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INTRODUCTION

Fetal monitoring is a special type of electronic patient
monitoring aimed at obtaining a record of vital physiologic
functions during pregnancy and birth. Such monitoring is
applied in assessing the progress of pregnancy and labor,
and it can identify conditions that concern the clinician
caring for the patient. These nonreassuring recordings can
lead to special considerations in caring for the pregnant
patient and in managing her labor. Although these record-
ings are no longer considered to be definitive in identifying
most forms of fetal distress, they can help to reassure patient
and clinician that the fetus is able to withstand the physio-
logic stressoflabor and delivery. The technology is also useful
in assessing high risk pregnancies, which, in most cases, is
only reassuring as opposed to giving a definitive diagnosis.
Although this technology is now recognized to have diagnos-
tic limitations, it is still frequently used in the hospital and
clinics as an adjunct to other diagnostic evaluations.

PHYSIOLOGIC VARIABLES MONITORED

The goal of fetal monitoring is to ensure that vital fetus
organs receive adequate perfusion and oxygen so that
metabolic processes can proceed without compromise
and these organs can carry out their functions. Thus, an
ideal situation for monitoring from the physiologic stand-
point would be to monitor the perfusion and oxygen tension
in the fetal central nervous system, heart, kidneys, and
brain, with the brain being by far the most important. It is
also important to know that the fetus is receiving adequate
oxygen and nutrients from the mother through the pla-
centa. Unfortunately, it is not possible to directly or even
indirectly measure these variables in the fetus in utero
using currently available technology. One, therefore, must
look for related secondary variables that are practical for
monitoring and are related to these critical variables. In
the following paragraphs, some of these variables and the
methods used to obtain them are described.

METHODS OF MONITORING BY A HUMAN OBSERVER

Any discussion of fetal monitoring must begin by pointing
out an obvious, but often overlooked, fact that fetal mon-
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itoring does not always require expensive electronic equip-
ment. Basic fetal monitoring can be carried out by a trained
clinician using his or her hands, ears, and brain. A feto-
scope is a stethoscope especially designed for listening to
the fetal heart sounds through the maternal abdomen,
which can be used to follow the fetal heart rate (FHR),
and a hand placed on the abdomen over the uterus can be
used to detect the relative strength, frequency, and dura-
tion of uterine contractions during the third trimester of
pregnancy and labor. Any woman who has experienced
labor will point out that the patient is also able to detect the
occurrence of uterine contractions during labor. Although
these techniques are only qualitative, they can be quite
effective in providing information on the patient in labor
and frequently represent the only fetal monitoring that is
necessary in following a patient.

The main problems with this type of fetal monitoring are
associated with convenience, fatigue, data storage and
retrieval, and the difficulty of simultaneously processing
multiple inputs. Electronic instrumentation can help to
overcome these types of problems. Although electronic
devices are less flexible and, at the present time, unable
to interpret data as well as their human counterparts, the
electronic devices can provide quantitative data, conti-
nuously monitor patients with minimal interruption of
hospital routines, monitor for extended periods of time
without fatigue, store data in forms that can be reeval-
uated at a later time, and, in some circumstances, make
elementary logical decisions and calculations based on the
data. Thus, the electronic monitor can serve as an exten-
sion of the clinician’s data-gathering senses and provide a
convenient method of recording and summarizing these
data. Such a monitoring apparatus has the potential of
allowing the clinician to optimize his or her limited avail-
able time.

FETAL HEART RATE MONITORING

The widespread use of electronic fetal monitoring was the
result of the development of a practical method of sensing
the fetal electrocardiogram and determining the instanta-
neous fetal heart rate from it. Much of the early work in
this area was carried out by Dr. Edward Hon and associ-
ates who demonstrated a practical technique for directly
obtaining the fetal electrocardiogram during labor (1).
Techniques for obtaining the fetal heart rate can be clas-
sified as direct or indirect. The former involves invasive
procedures in which a sensor must come into contact with
the fetus to pick up the fetal electrocardiogram; the latter
techniques are relatively noninvasive procedures where
the mother’s body serves as an intermediary between the
fetus and the electronic instrumentation. In this case,
the maternal tissue conducts a signal (electrical or
mechanical) between the fetus and the surface of the
mother’s abdomen.
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Direct Determination of Fetal Heart Rate

Direct FHR determinations are made from the fetal elec-
trocardiogram (FECG). This signal is obtained by placing
an electrode on the fetus and a second electrode in the
maternal vaginal fluids as a reference point. These elec-
trodes are connected to a high input impedance, high
common-mode rejection ratio bioelectric amplifier. Such
a direct connection to the fetus can be made only when the
mother is committed to labor, the uterine cervix has
dilated at least 2 cm, and the chorioamniotic membranes
have been ruptured. In principle, it is possible to pass a
wire through the maternal abdominal wall into the uter-
ine cavity and beneath the fetal skin to obtain the FECG,
and this technique was experimentally reported in the
past (2). The method, however, places the mother and
fetus at risk and is not used or suitable for routine clinical
application. Indirect methods of determining the FHR
that are available today make the application of such a
technique unnecessary. Thus, the method that is directly
used to obtain the FECG is to attach an electrode to the
fetal presenting part through the cervix once the mother
is committed to labor and the fetal membranes can be
ruptured.

