The final step in improving the SNR of the fetal ECG
complex is the application of an adaptive filter.

[0084] Peak detection of ECG signals may be performed in
a way known in the art.

[0085] A central problem in signal processing is finding a
suitable representation of the data, by means of a linear trans-
formation. A particular method of finding the linear transfor-
mation is called independent component analysis (ICA). As
the name implies, the basic goal of ICA is to determine a
transformation in which the components are statistically as
independent from each other as possible. I[CA can be applied,
for instance, for blind source separation. Usually, electro-
physiological and noisy signals are statistically independent
from each other and thus these signals can be recovered from
linear mixtures by finding a transformation in which the
transformed signals are as independent as possible. ICA is a
method that is known in the art. The FastICA algorithm has
been developed for performing the computations needed for
ICA. FastICA is described in “Fast and robust fixed-point
algorithms for independent component analysis” by A.
Hyvirinen, IEEE Trans. on Neural Networks 10(3):626-634,
1999, hereinafter referred to as “Hyvérinen 1999”.

[0086] In some cases, the original recordings have fetal
ECG complexes with the same order of magnitude as the
background noise. Consequently, the retrieved fetal ECG is
affected by a low signal-to-noise ratio (SNR). These ECG
complexes can be enhanced by using a smoothing procedure
based on a filter working with a moving window.

[0087] The determination of the maternal heart rate is simi-
lar to determination of the fetal heart rate.

[0088] The recorded ECG leads are difficult to interpret
clinically since these leads are not the standard leads that are
usually recorded from a patient. For interpreting the fetal
ECG complex and obtaining additional information on the
condition of the fetus, the ECG is preferably presented in a
similar format as common for ECG signals of patients outside
the uterus. Examples of these usual ECG leads are the stan-
dard leads (I, Il and III) in the Einthoven triangle and the
extremity leads (aVR, aVL and aVF), all shown in FIG. 2B.
The arrows in FIG. 2A illustrate projections corresponding to
the standard leads I, II, and II1.

[0089] The ECG complex is composed of electrical poten-
tials that are generated by the heart and recorded at the skin
surface. As differences between electrical potentials of sev-
eral areas of the heart can be represented by an electrical field
vector, the ECG can be described as the projection of this
so-called cardiac vector ona particular lead. FIG. 2 shows, the
projection 202 of the course of the cardiac vector, known as
the vectorcardiogram (VCG}, on the plane of measurement
and the projection 104 of an instantaneous vector that is part
of the VCG 202. A particular lead of the ECG is defined as the
length of the projection of the cardiac vector 204 on this lead.
This is illustrated in FIG. 2 for standard leads I, II and III.
[0090] FIGS. 2A and 2B illustrate the Einthoven leads I, 11
and I1T and the extremity leads aVR, aVL and aVF. Einthoven
assumed the human body to constitute an equilateral triangle
with the heart in the center of this triangle. ECG leads are
obtained by the projection of the cardiac vector 104 on these
leads (e.g. the projection 206 on arrow 208). At 202, the
course of the cardiac vector, known as the vectorcardiogram,
is projected on a two-dimensional plane.
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[0091] As the orientation of the fetus in the uterus is gen-
erally unknown, it is not easy to position the electrodes in
such way that the standard and extremity leads of the fetal
ECG canbe obtained directly. However, by reconstructing the
VCG from the leads that are obtained by the electrode con-
figurations of FIG. 1, it is possible to derive the standard and
extremity leads.

[0092] FIG. 3 shows a fetal vectorcardiogram resulting
from linearly combining the lead vectors of the electrode
configuration 104 (after several processing steps to remove
the maternal ECG and to improve the signal-to-noise ratio).
This vectorcardiogram is the two-dimensional projection on
the plane of measurement of the actual course of the cardiac
vector. The horizontal direction on the x-axis represents the
direction from right to left on the abdomen and the vertical
direction on the y-axis represents the direction from feet to
head.

[0093] Reconstructing the cardiac vector is performed by
linearly combining the projections of the cardiac vector on the
recorded leads. For each point in time all the lead vectors are
multiplied by the amplitude in the corresponding ECG com-
plex and summed to obtain the resultant vector. This resultant
vector however has to be normalized for the used lead vectors.
The course of the normalized resultant vector, the VCG, is
shown in FIG. 3. FIG. 3 does not show the complete cardiac
vector but rather the projection of this vector on a plane, in this
case the plane of measurement. In spite of the use of averag-
ing and filtering to enhance the SNR of the fetal ECG com-
plex, the VCG may still be significantly affected by noise, in
particular for low amplitude intervals in the ECG complex
such as the P-Q interval and the S-T interval. To enhance the
SNR of these intervals and obtain a rather constant SNR over
the complete ECG complex, the amplitude of each sample in
alow amplitude interval is averaged with the amplitudes of its
adjoining samples.

