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Progresses in Fetal Monitoring by Improved 
Data Acquisition 

Joachim H. Nagel 
University Erlangen-Nurnberg, Germany 

S INCE the possibilities of gaining 
information on the fetal condition 

by non-invasive means are limited to 
only a few procedures, such as re
cording of fetal heart action and ultra
sonic imaging, expanding the diag
nostic potential is a great biomedical 
engineering challenge . Instead of 
searching for new, complicated mea
suring techniques that are often de
clined by the medical staff, this chal
lenge can be met by developing 
suitable procedures aimed at improv
ing the analysis of data provided by 
present routine examinations. Car
diotocography (CTG) is the most com
monly used method in perinatal moni
toring, but serious difficulties still 
attach to its interpretation. In many 
cases, an unequivocal diagnosis is not 
possible without first obtaining addi
tional physiological information . The 
reasons may be either physiological or 
due to shortcomings of existing in
strumentation. Both problems could 
be solved by improving the processing 
of available bioelectric signals, and by 
developing a new physiological model 
of the maternal influence on the fetal 
cardiovascular system, permitting a 
more reliable interpretation of the 
CTG. 

Fetal Heart Rate Recording 
Heart action is the only vital func

tion of the fetus that can be recorded 
effectively without lesion . Conse
quently, fetal heart rate (FHR) analy
sis, related to uterine pressure, is the 
most important method in prenatal 
monitoring. Using non-invasive meth
ods, heart action can be assessed by: 

-the electrocardiogram (ECG), 
picked up from the material abdo
men, 
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-the Doppler-shifted ultrasonic heart 
echo, and 

-the fetal heart sounds, the phono
cardiogram. 

Of these three methods, the ECG is 
the most suitable for accurate beat
to-beat determination of the fetal 
heart rate, since it is not only a 
measure of the movement of individ
ual parts of the heart, like the phono
cardiogram and the ultrasonic heart 
echo, but it is indeed the stimulus for 
contraction. However, the external 
measurement of the ECG is compli
cated by interference from other sig
nals, such as the maternal ECG and 
abdominal muscle action potentials 
(EMG), and by significant attenuation 
of the ECG by the tissues between the 
heart and the electrodes. The poor 
signal-to-noise ratio and the similar 
frequency spectra of the signal and 
noise components make an analysis 
of the ECG using conventional filter
ing techniques rarely possible. 

The two main problems of ECG 
analysis are elimination of the mater
nal electrocardiogram (MECG) and lo
calisation of the fetal electrocardio
gram (FECG) ORS complexes within 
the remaining disturbances. It is com
mon practice to separate maternal 
and fetal ECG's by using some form of 
amplitude discrimination, taking ad
vantage of the much greater ampli
tude of the MECG. The abdominal 
signal is filtered in such a way that the 
ECG's are reduced to only the ORS 
complexes. There are two triggering 
levels, one for the detection of the 
maternal ORS complexes and a lower 
one for local ising those of the fetus. 
The disadvantage of this method is 
obvious; each time a maternal ORS 
complex is detected the signal is com
pletely suppressed, and coincident fe
tal complexes -often 50% and 
more-are lost. Moreover, there is no 
easy way of deciding whether the 
lower triggering level has been 
crossed by the fetal ECG or by signal 
disturbances. Thus, because of the 
poor signal-to-noise ratio and the high 
rate of coincidence between maternal 
and fetal ECG's, the detection rate for 
the fetal ORS complexes is no better, 
on the average, than about 60%. 
Consequently, it is evident that a 
reliable FECG analysis first requires 

the MECG to be subtracted in such a 
way that the remaining FECG is not 
affected. The resulting fetal ORS 
complexes may then be detected by 
means of a correlation analysis which 
is able to distinguish between them 
and the interfering noise!l). 