Although many different types of electrodes for
obtaining the FECG have been described, best results
are obtained when the electrode actually penetrates the
fetal skin. The reason is illustrated in Fig. 1. The fetus
lines in a bath of a amniotic fluid that is electrically
conductive due to its electrolyte content. This amniotic
fluid tends to short-out the fetal electrocardiogram on the
skin surface, therefore, those potentials that are seen on
the surface are relatively weak and affected by noise.
Even if it were physically possible to place conventional
chest electrodes on the fetus for picking up the electro-
cardiogram, a poor-quality signal would be obtained
because of this shunting effect. The amniotic fluid does,
however, provide a good central terminal voltage for the
fetal electrocardiogram because it contacts most of the
fetal body surface.
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Figure 1. Schematic view and equivalent circuit of a direct fetal
ECG electrode penetrating the fetal skin.

The fetal head is normally positioned against the dilat-
ing cervix when the mother is in labor, but it is possible for
the fetal buttocks or other parts to present first. As the
cervix dilates, the skin on the presenting part can be
observed through the vagina, and it is possible to place
an electrode on or within this skin. If this electrode pene-
trates the fetal scalp (or other exposed skin surface), it
contacts the subcutaneous tissue. As an electrical resis-
tance associated with the surface layers of the fetal skin
exists, as indicated in Fig. 1, placing the electrode sub-
cutaneously bypasses this resistance and gives a stronger,
more reilable signal. Penetrating the skin also helps to
physically keep the electrode in place on the fetus during
movement associated with labor.

Various types of penetrating fetal electrodes ranging
from fish hooks (3) to wound chips (4) have been developed
over the years. Today, the most frequently applied elec-
trode in the helical electrode originally described by Hon et
al. (5). This electrode, as illustrated in Fig. 2, consists of a
section of a helix of stainless-steel wire on an electrically
insulating support. The tip of the wire is sharpened to a
point that can penetrate the fetal skin when pressed
against it and rotated to advance the helix. Typical dimen-
sions of the wire helix are 5 mm in diameter with 1.25 turn
of the wire exposed so that the tip of the helix is 2 mm from
the surface of the insulator. A second stainless-steel elec-
trode consisting of a metal strip is located on the opposite
end of the insulator from the helix and is used to establish
contact with the amniotic fluid through the fluid in the
vagina. Lead wires connect the two electrodes to the exter-
nal monitor.

The electrode is attached to the fetal presenting part by
means of a special applicator device, which allows the
electrode helix to be pressed against the fetal head to
penetrate the skin and be twisted so that the entire
wire is advanced beneath the surface of the skin until
the insulating portion of the electrode contacts the skin.
The flexible lead wires then exit through the vagina and
can be connected to the monitoring electronics.

Signal Processing

In fetal heart monitoring, it is desired to have a continuous
recording of the instantaneous heart rate. A fetal monitor
must, therefore, process the electrocardiogram sensed by
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Figure 2. A helical direct fetal ECG scalp electrode of the type
described by Hon et al. (5).
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the electrode and present the results on a computer moni-
tor or paper printout. A typical electronic system for doing
this recording is illustrated in Fig. 3. The signal from the
fetal electrode has an amplitude ranging from 50wV to
1.2mV, which is amplified to a more suitable level for
processing by an amplifier stage. The input of this aimpli-
fier is electrically isolated and must have a very high input
impedance and low lekage current because of the polariz-
able nature of most fetal electrodes. A high common-mode
rejection ratio is also important, because a relatively strong
maternal electrocardiogram signal is present on both elec-
trodes. Another characteristic of the amplifier system is
that it includes filtering to minimize the amplification of
noise and motion artifact from the fetal electrode. As the
purpose of the electronics is primarily to display the instan-
taneous heart rate, the filtering can distort the configura-
tion of the fetal electrocardiogram as long as it does not
affect the time at which the QRS complex appears, as it is
used to determine the heart rate. For this reason, a rela-
tively narrow band-pass filter is often used. The QRS
complex contains higher frequencies than the rest of the
electrocardiogram, and noise frequently has a predomi-
nance of the lower frequencies. For this reason, the band-
pass filter can be centered at frequencies as high as 40 Hz.