[0094] 1In contrast to the VCG, as shown in FIG. 2. the
orientation ofthe VCG of FIG. 3 is directed upwards. This can
be explained by the fact that the fetus is positioned upside
down in the uterus. Furthermore it can be seen that the VCG
of FIG. 3 is compressed with respect to the VCG of FIG. 2.
This is caused by an angle between the actual cardiac vector
and the plane of measurement, resulting in a more com-
pressed projection.

[0095] FIG. 4 shows examples of fetal ECG signals deter-
mined from the vectorcardiogram of FIG. 3 and correspond-
ing to the standard leads of FIGS. 2A and 2B. FIGS. 4 (a), (b)
and (¢) show the standard Einthoven leads I, Il and I11, respec-
tively. FIGS. 4 (d), (e) and (f) show the extremity leads aVR,
aVL and aVF, respectively. FIG. 4 shows the standard and
extremity leads of the fetal ECG, determined by the projec-
tion of the VCG of FIG. 3 on the corresponding lead vectors.
In order to obtain the correct projections, the VCG has been
rotated around its origin to align with a VCG that is measured
outside the uterus. Herein, the origin corresponds to the iso-
electrical intervals of the ECG that have zero net potential and
therefore a zero cardiac vector.

[0096] The vertical scaling of the fetal ECG complexes of
FIG. 4 is set to arbitrary units since the measurement and
processing do not provide absolute values, but rather provide
anormalized signal. Reason for this is that the reconstruction
of the VCG does not at present take into account differences
in the attenuation of potentials at different recording posi-
tions. Because of tissue inhomogeneities and differences in
the distance between the fetal heart and the electrode posi-
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tions, signal attenuation is expected to be different for all
electrodes positions. Not considering these differences in
attenuation when reconstructing the VCG may cause small
errors in the shape of the VCG and the shape of the calculated
standard and extremity leads. These errors may be reduced or
avoided by taking into account these tissue inhomogeneities
and the distance between the fetal heart and the electrode
positions. For example, the fetal heart position may be esti-
mated in a first processing step or by means of a medical
imaging technique such as ultrasound. The tissue inhomoge-
neities may be estimated based on a tissue model, which may
be refined by using a medical imaging technique such as
ultrasound or MRI.

[0097] The fetal ECG complexes of FIG. 4 (a,b,d e,f), cor-
responding to the standard leads I and I1 and extremity leads
aVR, aVL and aVF, show similar waveforms as when the
same leads are recorded on a healthy human being outside the
uterus. On the other hand, standard lead III as shown in FIG.
4(c) has opposite polarity for the fetal ECG as for the same
lead recorded outside the uterus. This might be caused by
inaccurate alignment of the VCG, resulting in a different
projection for this lead. This argumentation is validated by the
fact that the amplitude of this lead is relatively small, indicat-
ing an almost perpendicular projection. Therefore, small
deviations in the alignment of the VCG can result in a change
in the polarity of the ECG complex.

[0098] Reconstruction of the vectorcardiogram also serves
for reducing the number of electrodes positioned on the
maternal abdomen. As mentioned previously, the bipolar lead
providing the maximal deflection of the fetal R-peak can be
determined quite easily from the vectorcardiogram. Combin-
ing the vectorcardiograms for many patients will therefore
probably result in a reduced set of electrode positions, pro-
viding fetal ECG signals with a SNR high enough to calculate
the fetal heart rate from.

[0099] The development of the vernix caseosa at gesta-
tional ages of about 28 weeks does not only affect the ampli-
tude of the fetal signal and therefore the determination of the
fetal heart rate, but also has significant effect on the calcula-
tion of fetal ECG complexes. As gaps in the vernix appear
from gestational ages of about 32 weeks, attenuation of the
fetal ECG signal is not constant for all electrodes, causing
erroneous reconstruction of the vectorcardiogram. The gaps
in the vernix are presumably formed around the fetal mouth
and umbilicus causing the amplitudes of the leads resembling
extremity lead aVF to be high with respect to the amplitudes
of other leads. This information can be used to improve the
quality of the vectorcardiogram.

[0100] The reconstruction of the fetal vectorcardiogram
from the abdominal recordings provides a tool to calculate an
approximation of the standard ECG leads and the extremity
leads as if they were measured on the body of the fetus.
[0101] Preferably, differences in attenuation of the fetal
ECG signal as a result of different distances between the fetal
heart and the electrodes are also considered when determin-
ing the fetal vectorcardiogram and/or when deriving orienta-
tion information of the fetus. Furthermore, the influence of
the vernix caseosa, may result in additional differences in
attenuation by electrically shielding some parts of the fetal
body. Preferably, this effect is taken into account in the com-
putations. However, this is not required because even without
taking into account the different distances and the vernix
caseosa, the obtained standard ECG leads and extremity leads
may show a good resemblance to the corresponding ECG
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leads of a healthy human being outside the uterus. This is
particularly true for Einthoven leads I and 11 and the extremity
leads aVR, aVL, and aVF.