The MECG is additively superim
posed upon the FECG, and multiplica
tive distortions that result mainly from 
movements can be disregarded. The
oretically, it is therefor possible to 
separate the MECG, if its waveform is 
known, from the abdominal signal by 
subtraction. In practice, it is rather 
difficult to perform the subtraction, 
since the waveform of the MECG is 
not known in advance and is often 
subject to fluctuations within the time 
interval in which the signals are being 
processed. Other groups tried to solve 
this problem by means of an addi
tional MECG lead; the elimination of 
the MECG from the abdominal signal 
then being achieved by subtracting 
the two ECG's. This method is 
fraught with problems since it is prac
tically impossible to bring the two 
maternal ECG's into amplitude and 
phase coincidence. A much better 
method is the use of an averaging 
technique to extract the waveform of 
the MECG, using only the abdominal 
lead. Because of their large amplitude 
in the abdominal signal, the R-waves 
of the MECG are easily detectable by 
means of a threshold detector. With a 
running average of succeeding inter
vals of the abdominal signal, all con
taining the maternal ORS complex in 
the same phase position, a reference 
signal corresponding to one interval of 
the MECG is obtained!2.3). The FECG 
and the EMG are suppressed in the 
reference since they are statistically 
independent of the MECG. Subtrac
tion of the reference from the abdomi
nal signal then results in complete 
elimination of the MECG. Amplitude 
variations of the MECG which would 
result in nonzero differences, require 
the reference signal to be scaled to 
the actual MECG amplitude before 
each subtraction . A running average 
guarantees the adaptation of the ref
erence signal to varying waveforms of 
the MECG. It is thus possible to detect 
all the fetal ORS complexes in spite of 
their coincidence with the MECG. Fig
ure 1 shows an example of the sub-
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Figure 1. Subtraction of the maternal 
ECG from the abdominally measured sig
nal. (al original abdominal ECG (bl filtered 
ECG (cl MECG subtracted. 

traction of the MECG, the average 
attenuation is about 30 dB. For exact 
subtraction of the MECG, it is neces
sary that both phase and amplitude be 
known for the template and the actal 
R-wave. This condition cannot be sat
isfied in all cases by simple threshold 
logic. The superposition of the FECG 
and the EMG sometimes leads to jitter 
in the R-wave detection, and conse
quently to a faulty determination of 
amplitude and phase of the actual 
maternal R-wave. In order to prevent 
these errors, the MECG is analyzed 
using a cross-correlation algorithm. 
The maximum of the cross-correlation 
function between abdominal signal 
and maternal ECG template localises 
the MECG R-wave with greater preci
sion than does the simple threshold 
detector[4J. The scaling factor needed 
for matching the template and the 
actual MECG is the quotient of the 
cross-correlation and the auto-corre
lation template functions, with zero 
delay time for both. Using specially 
developed algorithms, computation is 
reduced to a minimum, and even slow 
microcomputers are capable of per
forming the subtraction in real-time. [lJ 

The remaining signal disturbances, 
which are caused mainly by the ma
ternal EMG, prevent the fetal GRS 
complexes from being detected with 
the necessary accuracy using simple 
threshold logic. Because of the poor 
signal-to-noise ratio, the expected er
ror using threshold detection of the 
FECG is, on average, greater than 
25%, including both false positive 
and false negative detection (provided 
that the MECG has been subtracted 
without eliminating coinciding fetal R
peaks). A reference of the FECG is 
extracted from the abdominal signal 
by coherent averaging, as in process
ing of the MECG. The cross-correla
tion function between the reference 
and the abdominal signals is com
puted with an integration time of 

slightly less than one FECG interval. 
This interval ensures an adequate in
crease in the signal-to-noise ratio only 
because of prior subtraction of the 
MECG [1.5J. Using integration times 
greater than one signal cycle would 
prevent the detection of one single R
peak, and it would be possible to gain 
knowledge only about the mean inter
val between succeeding R-peaks[6J. 
The maxima of the cross-correlation 
function mark accurately the position 
of the fetal GRS complexes. The two 
main advantages of cross-correlation 
analysis are that: 

-the fetal electrocardiogram is de
tected even if its amplitude is 
smaller than that of the superim
posed noise and, 

-the jitter of the trigger point on the 
R-wave due to signal disturbances, 
such as appears when performing 
simple threshold detection, is sub
stantially reduced. 

The performance of this method 
has been assessed in clinical trials. 
Comparing the results with those ob
tained using the earlier techniques of 
abdominal ECG processing showed a 
mean increase in the detection rate of 
the fetal GRS complexes of about 
60%. When compared with fetal 
heart rate recordings using ultrasono
cardiography or phonocardiography, 
the new method shows an important 
improvement with respect to the eval
uation of short term variations of 
heart rate. 