Many ways exist for the QRS complex can be detected.
The simplest of these is a threshold detector that indicates
whenever the output voltage from the amplifier exceeds a
preset threshold. The level of this threshold is adjusted
such that it is usually greater than the noise level but less
than the minimum amplitude of a typical QRS complex.
The majro limitation of this method lies in the fact that
wide variation exists in fetal QRS complex amplitudes. If
the threshold level were fixed such that the minimum fetal
QRS complex would cross it, this would mean that, for
stronger signals, the threshold would not be optimal and
interference from noise exceeding the threshold level
would be quite possible. One way to get around this pro-
blem is to use some type of adaptive threshold. In this case,
the threshold level is adjusted based on the amplitude of
the electrocardiogram. A simple example of how this can be
done is illustrated in Fig. 3. An automatic gain control
circuit determines the amplitude of the fetal electrocardio-
gram at the output of the amplifier, and uses this ampli-
tude to set the gain of that amplifier. This closed-loop

control system, therefore, results in a constant-amplitude
electrocardiogram appearing at the output of the amplifier
even though the actual signal from the fetal electrode at the
input might vary in amplitude from one patient to the next.
Using a simple threshold detector with this automatic gain
control will greatly improve the reliability of the fetal
monitor in detecting true fetal heartbeats. Often, instead
of using a simple threshold detector, a detector with
hysteresis is used to minimize multiple triggers in the
presence of noise. One can also use matched filters in
the amplifier to recognize only true QRS complexes. A peak
detector may be used to locate the true peak of the QRS
complex (the R wave) for better timing, and pattern-
recognition algorithms can be used to confirm that the
detected pulse is most likely to be a fetal heartbeat. Of
course, the best consideration for an accurate determina-
tion of the instantaneous fetal heart rate is to have a good
signal at the input to the electronic instrumentation. Thus,
care should always be taken to have the fetal electrode well
positioned on the fetal presenting part so that one has the
best possible input to the electronic system.

The cardiotachometer block of the fetal monitor deter-
mines the time interval between successive fetal QRS
complexes and calculates the heart rate for that interval
by taking the reciprocal of that time. Although it is obvious
that such a cardiotachometer can introduce errors when it
erroneously detects a noise pulse rather than a fetal QRS
complex, other errors resulting from the method of heart-
beat detection can exist. For a cardiotachometer to accu-
rately determine the heart rate, it must measure the time
interval over one complete cycle of the electrocardiogram.
In other words, it must detect each QRS complex at the
same point on the complex to ensure that the complete
cycle period has been recorded. If one beat is detected near
the peak of the R wave and the next beat is detected lower
on the QR segment, the beat-to-beat interval measured in
that case will be too short and the heart rate determined
from it will be slightly greater than it should be. Normally,
such a concern would be of only minimal significance,
because the Q-R interval of the fetal electrocardiogram is
short. However, because the variability in fetal heart rate
from one interval to the next may be important in inter-
preting the fetal heart rate pattern, detection problems of
this type can affect the apparent variability of the signal
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and, perhaps, influence the interpretation of the pattern.
The output from the cardiotachometer is recorded on one
channel of a strip chart recorder and is also often indicated
on a digital display. In both cases, the output is presented in
the units of beats per minute, and standard chart speeds of
1 and 3cm-mm™ ! are used.

Indirect Sensors of Fetal Heart Rate

Indirect methods of sensing the fetal heart rate involve
measurement of a physiologic variable related to the fetal
heartbeat from the surface of the maternal abdomen.
Unlike the fetal scalp ECG electrode, these methods are
noninvasive and can be used prior to committing the
patient to labor. The most frequently applied method is
transabdominal Doppler ultrasound. Lesser used techni-
ques involve transabdominal phonocardiography and elec-
trodiography. Each of these techniques will be described in
the paragraphs that follow.

Transabdominal Doppler Ultrasound. Ultrasonic energy
propagates relatively easily through soft tissue, and a
portion of it is reflected at surfaces where the acoustic
impedance of the tissue changes such as at interfaces
between different tissues. If such an interface is in motion
relative to the source of the ultrasound, the frequency of
the reflected signal radiation will be shifted from that of the
incident signal according to the Doppler effect. This prin-
ciple can be used to detect the fetal heartbeat from the
maternal abdominal surface. A beam of ultrasound is
passed through the abdomen from a transducer acousti-
cally coupled to the abdominal surface. Frequencies around
2MHz are generally used, because ultrasound of moderate
source energy at this frequency can penetrate deep enough
into the abdomen to sufficiently illuminate the fetus. Wher-
ever this ultrasound beam encounters an abrupt change in
tissue acoustical impedance, some of it is reflected back
toward the transducer. If the incident ultrasound illumi-
nates the fetal heart, some of it will be reflected from the
various heart-blood interfaces in this organ. Many of these
interfaces, such as the valve leaflets, experience periodic
movement at rhe rate of the cardiac cycle. In the case of the
valve leaflets, relatively high velocities can be obtained
during portions of the cardiac cycle. Ultrasound reflected
from these interfaces can, therefore, be significantly
shifted in frequency so that the reflected wave can be
identified at the maternal abdominal surface because of
its frequency shift. This frequency shift will be related to
the velocity of the reflecting surface and, hence, will be able
to indicate each fetal heartbeat. Thus, by detecting and
processing this reflected Doppler-shifted ultrasonic wave,
it is possible to determine each heartbeat and, hence, the
fetal heart rate.