[0102] Next to providing a tool to calculate the standard
ECG leads and the extremity leads, the vectorcardiogram
serves another purpose. The direction for which the vector-
cardiogram has maximum amplitude, and more generally, the
overall shape of the vectorcardiogram, is an indication of the
direction of the electrical axis of the fetal heart. So for a fetus
with a normal electrical axis, the vectorcardiogram provides
a tool to determine the orientation of the fetus inside the
uterus. Alternatively, if the orientation of the fetus is known,
the vectorcardiogram provides a tool to determine the orien-
tation of the heart in the fetus.

[0103] For minimizing patient discomfort the number of
electrodes positioned o the patient may be reduced. The fetal
VCG and the signal-to-noise ratios of the bipolar ECG leads
resulting from this VCG can be used to determine which
electrode positions provide signals with high enough fetal
ECG amplitudes to calculate fetal heart rates, fetal ECG
complexes and maternal uterine contractions from. Conse-
quently, evaluating the fetal VCG and corresponding bipolar
ECG leads for several measurements can result in a smaller
selection of electrode positions providing signals that are
good enough to perform the required calculations.

[0104] To improve the accuracy of the calculation of the
fetal vectorcardiogram from the ECG leads on the abdominal
surface, differences in signal attenuation resulting from dif-
ferences in the distance between electrode positions and the
fetal heart may be taken into account. The same holds for the
influence of the vernix caseosa. Considering the attenuation
of each signal helps to improve the calculation of the vector-
cardiogram.

[0105] Independent component analysis (ICA) is a statisti-
cal signal processing technique for separating a combined set
of data into independent components. Assume a set of obser-
vations of n random variables [x, (1), X5(1), . . . , x,,(1)], that is
generated by a linear instantaneous mixture of m independent
components [s,(t), s5(t), . . ., s,,(t)]. This can be written as:

in whichA=[a,, ..., a,]is a constant full-rank [nxm] matrix
called the mixing matrix. ICA consists of estimating the
matrix A and the sources s,(t) from the observed) x (1). This
problem can be selved under the condition that the number of
observations n is larger than or equal to the number of inde-
pendent components m. Typically, ICA methods estimate the
unmixing matrix W:



US 2010/0185108 Al

in which s(t) be as independent as possible for i=1, ..., m.
[0106] To estimate the independent sources s,(t) from the
linear mixture, ICA uses the principle that statistically inde-
pendent signal components tend to be characterized by prob-
ability distributions that are not Gaussian. In order to solve
this problem for fetal ECG signals, the fixed point ICA algo-
rithm FastICA may be used because of its efficiency from the
point of view of computational effort. Starting from the defi-
nition of a single independent component:

n (Equation 1)
s =wx= Z WX

=1

[0107] FastICA uses the kurtosis of the signals as a measure
to determine the Gaussianity of the probability distributions,
i.e., the amount to which the probability distributions
resemble a Gaussian distribution. This kurtosis is defined for
a zero-mean random variable v as

kurt(W)=E{(}-3EHA)

[0108] Kurtosis is approximately zero for a Gaussian ran-
dom variable, positive for probability distribution peaked at
zero and negative for distribution flatter than Gaussian distri-
butions. This means that kurtosis is suitable to assess the
statistical independence of given variables. In order to maxi-
mize and/or minimize the kurtosis under the constraint
[w||=1, the natural gradient method can be used. This method
has the following learning rule:

(et Dy=w(@) =p(0) () 50 -3 () Pw@ A ()

Pyw@)],
in which x(t) is the sequence of recorded signals, p(t) is the
learning rule and f is a penalty term due to the constraint
[w||=1. Before applying the learning rule, the recorded signals
x(t) are preprocessed by means of centering and whitening.
Centering is performed by subtracting the mean value to
obtain zero-mean signals. Whitening is a linear transforma-
tion of the vector x(t) into another vector x*(t), whose com-
ponents are uncorrelated and have variances equal to unity.
The learning rule stops at a fixed point for which Iw(t)
w(t-1)l is sufficiently close to unity. The linear combination
w7x is now one of the required independent components, as
stated in equation 1.
[0109] The FastICA algorithm is derived from equation 2
and consists of:

[0110] 1. randomly choosing an initial vector w(0) with
unit norm,

[0111] 2.applying the fixed point iteration rule w(t)=B{x
(w(t-1)"x)*}-3w(t-1) to approximate w(t), with E{y}
the expected value of'y,

[0112] 3. normalizing w(t) and

[0113] 4. repeating points 2, and 3. until Iw”(t) w(t-1)l is
sufficiently close to unity.