Recording of Uterine Activity 
From the Abdominal Lead 
EMG 

Monitoring uterine activity is impor
tant in prenatal medicine for survey
ing the course of the pregnancy and 
evaluating the condition of the fetus. 
Two methods, one internal and the 
other external, are known for record
ing uterine activity. With both tech
niques the activity is evaluated in 
terms of uterine pressure, the toco
gram. For internal tocography, the 
pressure is determined by introducing 
a catheter into the uterine cavity. It is 
possible, with this method, to deter
mine the absolute intrauterine pres
sure. Often, however, internal toco
graphy is rejected because of the 
practical difficulties involved. More
over, the use of a catheter may influ
ence parturition, and so it should not 
be used in premature deliveries, 
where monitoring of the contraction 
activity would be of particular signifi
cance. With external tocography, 
some form of pressure or force trans
ducer is fastened to the abdominal 
wall by means of an elastic belt. 
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Uterine contractions produce changes 
in the displacement of a sensor pin 
which acts on the transducer, produc
ing an electrical signal that corres
ponds to the relative uterine pressure. 
External tocography, however, has 
the drawback that it is subject to 
many factors which may influence the 
results of the measurement. I feel that 
the limtations of tocography cannot 
be eliminated by technical improve
ments of the measuring equipment. 
Recording the uterine contractions 
from the abdominal lead electromyo
gram (EMG), as an alternative to con
ventional tocography, has, therefor, 
been studied [7J. 

Changes in intrauterine pressure are 
produced by contractions of the uter
ine muscle. Contraction is stimulated 
by a series of action potentials. The 
force developed by the muscle de
pends on the number of activated, 
i.e., depolarising fibers within the 
muscle, and on the frequency of stim
ulation of each individual fiber[S-12J. 
The time constant of the contraction 
is large compared to that of the stimu
lating pulse, and the resulting force, 
f(tl. can be written as: 

N 

f(t)=C1' ~ snIt) 
n=l 

where C1 is a constant, N is the total 
number of fibers in the muscle, and 
snIt) is the firing rate of the n-th fiber. 
The linear summation is not com
pletely valid because of non-linear 
properties of the muscle fibers. How
ever, it is a good first approximation 
and is sufficient to describe the basic 
relationships. The change of intrauter
ine pressure that results from the 
force of the uterine muscle during 
contractions can be approximated us
ing the simple model of a fluid-filled 
balloon. Pressure is propagating 
equally in all directions, and muscular 
force is directed tangentially to the 
surface of the balloon. It is well 
known that the change of the internal 
pressure of the balloon is proportional 
to the external force, i.e. 

where C2 is a constant. The absolute 
intrauterine pressure can be written 
as: 

N 

=PO+C3' ~ sn(t) (2) 
n=l 

where Po represents the base-line 
pressure. When a muscle fiber depo
larises, an action potential is pro-
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duced which travels along the fibre. 
The shape of the action potential 
depends on the fiber size, the propa
gation velocity, and the geometric 
relationship of measuring electrode to 
fiber. By applying electromagnetic 
field theory, the electrode potential 
can be calculated for any given geom
etry. The biphasic action potentials of 
individual muscle fibers are summed 
at a surface electrode, and the re
corded potential is the electromyo
gram. As the stimulation of different 
fibers is not synchronised, a compli
cated interference pattern is observed 
which is very sensitive to the firing 
rate and pattern of the individual fi
bers and to the position of the elec
trode[13.141. Rectifying and low pass 
filtering of the EMG produces a mea
sure of its intensity (lEMG). The IEMG 
measured from a single electrode can 
be estimated as: 

IEMG(t) 

N 

=C4 ~ 1/,~·cos~n·sn(t) (3) 
n=1 

where C4 is a constant, Sn again de
notes the firing rate of the n-th fiber, 
N is the total number of fibers, 'n is the 
distance between the n-th fiber and 
the electrode, and ~n is the angle 
between the n-th fiber and the con
necting line to the electrode. This 
equation for the IEMG assumes that 
the muscle fiber has a straight cylin
drical shape, that its length is small 
compared with the distance to the 
electrode, and that the conductivity 
of the body is homogenous. Without 
these assumptions, the computation 
becomes more difficult, but the result 
would be essentially the same. An
other simplification is that the super
position of the biphasic action poten
tials of the individual muscle fibers 
results in a linear dependency of the 
intensity of the EMG on the number of 
activated fibers. This simplification is 
not really valid for all muscles, as 
superposition is influenced by the 
probability distribution for the pattern 
of stimulation of the single fibers. In 
the special case of the uterine muscle, 
this assumption is in accordance with 
the results of experimental studies. 
Comparing equations (2) and (3). it 
becomes evident that there is a high 
correlation between intrauterine pres
sure and IEMG. The major difference 
is in the dependency of the IEMG on 
electrode position. If the distance 'n 
and the angle ~n were equal for all 
fibers, the intrauterine pressure 
changes would be proportional to the 
IEMG. Unfortunately, this condition 
cannot be fulfilled because of the 
great extent of the uterine muscle, 
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Figure 2. A record of the uterine activity 
measured by using an external pressure 
transducer (AI and by processing the EMG 
(81. 