A Dblock diagram of a typical indirect fetal heart rate
monitoring system using Doppler ultrasound is shown in
Fig. 4(b). As continuous wave ultrasound is used, separate
adjacent transducers are employed to establish the ultra-
sonic beam and detect the Doppler-shifted reflected waves.
The reflected ultrasound signal is mixed with the trans-
mitted wave, and beat frequencies are produced when a
Doppler shift in frequency occurs for the reflected wave.
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Figure 4. Block diagram of a Doppler ultrasound indirect fetal
heart rate monitor. [Reprinted with permission from CRC Press (6).]

This beat frequency is amplified and used to indicate the
occurrence of a heartbeat to a cardiotachometer. Many
monitors also provide this signal to a loudspeaker to assist
the clinical personnel in positioning the transducers for
optimal signal pickup or for auditory monitoring.

The reflected ultrasound signal is different from an
electrocardiogram, although it can also be used to identify
various events in the cardiac cycle. A typical signal is
illustrated in Fig. 5. Here one sees two principal peaks
per heartbeat, one corresponding to valve opening and the
other to valve closing. Actually, such signals can be quite
useful in measuring fetal systolic time intervals, but from
the standpoint of the cardiotachometer for determining
heart rate, they can create problems. If the cardiotach-
ometer is set to trigger at the peak of each wave it sees, as it
is for the electrocardiogram, it could measure two beats per
cardiac cycle and would give an erroneously high fetal
heart rate. One way to avoid this problem is to detect only
the first peak of the signal, and, once it is detected, to
disable the detection circuit for a period of time that is less
than the shortest expected beat-to-beat interval but longer
than the time necessary for the second Doppler-shifted
signal to occur. In this way, only one peak per cardiac
cycle will be registered.

A second, more sophisticated method for detecting the
fetal heartbeat involves the use of short-range autocorrela-
tion techniques. The monitor recognizes the beat signal
from the reflected wave for a given cardiac cycle and looks
for a signal that most closely correlates with this signal
over the period of time in which the next heartbeat is likely
to occur. The time interval between that time when the
initial wave was measured and the point of best correlation
corresponds to a beat-to-beat interval of the fetal heart.
Thus, instead of relying only on the peaks of the ultrasound
signal, this method looks at the entire signal and, there-
fore, is more accurate. Some manufacturers of commercial
fetal monitors claim their ultrasonic systems using this
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Figure 5. Illustration of the raw reflected ultrasound signal from the beating fetal heart in utero.
Note that two ultrasonic bursts occur per cardiac cycle.

type of autocorrelation technique can detect fetal heart-
beats as well as can be done by the direct electrocardio-
graphic technique.

The major limitations of the Doppler ultrasound tech-
nique are related to its sensitivity to movement. As the
Doppler effect will respond to movements of any tissue
interfaces illuminated by the ultrasound beam with respect
to the signal source, movement of the mother or fetus can
result in Doppler-shifted reflected waves that are stronger
than the cardiac signal, which, with artifact, can comple-
tely obliterate the signal of interest. Thus, this technique is
really only reliable when the patient is resting quietly, and
it often fails to provide reliable information in the active
phase of labor. The other movement-related problem is that
the fetus can move in utero so that the heart is no longer
illuminated by the ultrasound beam or the orientation of
the heart with respect to the ultrasonic beam is such that it
produces only a minimum. Doppler shift in the reflected
ultrasonic wave. Thus, while monitoring a patient, it some-
times necessary to reposition the ultrasonic sensors on the
maternal abdomen from time to time because of the move-
ment of the fetus.

Acoustic Pickup of the Fetal Heart. Until the advent of
electronic fetal monitoring, the standard method of detect-
ing the fetal heartbeat to measure the fetal heart rate was
to use a fetoscope. When the bell of this instrument was
firmly pressed against the maternal abdomen, fetal heart
sounds could be heard and the heart rate could be deter-
mined from them. The acoustic method of indirect fetal
heart monitoring follows the fetal heartbeat by a similar
technique (7). A sensitive contact microphone is placed on
the maternal abdomen over the point where the loudest
fetal heart sounds are heard with a fetoscope. The signal
picked up by this microphone is filtered to improve the
signal-to-noise ratio, and the resulting signal drives a
cardiotachometer to give the instantaneous fetal heart
rate. The acoustic signal from the fetal heart is similar
to the Doppler ultrasound signal in that it generally
has two components per heartbeat. The cardiotachometer
is set to trigger when the peak signal comes from the
acoustic transducer, so it is possible that two apparent
fetal heartbeats can exist for each cardiac cycle. Thus, as
was the case for the Doppler ultrasound, it is wise to have a
processing circuit that selects only the first of the two
heart sounds to trigger the cardiotachometer. Unlike the
ultrasonic Doppler signal, the fetal heart sounds produce