[0114] One ICA basis vector is then estimated. Other ICA
basis vectors can be estimated by sequentially projecting a
new starting basis vector w(0) onto the subspace, orthogonal
to the ones covered by the previous vectors.

[0115] The reconstruction of the projection of the fetal
vectorcardiogram on the maternal abdomen may serve as a
method to calculate common recorded ECG leads, which can
be clinically interpreted by a physician to obtain information
on the condition of the fetus. Since the position and orienta-
tion of the fetus inside the uterus are unknown, the electrode

(Equation 2)
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positions on the maternal abdomen often constitute uncom-
mon leads, which nevertheless can be used to reconstruct the
vectorcardiogram.

[0116] The projection of the fetal vectorcardiogram on the

plane of measurement (i.e., the surface of the maternal abdo-
men) may be computed as follows:

1| Viln Va0
Px([)—x a, by 5
and
1| Viln Va0

J(H=—-= R
Py @) Al a, b,
wherein

a; ay
Tl by

Herein, V(t) (for 1=1,2) is a bipolar fetal ECG signal
recorded at electrode . (ax,ay) is a measurement vector for i=1
and (b.,b ) is a measurement vector for i=2. (p,(t),p,(1)) rep-
resents the fetal vectorcardiogram in 2D.

[0117] Preferably, the vectorcardiogram is computed in 3D
rather than the projection on the plane of measurement,
because this helps to better estimate the orientation of the
vectorcardiogram. The vectorcardiogram can be recon-
structed in 3D as follows. As stated previously, the fetal ECG
originates from the projection of the three-dimensional fetal
VCG on the measurement vector:

with V (t) the fECG amplitude at electrode 1, xlil-the measure-
ment vector for electrode i, and) }(t) a three-dimensional
vector describing the time-path of the electrical field vector
generated by the fetal heart: the fVCG. As j(t) can be factor-
ized into three components p,(t), p,(t), and p,(t), three inde-
pendent fECG signals with their corresponding measurement
vectors are required to determine) Ht):

i r

Vit =Ap-p(D) = A - plD) + Aly'py([;‘ + A p D)
l r

Va() = As- () = Ase- pulD) + Asy - Pyl + Az - D)
{
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[0118] This linear system can be solved for p,(1), p,(t), and
p.(1), resulting in
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[0119] The use of more than three bipolar abdominal leads
may cause the occurrence of an overdetermined system of
equations. Also, inaccuracies may be present due to noise on
the fECG complexes. Known methods for solving inverse
problems may be used to overcome these inaccuracies.
[0120] FIG. 5 shows a system of axes illustrating a method
of fetal movement monitoring through electrophysiological
recordings from the maternal abdomen. In an embodiment,
the following steps are used to detect fetal movement.

[0121] 1. Estimation and subsequent subtraction of the
maternal ECG. This results in a fetal ECG signal with
sufficiently large signal.

[0122] 2. Calculation of the fetal vectorcardiogram from
the combined fetal ECG and spatial electrode informa-
tion, as described above.

[0123] 3. Detection of rotation, performed by comparing
at least two fetal vectorcardiograms corresponding to
different heart beats of the same fetus. The angles of
rotation are, for example, determined by trial-and-error.
For example, a large number of combinations of the
three Euler angles ¢, 6, and 1, indicated in FIG. 5, are
tried by rotating one of the two fetal vectorcardiograms
according to the Euler angles and comparing the rotated
fetal vectorcardiogram with the other one of the two fetal
vectorcardiograms. For example the Euler angles ¢, 0,
and 1 providing a smallest mean squared error with
respect to the other vectorcardiogram are established as
the rotation of the fetal heart. Preferably a numerical
optimization technique is used to reduce the number of
tries and/or improve the accuracy.

[0124] 4. Detection of translational movement of fetus
by multilateration. The ECG signal which is produced at
a given spot (i.e., the fetal heart) arrives at slightly dif-
ferent times at the different electrode positions on the
maternal abdomen. These time differences are calcu-
lated, for example by means of cross-correlation. Sub-
sequently these time differences are combined with
knowledge of the electrode positions to determine the
source of the signals. The multilateration technique is
described in relation to GPS systems in “A Synthesiz-
able VHDL Model of the Exact Solution for Three-
dimensional Hyperbolic Positioning System”, by R.
Bucher et al., in: VLSI Design, 2002 Vol. (2), pp. 507-
520.