but it can be approximated by using 
several electrodes for the measure
ment. Each electrode will register 
mainly the activity of the nearest 
parts of the muscle. The individual 
potentials are then summed. Provided 
that suitable electrode positions are 
chosen, the changes in intrauterine 
pressure and IEMG are mutually pro
portional: 

IEMG(t)=c·~(t) (4) 

and: 

p(t)=po+ 1/c'IEMG(t) (5) 

Using other electrode configurations, 
the activity of particular parts of the 

Imin 

A 

uterine muscle or the propagation of 
the contractions can be monitored. 
The waveshape of the IEMG is 
strongly dependent upon the time 
constant of the lowpass filter. Using a 
small time constant « 1 sec) results 
in a very ragged waveform. Greater 
time constants involve a smoother 
waveform, at the expense of some 
loss of transient response. 

The abdominal lead EMG of the 
uterine muscle is disturbed by the 
maternal ECG, the fetal ECG, and the 
abdominal muscle EMG. The maternal 
and fetal ECG's can be eliminated by 
either using appropriate bandpass filt
ers (150-250 Hz), or by using the 
subtraction algorithm described previ
ously. As the contractions of the 
abdominal muscle also result in intrau
terine pressure changes, it is not nec
essary to eliminate its EMG from the 
abdominally derived signal. Figures 2 
and 3 show a comparison of uterine 
activity curves obtained from an ex
ternal pressure transducer and from 
the EMG. The EMG has been mea
sured using two electrodes, attached 
to the isthmus uteri and the fundus 
uteri. Figure 2 shows good correspon
dence between the externally mea
sured pressure and the uterine activity 
recorded from the IEMG. However, it 
can be seen that the I EMG contains 
more information about the progres
sive increase in intensity of the con
tractions as a reaction of the uterine 
muscle to an oxytocin infusion. When 
analysing the cardiotocogram from 

FHF 

Druck 

t_ 

IEMG 

Figure 3. eardiotocogram. The FHR is computed from the scalp lead EeG (el. the uterine 
pressure is determined by an external pressure transducer (81 and from the IEMG (AI. 
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Figure 3, it is evident that the correla
tion between FHR and IEMG is greater 
than between FHR and externally 
measured pressure. 

Using a single set of abdominally 
attached electrodes provides the 
means of obtaining extensive data, 
while giving the minimum discomfort 
to the patient and enabling the physi
cian to obtain an accurate picture of 
the state of both mother and fetus. 

The Correlation of MHR and 
FHR - An Important Aspect of 
CTG Interruption 

There is no question that cardioto
cography plays an extremely impor
tant role in prenatal monitoring. It is 
thus all the more surprising that a 
standardised scoring system has still 
not been developed for the evaluation 
of the CTG. Accordingly, in everyday 
practice uncertainties still exist with 
respect to the analysis of the CTG 
and, unfortunately, misinterpretations 
still occur. Critics even claim that too 
much importance is frequently at
tached to the CTG, with the result 
that unnecessary caesarian sections 
are performed. The question arises 
whether the existing models of the 
origin of FHR fluctuations are compre
hensive. Conversely, shortcomings of 
measuring equipment presently avail
able can result in the non-detection of 
situations hazardous for the fetus. 

When comparing simultaneous re
cordings of FHR and MHR, a consider
able similarity of the tracings be
comes apparent (Fig. 4). The question 
arises as to whether the correlation 
between FHRand MHR represents a 
random event. I feel sure that there is 
a systematic dependence. Fetal oxy
gen availability is a direct function of 
maternal cardiac output and oxygen 
saturation, as well as of placental 
sufficiency. It is well known that a 
reduction in available oxygen usually 
influences the fetal heart rate through 
the action of the cardiac regulatory 
system. An oxygen deficit is compen
sated by acceleration of the heart rate 
to ensure an adequate supply to the 
fetal tissues. As a consequence, not 
only placental insufficiency, but also a 
change in maternal blood supply 
should find its expression in the FHR. 
So far this is nothing new. What is 
important, however, is to draw the 
right conclusions. CTG interpretation 
usually correlates FHR and uterine 
pressure. But what is to be done in the 
absence of pressure changes, or if an 
abnormal pattern presents during la
bour? Can we be sure that the in
creasing uterine pressure is the rea
son for heart rate variations in every 
case? And what influence has the 
maternal cardiovascular system? A 