sharp pulses that are narrower so that the detection of the
time of the peak can be more precise. Thus, it is generally
more accurate to measure the beat-to-beat interval using
a peak detector with the acoustic signal than it is with the
Doppler ultrasound. The use of the electrocardiogram still
represents the best way to measure beat-to-beat cardiac
intervals.

The major limitation of the acoustic method of detecting
fetal heart sounds is the poor selectivity of the acoustic
transducer. It not only is sensitive to the fetal heart sounds,
but it will also respond to any other intraabdominal sounds
in its vicinity. Also, a finite sensitivity to environmental
sounds, exists which is an especially severe limitation for
patients in active labor on a busy, noisy delivery service.
For this reason, the acoustic method is limited primarily to
patients who can lie quietly in a quiet environment to be
monitored. The advent and use of the home-like labor/
delivery rooms has helped to create an atmosphere that
is more conducive to acoustic fetal heart monitoring, yet it
is still not a widely applied approach.

The acoustic technique also has the limitation that
when used for antepartum (before labor and delivery)
monitoring the fetus can move such that the microphone
is no longer ideally positioned to pick up the fetal heart
sounds. Thus, it is frequently necessary to relocate the
microphone on the maternal abdomen with this monitoring
approach.

The major advantages of the acoustic method lie in
the fact that not only is there better accuracy in deter-
mining the instantaneous fetal heart rate, but unlike the
ultrasound method, which must illuminate the fetus with
ultrasonic energy, the acoustic method derives its energy
entirely from the fetus, and no possibility exists of placing
the fetus at risk due to exogenous energy. As a result,
investigators have considered the possibility of using the
acoustic method for monitoring the high-risk fetus at
home (8).

Abdominal Electrocardiogram. Although the fetus is
bathed in amniotic fluid located within the electrically
conductive uterus and maternal abdomen, one can still
see small potentials on the surface of the maternal abodo-
men that correspond to the fetal electrocardiogram. These
signals are generally very weak, ranging in amplitude from
50 to 300 V. Methods of obtaining the abdominal fetal
electrocardiogram and clinical application of the infor-
mation have been known for many years as described by
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Larks (9), yet signal quality remains a major problem.
Nevertheless, some methods of improving the quality of
the signal have been developed. These methods can allow a
much more detailed fetal electrocardiogram to be obtained
from the maternal abdomen under ideal conditions, and
such electrocardiograms can be used in some cases for
more detailed diagnosis than from just looking at heart
rate. One of these methods involves applying signal-
averaging techniques to several subsequent fetal heart-
beats using the fetal R wave as the time reference (10). In
this way, the full P-QRS-T wave configuration can be shown,
but heart rate information and its variability will be lost.

As the fetal electrocardiogram at the maternal abdom-
inal surface is very weak, it is easy for other signals and
noise to provide sufficient interference to completely oblit-
erate the fetal signal. Having the subject rest quietly
during the examination and removing the stratum cor-
neum of the skin at the electrode sites can reduce noise due
to motion artifact and electromyograms from the abdom-
inal muscles. Nevertheless, one major interference source
exists that requires other types of signal processing to
eliminate. This source is the component of the maternal
electrocardiogram seen on the abdominal leads. This signal
is generally considerably higher in amplitude than the
fetal signal. Thus, observation of the fetal electrocardio-
gram could be greatly improved by the elimination or at
least the reduction of the maternal signal. One method of
reducing this signal involves simultaneously recording the
maternal electrocardiogram from chest electrodes and sub-
tracting an appropriate component of this signal from the
abdominal lead so that only the fetal signal remains. Under
idealized circumstances, this process can give a greatly
improved abdominal fetal electrocardiogram, but the con-
ditions for subtraction of the maternal signal are likely to
vary during a recording session so that frequent adjust-
ments may be necessary to maintain the absence of the
maternal signal (11).

The abdominal fetal electrocardiogram can be used for
antepartum fetal heart monitoring. In this case, the goal
of the instrumentation is to collect fetal R-R intervals
as done with the direct monitoring of the fetal electro-
cardiogram and to determine the instantaneous heart
rate from these intervals, which strong maternal compo-
nent in the abdominal fetal electrocardiogram can make a
very difficult task electronically, and so most abdominal
fetal electrocardiogram fetal heart rate monitors need to
eliminate the maternal component of the abdominal sig-
nal. The substraction method described in the previous
paragraph would be ideal for this purpose because if fetal
and maternal heartbeats occur in approximately the
same time, subtracting the maternal component should
leave the fetal component unaffected. Unfortunately,
because the conditions under which the maternal compo-
nent is added to the fetal signal change from one minute to
the next, it is not always practical to use this subtraction
technique. Thus, a simpler technique that loses more
information is used.