[0125] FIG. 6illustrates a diagram of a system, for example
in a cardiac monitoring device, for monitoring a fetus during
gestation. The figure schematically shows at 718 a plurality of
electrodes 1-14 fixed to a maternal body skin. Electrodes 1
and 2 are for example affixed to the shoulders, whereas elec-
trodes 3-14 are affixed to the abdomen. Other electrode con-
figurations are possible, see for example the configurations
102 and 106 in FIG. 1. However, preferably a plurality of
electrodes are attached to the maternal skin close to the fetus.
The electrodes are connected to an acquisition device 716 that
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collects electronic signals measured by the electrodes. Acqui-
sition device 716 may store the signals for further processing
and/or forward the signals to a means 702 for obtaining an at
least partial representation of a fetal vector electrocardio-
gram. Preferably, the signals are forwarded to means 702 in
real-time. A fetal vector electrocardiogram is indicative of a
time path of an electrical field vector generated by the fetal
heart. In general such a fetal vector electrocardiogram is
three-dimensional in nature, because the direction of the elec-
tric field vector generated by the muscle contractions of the
heart varies during the cardiac cycle. To obtain the most
reliable orientation information, the at least partial represen-
tation of the fetal vector electrocardiogram represents this
three-dimensional character of the fetal vector electrocardio-
gram. To reduce computational complexity, the partial repre-
sentation may, for example, comprise a two-dimensional or a
one-dimensional projection of the fetal vector electrocardio-
gram. The two-dimensional projection is for example a pro-
jection on a dorsal plane, because this plane is most easily
reconstructed from the electrodes on the abdomen. The at
least partial representation of the fetal vector electrocardio-
gram may be computed as described above, or as described in
“Source parameter estimation in inhomogeneous volume
conductors of arbitrary shape”, by T. Oostendorp, in: Model-
ing the fetal ECG, Ph.D. thesis, Katholieke Universiteit to
Nijmegen, Jan. 19, 1989, pp. 35-54; or as described in “Gen-
eral Theory of Heart-Vector Projection” by E. Frank, in: Circ.
Res. 1954; 2; 258-270. The means 702 may comprise a pro-
cessing unit to perform the signal processing required to
obtain the representation. Alternatively, the means 702 may
simply comprise an input for receiving the representation.

[0126] The electrodes 718 may be any kind of electrodes
suitable to measure the electronic signals at the body surface.
Standard electrodes are fixed to the body surface. However,
other kinds of electrodes such as capacitive electrodes may be
employed.

[0127] The at least partial representation of the fetal vector
electrocardiogram is forwarded to means 704 for establishing
orientation information relating to the fetus. This orientation
information is extracted from the shape of the fetal vector
electrocardiogram. The orientation information may com-
prise the actual orientation of the fetal heart within the mater-
nal body. The orientation information may also comprise a
change of'the orientation of the fetal heart within the maternal
body. As the orientation of the fetal heart is almost the same in
most fetuses, the orientation of the fetal heart is also an
indication of the orientation of the fetus. Once the orientation
of the heart inside the fetus has been established, for example
by combining the fetal vector electrocardiogram with exter-
nally acquired ultrasound images, the orientation of the fetal
body may be established with higher reliability. Moreover, as
the fetal heart is fixed within the fetus, a change of the orien-
tation of the fetal heart corresponds to a change of the orien-
tation of the fetus. Because the electrodes are fixed with
respect to the maternal body, the orientation information is in
principle relative to the orientation of the maternal body.

[0128] In an embodiment, the means 704 for establishing
orientation information comprises means 706 for comparing
the fetal vector electrocardiogram with a reference vector
electrocardiogram. The comparison results in an orientation
of the fetal vector electrocardiogram with respect to the ref-
erence vector electrocardiogram. For example the at least
partial representation of the fetal vector electrocardiogram is
matched with a corresponding portion or partial representa-
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tion or projection of the reference vector electrocardiogram.
The reference vector electrocardiogram may be based on an
average of vector electrocardiograms of a representative
population of fetuses. Preferably the orientation of a fetus is
known with respect to the reference vector electrocardio-
gram. Means 710 then establishes the orientation of the fetus
with respect to the predetermined orientation of the reference
vector electrocardiogram.

[0129] In an embodiment, the orientation information is
indicative of a motion of the fetus. For example, a rotational
motion is established by a changed orientation of the fetal
vector electrocardiogram. A translational motion may be
established by finding an origin of the fetal electrocardio-
graph signals. To this end, the approach of Bucher et al. may
beemployed. Alternatively, temporal irregularities in the fetal
vector electrocardiogram may be analyzed to establish rota-
tional or translational motion and/or muscle contractions.
[0130] In an embodiment, the means 704 for establishing
orientation information comprises means 708 for comparing
first fetal vector electrocardiogram data obtained during a
first time interval with second fetal vector electrocardiogram
data obtained during a second time interval. This helps to
establish the motion of the fetus. For example, by establishing
a rotation between the two sets of fetal vector electrocardio-
gram data, a rotation of the fetus is detected.

[0131] The orientation information is output from means
704 to a display 714. The information may also be stored or
transferred via a network.