consideration of the physiological sit
uation leads to surprising results. La
bour activity represents a stress situa
tion, not only for the fetus but also for 
the mother, and results in maternal 
heart rate variations and intensified 
respiration. Some authors have al
ready demonstrated an augmented 
p02 during labour. With normal mater
nal cardiac output and placental suffi
ciency this produces an increase in 
the fetal oxygen supply. The physio
logical reaction will be a deceleration 
of fetal heart rate, or DIP, as is indeed 
observed. On the other hand, fetal 
stress caused by uterine contractions 
would, as a normal physiological reac
tion, result in an acceleration compa
rable to that of the maternal heart. 
Obviously, there are two opposing 
regulatory processes. So should not 
the commonly observed decelerations 
logically be attributed to the maternal 
cardiovascular system rather than to 
uterine pressure? An obvious case is 
shown in Figure 4. Normal reaction to 
labour activity is an acceleration of 
MHR and a fetal DIP. The first con
traction on the left-hand side, how
ever, shows no maternal response 
and thus no deceleration of FHR. On 
the other hand, FHR accelerations and 
decelerations can often be seen that 
are not interpretable as being due to 

uterine pressure or fetal movements. 
They, too, find their logical explana
tion in MHR variations. 

A second point of interest is the 
interpretation of the onset of the 
DIP's. If the previous statement 
holds, then these DIP's must also be 
related to the changed conditions of 
the maternal cardiovascular system. 
Again, the consequences are quite 
surprising. With the onset of a uterine 
contraction, a maternal reaction is 
first detected as a change in heart 
rate. The associated increase in p02 
results in fetal heart rate deceleration. 
But there must be a delay vis-a-vis the 
acceleration of the maternal heart, 
since the passage of oxygen through 
the placenta takes a certain time. The 
delay time itself will depend upon 
placental efficiency. In common with 
umbilical cord compression, placental 
insufficiency retards the increase in 
fetal p02 and thus heart rate decelera
tion. The CTG thus shows a late 
deceleration. But the essential point is 
that late decelerations do not auto
matically mean placental insufficiency 
or any other disorder, since a second 
time constant that may be responsi
ble must be taken into account; 
namely, the time delay in the mater
nal response to uterine contraction, 
which may be increased without any 
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Figure 4. Simultaneous recording of CTG and MHR showing the predominant influence 
of MHR on fetal heart rate. 
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consequences for fetal well-being. 
This accords with the experience of 
other authors who found, without 
knowing the physiological reason, 
that a late DIP should not be inter
preted as a sign of risk, provided the 
FHA oscillations remain within their 
normal range. Therefore, it is obvious 
that the unequivocal interpretation of 
DIP's would be considerably facili
tated by a knowledge of the maternal 
condition. Figure 4 shows the simulta
neous recording of both maternal and 
fetal heart rates, together with uterine 
pressure. There is a remarkable con
formity of FHA and MHA, but with 
inverted sign of the fluctuations . 

Analysis of the correlation between 
FHA and MHA provides important in
formation. The correlation coefficient 
is largest when the maternal heart 
rate recording is delayed by 30 to 40 
seconds vis-a-vis the FHA curve. This 
delay is the response time of the 
placenta and fetal regulatory system. 
In other words, if the maternal oxygen 
supply changes, it will take about 30 
seconds for the FHA to respond. This 
is an important sign, which permits an 
assessment of placental sufficiency 
by following the time delay. Insuffi
ciency will increase the delay and 
reduce the correlation. Since the re
sponse time is affected essentially by 
the reserve capacity of the placenta, 
the latter can also be judged. 

Heart rate is, of course, a rather 
poor indicator of physiological condi
tion for both the fetus and the mother. 

Even such simple measurements as 
maternal blood pressure can provide 
additional information. However, for 
an accurate analysis of the feto-ma
ternal coupling, at least cardiac out
put and maternal oxygen saturation 
should be monitored. Nevertheless, 
extensive investigations have shown 
that, for routine use, even the MHA 
provides sufficient information to im
prove the interpretation of the CTG 
quite considerably. The correlation 
analysis of fetal and maternal heart 
rates facilitates diagnose, particularly 
in borderline cases, and may help to 
prevent misinterpretation of the CTG. 

Conclusions 
The results of the studies discussed 

here show that the processing and 
interpreting of routinely acquired fetal 
and maternal data has, so far, not 
been fully utilized. It would thus ap
pear to make good sense, not only to 
continue the search for new measur
ing methods for determining addi
tional physiological parameters, but 
also to pursue attempts to improve 
the evaluation of presently obtainable 
data. 

All in all, the procedures described 
have proved valuable in clinical trials . 
The simplicity of simultaneous record
ing of fetal and maternal heart activity 
in addition to uterine contraction is 
highly suitable for routine clinical 
work. The proposed extension of CTG 
interpretation by including the mater
nal cardiovascular condition will pro-

vide improved surveillance of both 
mother and fetus during pregnancy 
and parturition. 
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