A typical abdominal fetal electrocardiogram is shown in
Fig. 6 (lower panel) along with a direct fetal electrocardio-
gram taken from a scalp electrode and the maternal elec-
trocardiogram taken from a chest lead. In the abdominal
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Figure 6. An example of a fetal electrocardiogram as obtained
from the maternal abdomen. F, fetal QRS complexes; M, maternal
QRS complexes. The direct fetal electrocardiogram and maternal
electrocardiogram are recorded simultaneously for comparison.
[Reprinted with permission from CRC Press (6).]

fetal electrocardiogram, fetal heartbeats are indicated by F
and maternal heartbeats by M. Note that some beats exist
where the fetal and maternal heartbeats occur at the same
time. The strategy of the abdominal fetal electrocardio-
gram/fetal heart rate monitor is to monitor two signals, the
maternal electrocardiogram from a chest lead and the fetal
and maternal electrocardiograms from an abdominal lead.
As shown in the block diagram in Fig. 7, the maternal
electrocardiogram triggers a gate such that the input from
the abdominal lead is interrupted every time a maternal
beat occurs. Thus, this process eliminates the maternal
component from the abdominal signal, but it can also
eliminate a fetal QRS complex if it occurs at a time close
to or during the maternal QRS complex. Thus, the cardi-
otachometer estimates the intervals where one or more
fetal beats is missing. Due to the random relationship
between maternal and fetal heartbeats, it is most likely
that only one fetal beat would be missing at a time because
of this mechanism, and so when maternal and fetal beats
coincide, the fetal R-R interval should be approximately
double the previous interval. Some monitors look for this
condition and imply that it is the result of simultaneous
maternal and fetal beats. The monitor, therefore, artifi-
cially introduces a fetal beat at the time of the maternal
beat so that an abrupt (and presumably incorrect) change
in the fetal heart rate will not occur.

Although such processing of the fetal signal makes
the resulting heart rate recordings appear to have less
artifact, this technique can loose some important infor-
mation. For example, if the fetus suffers from a cardiac
arrhythmia such as second-degree heart block, in which
the fetal heart can miss a beat every so often, the monitor
would reintroduce the missing beat, and this arrhythmia
would not be detected. The principal advantage of the
abdominal electrocardiogram method of fetal heart rate
monitoring is that it can, under optimal conditions, pro-
vide the closest indirect observation of the fetal heart
rate as compared with direct observations. No risk to
the patient exists from this procedure, and inexpensive
disposable electrodes can be used as the sensors.
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Figure 7. Block diagram of a monitor for processing the abdominal electrocardiogram shown in
Fig. 6 using the anticoincidence detector method. [Reprinted with permission from CRC Press (6).]

The limitations of this method include its being based on
a very weak signal in an environment that can contain a
great amount of artifact. Thus, low signal-to-noise ratios
are frequently encountered. Patients must be resting
quietly for the method to work. Furthermore, electrodes
must be optimally placed for good results, which requires
some experimentation with different electrode sites, and
skill is required on the part of the user in finding optimal
electrode positions for a particular patient. Various signal
processing techniques have been used over the years to get
amore reliable fetal signal from the abdominal surface, but
most of these techniques only improve signal quality under
very special circumstances (12,13).

UTERINE CONTRACTIONS

Although the fetal heart rate is an important fetal variable
for clinical monitoring, an equally important maternal
variable is uterine activity. In fetal monitoring, one must
detect the occurrence of uterine contractions, their fre-
quency, their duration, and their intensity. As was the
case with the fetal heart rate, it is possible to monitor
uterine contractions by both direct methods and indirect
methods.

Direct Monitoring of Uterine Contractions

Uterine contractions are periodic coordinated contractions
of the myometrium, the muscle of the uterine wall. In an
ideal method of direct measurement of uterine contrac-
tions, the tension and displacement of the myometrium
would be measured, but this measurement cannot be done
for routine fetal monitoring as only invasive methods of
making this measurement exist. Uterine contractions,
however, are reflected in increases in hydrostatic pressure
of the amniotic fluid within the pregnant uterus. If this
fluid is continuous and in a closed system, pressure
increases resulting from uterine contractions should be
seen throughout the amniotic fluid and should be related
to the overall strength of the contraction but not necessa-

rily to the tension at any one particular location in the
myometrium.