[0132] An embodiment comprises means 712 for trans-
forming electrocardiography data into a projected fetal elec-
trocardiogram. This transformation is performed according
to a predetermined projection direction that is fixed with
respect to the orientation of the fetus. The electrocardio-
graphy data comprises the at least partial representation of the
fetal vector electrocardiogram. This at least partial represen-
tation of the fetal vector electrocardiogram is projected
according to a predetermined measurement direction. For
example, the projection direction corresponds to a measure-
ment with electrodes attached to a scalp of the fetus, or one of
the Van Einthoven leads: Lead I, Lead II, Lead III, or the
extremity leads aVR, aVL, or aVF. The projection directions
are graphically indicated in FIGS. 2A and 2B. It will be
understood that the means 712 takes as its input an at least
partial representation of a fetal vectorcardiogram or a two-
dimensional projection thereof, or other electrocardiography
data, and the orientation of the fetus. Alternatively, the fetal
vectorcardiogram is rotated to a fixed orientation before it is
provided to the means 712, in which case the orientation of
the fetus does not need to be provided as a separate input.
[0133] In an alternative embodiment, the means 704 for
establishing orientation information is arranged to remove
the maternal ECG signal from the measured signals obtained
from acquisition device 716, and perform a pattern analysis
on the resulting fetal signals. Different presentations and
positions of the fetus are associated with different signal
patterns. This property may be employed to establish the
orientation of the fetus and the fetal heart. See for example
WO2005/039410A1. Moreover, it may be possible to define,
for each relevant presentation and/or position and/or orienta-
tion of the fetus, a mapping that maps the fetal signals into the
fetal ECG corresponding to the predetermined projection
direction. Consequently, in an alternative embodiment of
means 712 for transforming electrocardiography data into a
projected fetal electrocardiogram, the appropriate mapping is
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applied to the fetal signals in dependence on the established
presentation and/or position and/or orientation of the fetus.
[0134] In an embodiment, a medical imaging apparatus is
made available so a gynecologist or radiologist may establish
the orientation of the fetus within the maternal body. Means
706 for determining the orientation of the fetal heart is pro-
vided as set forth. Additionally, means are provided for estab-
lishing an orientation of the heart of the fetus relative to the
body of the fetus. This means uses a difference between the
orientation of the body of the fetus established using the
medical imaging device and the orientation of the heart of the
fetus established using the vector electrocardiogram.

[0135] Anembodiment comprises a method of monitoring
a fetus during gestation, the method comprising

[0136] obtaining an at least partial representation of a fetal
vector electrocardiogram indicative of a time path of an elec-
trical field vector generated by a fetal heart of the fetus; and
[0137] establishing orientation information relating to the
fetus in dependence on a shape of the fetal vector electrocar-
diogram according to the at least partial representation.
[0138] An embodiment comprises a computer program
product. It comprises machine executable instructions for
causing a processor to perform the steps of:

[0139] obtaining an at least partial representation of a fetal
vector electrocardiogram indicative of a time path of an elec-
trical field vector generated by a fetal heart of the fetus; and
[0140] establishing orientation information relating to the
fetus in dependence on a shape of the fetal vector electrocar-
diogram according to the at least partial representation.
[0141] In“Monitoring the fetal heart rate and fetal electro-
cardiogram: abdominal recordings are as good as direct ECG
measurements” by R. Vullings et al., Pediatric Research
58(2):424, August 2005, a project is described with the aim to
develop an algorithm to monitor online the fetal heart rate
(fHR) and fetal electrocardiogram (fECG) from maternal
abdominal recordings. In this project, measurements have
been performed using 12 electrodes on the abdomen of the
mother. Inan initialization phase, the algorithm calculates the
fetal signal for each electrode after effectively removing the
maternal ECG and suppressing the electromyogram (EMG).
Next, the algorithm selects the 4 signals in which the fetal
component is most present and uses these signals for further
calculations. The reduction of the number of electrodes used
in the calculation decreases computation times significantly
and enables the algorithm to monitor the fHR online. To
increase the signal-to-noise ratio of the calculated fECG-
complex, 10 consecutive PQRS-complexes are averaged. By
means of cross correlating the PQRS complexes, PQRS-com-
plexes containing artifacts are excluded from the averaging
process. The algorithm is validated by comparing the calcu-
lated fHR from the abdominal recordings to the fHR deter-
mined from direct ECG signals measured with a scalp elec-
trode. The proposed algorithm provides a valuable tool for
obtaining noninvasively and online information of the fHR
and fECG in stages of pregnancy earlier than labor.