The pressure change in the amniotic fluid during a
contraction can be measured directly by coupling the
amniotic fluid to a manometer, which consists of an elec-
trical pressure sensor and the appropriate electronic cir-
cuitry for processing and indicating or recording the
measured pressure. Intrauterine pressure can be mea-
sured by placing the pressure sensor directly in the amnio-
tic fluid or by using a fluid-filled catheter to couple the
amniotic fluid to an external pressure sensor. This latter
method is the method most frequently employed in clinical
fetal monitoring. The catheter used for coupling the amnio-
tic fluid to an external pressure sensor can be placed only
when the membranes surrounding the fetus have been
ruptured, which should only be done if the patient is in
labor. Unfortunately, rupture of the fetal membranes
sometimes occurs spontaneously before the patient goes
into labor or when the patient is in premature labor. It
is unwise to place a catheter under these circumstances
unless labor will be induced and the patient will deliver
within 24 h. The reason is that the catheter can serve as a
conduit for introducing infectious agents into the uterus or
such agents can be introduced during the process of placing
the catheter. When the distal tip of the catheter is within
the amniotic fluid and its proximal end is connected to a
pressure sensor at the same elevation as the distal end, the
pressure seen at the sensor will, according to Pascal’s law,
be the same as that in the amniotic fluid. Thus, when a
contraction occurs, the pressure increase will be trans-
mitted along the catheter to the external pressure sensor.

Although the fluid-filled catheter provides a direct con-
duit from the amniotic fluid to the externally located
pressure sensor, it can also be responsible for measurement
errors. As was pointed out earlier, the proximal and distal
ends of the catheter must be at the same level if one is to
avoid the gravitational hydrostatic errors that give incor-
rect baseline pressure readings. Pascal’s law applies only
to the static solution where no fluid movement exists in
the system. Once fluid movement occurs in the catheter,
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pressure drops along the length of the catheter can result.
Such fluid movement can occur when a small leak in the
plumbing system exists at the sensor end of the catheter.
Movement of the catheter itself or of the patient with
respect to the pressure sensor can also produce alterations
in the observed dynamic pressure. The most serious viola-
tion of Pascal’s law is that once the fetal membranes have
been ruptured, a truly closed system no longer exists. The
fetal head or other presenting part approximated against
the cervix does, indeed, isolate the intrauterine amniotic
fluid from the outside world, but amniotic fluid can leak
through the cervix, thus, no longer providing a static
situation. Furthermore, after membranes have been rup-
tured, the total amount of amniotic fluid in the uterine
cavity is reduced. It is possible that there might be local
non-communicating pools of amniotic fluid delineated by
fetal parts on one side and by the uterine wall on the other.
The pressure in one of these isolated pools possibly can be
different from that of another. The measured pressure
will, therefore, be dependent on which pool contains the
distal tip of the catheter. A statistical study by Knoke et
al. has shown that when three identical catheters are
placed in the pregnant uterus, the pressure measured
by each can be considerably different, and differences of
more than 10mmHg (1.3kPa) can be seen between dif-
ferent sensors (14), which is probably due to the fact that
the distal tip of each catheter is located in a different part
of the uterus and is coupled to a pocket of amniotic fluid
at a different pressure.

Other problems exist that can affect the quality of
intrauterine pressure measurement with the catheter-
external sensor method. Poor recordings are obtained
when catheter when catheter placement is not optimal
and when limited communication exists between the fluid
in the catheter and the intrauterine amniotic fluid. Many
catheters in use today have a single hole either in the end
or at the side of the catheter that communicates with the
amniotic fluid. Mucus or vernix caseosa (a substance of a
consistency similar to soft cheese that is found on the fetus)
can obstruct or partially obstruct this opening resulting in
poor quality recordings. When the distal tip of an open-
ended intrauterine catheter becomes obstructed, the
obstruction can frequently be “blown” off by forcing fluid
through the catheter. In practice, this procedure is done by
attaching a syringe filled with normal physiologic saline at
the proximal end of the catheter near the pressure sensor
and introducing fluid into the catheter when an obstruction
is suspected.

It is possible to minimize these obstruction problems by
modifying the catheter (15). Increasing the number of
openings at the catheter tip is one of the simplest ways
of minimizing obstructions. By placing an open-celled
sponge on the catheter tip, it is possible to obtain a greater
surface area in contact with the amniotic fluid because of
the multiple openings of the sponge, which also tends to
keep the tip of the catheter away from fetal or uterine
structures, minimizing the possibility of complete obstruc-
tion or injury to the fetus. A small balloon placed at the
distal tip of the catheter will prevent the fluid in the
catheter from making actual contact with the amniotic
fluid, and so this interface cannot be obstructed. As the

wall of the balloon is flexible, the pressure in the fluid
within the balloon will be equal to the pressure in the
fluid surrounding the balloon plus the pressure resulting
from the tension in the balloon wall itself. This system,
however, has the disadvantage that it will respond to a
direct force on the balloon as well as to hydrostatic pres-
sure in the fluid outside of the balloon; thus, fetal move-
ments or the entrapment of the balloon between the fetus
and the uterine wall during a contraction can lead to
erroneous pressure measurements.