[0142] 1In “The fetal heart rate and sympathetic activity
determined non-invasively from the maternal abdomen”, by
R. Vullings et al., 7th World Congress of Perinatal Medicine,
2005, Zagreb, Croatia, a project is described with the aim to
perform spectral analysis on the beat-to-beat fetal heart rate,
determined non-invasively from the maternal abdomen, in
order to assess information on the activity of the fetal sym-
pathetic and parasympathetic systems. Activity of these sys-
tems changes under influence of physiological circumstances
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and therefore spectral analysis is assumed to supply addi-
tional information on the fetal condition. Measurements were
performed using 12 electrodes on the abdomen of the mother.
A new algorithm was developed to calculate the fetal heart
rate on a beat-to-beat basis from these recordings. (This algo-
rithm was validated by comparing the calculated fetal heart
rate from the abdominal recordings to the fetal heart rate
determined from direct ECG signals measured with a scalp
electrode.) Sympathetic activity and parasympathetic activity
were determined by calculating the power in the low fre-
quency spectral band (0.04-0.15 Hz) and the high frequency
spectral band (0.4-1.5 Hz) using customized spectral bands.
The proposed method provides a valuable tool for obtaining
non-invasively the fetal heart rate and fetal sympathetic and
parasympathetic activity both during labor and in stages of
pregnancy earlier than labor.

[0143] An alternative embodiment comprises a system for
monitoring a fetus during gestation, the system comprising
[0144] an input for receiving a plurality of electrocardio-
gram measurements measured at least one position on a sur-
face of a maternal body: and

[0145] means for processing said plurality of electrocardio-
gram measurements to obtain a representation of an electric
signal produced by the fetus, for example a fetal ECG.
[0146] The embodiment may comprise means for estab-
lishing a motion of the fetus, for example a movement of one
or more limbs of the fetus, in dependence on the representa-
tion of the electric signal produced by the fetus.

[0147] The embodiment may comprise means for estab-
lishing a muscle contraction by the fetus in dependence on the
representation of the electric signal produced by the fetus.
[0148] Variations in heart rate and irregularities in the
shape of the fetal ECG signal are correlated to motion of the
fetus and muscle contraction. By monitoring these variations
and irregularities, the frequency, duration and/or intensity of
the movements and/or muscle contractions may be estab-
lished and monitored. This is a particularly efficient way of
monitoring muscle contractions and limb movements,
because it can be automated and does not depend on an
observing physician, e.g. gynecologist or radiologist and/or
subjective assessment by the mother.

[0149] Itwill be appreciated that the invention also extends
to computer programs, particularly computer programs on or
in a carrier, adapted for putting the invention into practice.
The program may be in the form of source code, object code,
a code intermediate source and object code such as partially
compiled form, or in any other form suitable for use in the
implementation of the method according to the invention. It
will also be appreciated that such a program may have many
different architectural designs. For example, a program code
implementing the functionality of the method or system
according to the invention may be subdivided into one or
more subroutines. Many different ways to distribute the func-
tionality among these subroutines will be apparent to the
skilled person. The subroutines may be stored together in one
executable file to form a self-contained program. Such an
executable file may comprise computer executable instruc-
tions, for example processor instructions and/or interpreter
instructions (e.g. Java interpreter instructions). Alternatively,
one or more or all of the subroutines may be stored in at least
oneexternal library fileand linked with a main program either
statically or dynamically, e.g. at run-time. The main program
contains at least one call to at least one of the subroutines.
Also, the subroutines may comprise function calls to each
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other. An embodiment relating to a computer program prod-
uct comprises computer executable instructions correspond-
ing to each of the processing steps of at least one of the
methods set forth. These instructions may be subdivided into
subroutines and/or be stored in one or more files that may be
linked statically or dynamically. Another embodiment relat-
ing to a computer program product comprises computer
executable instructions corresponding to each of the means of
at least one of the systems and/or products set forth. These
instructions may be subdivided into subroutines and/or be
stored in one or more files that may be linked statically or
dynamically.

[0150] The carrier ofa computer program may be any entity
or device capable of carrying the program. For example, the
carrier may include a storage medium, such as a ROM, for
example a CD ROM or a semiconductor ROM, or a magnetic
recording medium, for example a floppy disc or hard disk.
Further the carrier may be a transmissible carrier such as an
electrical or optical signal, which may be conveyed via elec-
trical or optical cable or by radio or other means. When the
program is embodied in such a signal, the carrier may be
constituted by such cable or other device or means. Alterna-
tively, the carrier may be an integrated circuit in which the
program is embedded, the integrated circuit being adapted for
performing, or for use in the performance of, the relevant
method.

[0151] It should be noted that the above-mentioned
embodiments illustrate rather than limit the invention, and
that those skilled in the art will be able to design many
alternative embodiments without departing from the scope of
theappended claims. In the claims, any reference signs placed
between parentheses shall not be construed as limiting the
claim. Use of the verb “comprise” and its conjugations does
not exclude the presence of elements or steps other than those
stated in a claim. The article “a” or “an” preceding an element
does not exclude the presence of a plurality of such elements.
The invention may be implemented by means of hardware
comprising several distinct elements, and by means of a suit-
ably programmed computer. In the device claim enumerating
several means, several of these means may be embodied by
one and the same item of hardware. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot
be used to advantage.

1.-21. (canceled)

22. A system for monitoring a fetus during gestation, the
system comprising an input for receiving a plurality of elec-
tric signals measured on a surface of a maternal body; and

means for providing a fetal electrocardiogram based on the

received electric signals and based on an orientation of
the fetus, wherein the fetal electrocardiogram represents
a projection of a fetal cardiac potential vector according
to a predetermined projection direction that is fixed with
respect to the fetus.

23. The system according to claim 22, further comprising

means for providing an at least partial representation of a

fetal vector electrocardiogram in dependence on the plu-
rality of electric signals and indicative of a time path of
an electrical field vector generated by a fetal heart of the
fetus; and

wherein the means for providing a fetal electrocardiogram

is arranged for projecting the fetal vector electrocardio-
gram according to the projection direction.
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24. The system according to claim 22, wherein the projec-
tion direction corresponds to a measurement with electrodes
attached to a scalp of the fetus.

25. The system according to claim 22, wherein the projec-
tion direction corresponds to at least one direction associated
with the Van Einthoven triangle: Lead 1, Lead II, Lead III,
aVR, aVL, or aVF.

26. The system according to claim 22, further comprising
means for obtaining an at least partial representation of a fetal
vector electrocardiogram in dependence on the plurality of
electric signals and indicative of a time path of an electrical
field vector generated by a fetal heart of the fetus; and

means for establishing orientation information relating to

the fetus in dependence on a shape of the fetal vector
electrocardiogram according to the at least partial rep-
resentation.

27. The system according to claim 26, wherein the orien-
tation information is indicative of an orientation of the fetus.

28. The system according to claim 26, wherein the means
for establishing orientation information comprises means for
comparing the fetal vector electrocardiogram with a refer-
ence vector electrocardiogram to establish an orientation of
the fetal vector electrocardiogram with respect to the refer-
ence vector electrocardiogram.

29. The system according to claim 28, wherein the refer-
ence vector electrocardiogram is associated with a predeter-
mined orientation, and wherein the means for establishing
orientation information comprises means for establishing an
orientation of the fetus with respect to the predetermined
orientation.

30. The system according to claim 26, wherein the orien-
tation information is indicative of a motion of the fetus.

31. The system according to claim 30, wherein the means
for establishing orientation information comprises means for
comparing first fetal vector electrocardiogram data obtained
during a first time interval with second fetal vector electro-
cardiogram data obtained during a second time interval to
establish the motion of the fetus.

32. The system according to claim 26, wherein the orien-
tation information is indicative of an orientation of the fetal
heart.

33. The system according to claim 26, wherein at least part
of the orientation information is relative to an orientation of a
maternal body bearing the fetus.

34. The system according to claim 22, wherein the means
for obtaining the fetal vector electrocardiogram comprises a
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plurality of electrodes arranged for being positioned close to
a surface of a maternal body bearing the fetus.

35. The system according to claim 34, wherein at least one
of the electrodes comprises a capacitive electrode.

36. The system according to claim 22, wherein the means
for obtaining the fetal vector electrocardiogram comprises
signal processing means for transforming signals from a plu-
rality of electrodes that are arranged for being positioned
closeto a surface of a maternal body bearing the fetus into the
fetal vector electrocardiogram.

37. The system according to claim 36, wherein the signal
processing means comprises a means for removing a mater-
nal electrocardiography signal from at least one of the signals
obtained from the plurality of electrocardiography elec-
trodes.

38. The system according to claim 22, wherein the orien-
tation information is indicative of an orientation of a heart of
the fetus, and further comprising

amedical imaging apparatus for establishing an orientation

of a body of the fetus; and

means for establishing an orientation of the heart of the

fetus relative to the body of the fetus using a difference
between the orientation of the body of the fetus estab-
lished using the medical imaging device and the orien-
tation of the heart of the fetus established using the
vector electrocardiogram.

39. The system according to claim 22, wherein the system
further comprises at least one of:

a display for showing the established information;

a recorder for storing the established information; or

an output for transmitting the established information to

another device.

40. A method of monitoring a fetus during gestation, the
method comprising receiving a plurality of electric signals
measured on a surface of a maternal body; and

providing a fetal electrocardiogram based on the received

electrical signals and based on an orientation of the
fetus, wherein the fetal electrocardiogram represents a
projection of a fetal cardiac potential vector according to
a predetermined projection direction that is fixed with
respect to the fetus.

41. A computer program product comprising machine
executable instructions for causing a processor to perform the
method according to claim 40.
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