Interuterine pressure can be directly measured using a
miniature pressure sensor that can be placed in the intrau-
terine cavity (16). These devices are based on a miniature
silicon pressure sensor that can be placed on the tip of a
probe that has a similar appearance to an intrauterine
catheter. In some cases, the probe at the catheter tip is no
longer than the catheter itself, so the method of placement
is the same as that used for the catheter. The advantage of
the intrauterine pressure sensor is its location within the
uterine cavity, which aviods artifact introduced by the
fluid-filled catheter, and the problem of zeroing the pres-
sure measurement system due to elevation differences is
avoided because the sensor is at the pressure source.
Investigators have compared the performance of intrau-
terine sensors with that of intrauterine catheters and have
found the newer devices to provide equivalent data to the
previously accepted technology (17).

Indirect Monitoring of Uterine Contractions

The clinician is able to sense uterine contractions by pal-
pating (feeling) the maternal abdomen. Indirect uterine
contraction sensors known as tocodynamometers are elec-
trical sensors for doing the same thing. The basic principle
of operation of these sensors is to press against the abdo-
men to measure the firmness of the underlying tissues. A
contracting muscle will feel much more firm than a relaxed
one. Most tocodynamometers carry out this function by
pressing a probe against the abdomen and measuring its
displacement.

The construction of a typical tocodynamometer is shown
in Fig. 8. The sensor is held in place against the surface of
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Figure 8. Schematic cross-sectional view of a tocodynamometer.
[Reprinted with permission from CRC Press (6).]



the abdomen with an elastic strap. A movable probe pro-
trudes beyond the surface of the sensor so that it causes a
slight indentation in the abdominal wall. It is loaded by a
spring, which makes it somewhat compliant; it can be either
extended further into the abdominal wall or retracted into
the body of the sensor depending on the firmness of the
tissue of the abdominal wall under the probe. In some
tocodynamometers, the spring tension, and hence the force
that the probe exerts on the abdomen wall, can be adjusted
by means of a small knob so that optimal operation of the
sensor can be achieved. What a uterine contraction occurs,
the abdominal wall will become tense, and it tends to push
the probe back into the housing of the tocodynamometer.
Following the contraction, the spring is again able to push
the probe deeper into the abdomen. In some tocodynam-
ometers this actual movement is very slight, whereas in
others it can be as great as a few millimeters.

A displacement sensor inside the tocodynamometer
provides an electrical signal proportional to the position
of the probe. This displacement reflects myometrial activ-
ity. Different types of displacement sensors can be used in
tocodynamometers. Including a strain gage on a cantilever
arm, mutual inductance coils, a linear variable differential
transformer, or a piezoelectric crystal.

The principal advantage of the tocodynamometer is the
noninvasive way in which it measures uterine contrac-
tions. It is the only method that can be safely used before
the patient is in active labor. It has serious limitations,
however, in the quantitative assessment of labor. The
method can be used only to quantitatively determine the
frequency and duration of uterine contractions. Its output
is only qualitative with respect to the strength of the
contractions. Signal levels seen are a function of the posi-
tion of the sensor on the maternal abdomen and the tension
of the belt holding it in place. Signal amplitudes are also
strongly related to maternal anatomy, and the method is
virtually useless in obese patients. Many patients in active
labor complain that the use of the tocodynamometer with a
tight belt is uncomfortable and irritating.

Electronic Signal Processing

A block diagram for the uterine contraction channel of an
electronic fetal monitor is illustrated in Fig. 9. The sensor
can be either an internal or external pressure transducer or
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a tocodynamometer. Signals are sometimes filtered in the
amplifier stages of the monitor because the uterine con-
traction information includes only dc and very low ac
frequencies. Nevertheless, filtering is generally not neces-
sary for high quality signals, and often the presence of
artifact due to breathing movements of the patient is useful
in demonstrating that the pressure measuring system is
functional.

In some cases, it is necessary to adjust the baseline
pressure to establish a zero reference pressure when using
the monitor. In the case of direct uterine contraction
monitoring when a single pressure sensor is always used
with the same monitor, this adjustment should be made by
the manufacturer, and additional adjustment should not be
necessary. As a matter of fact, making such a zero-level
adjustment control available to the operator of the monitor
runs the risk of having significantly altered baseline pres-
sures that can affect the interpretation of uterine basal
tone. The adjustment of a zero-level control should not
replace the requirement of having the proximal and distal
end of the fluid-filled catheter at the same level. It is far
better to adjust zero levels in uterine pressure monitoring
by raising or lowering the external pressure transducer
than by adjusting the electrical zero. On the other hand,
when the tocodynamometer is used, no physiologically
significant zero level exists. It is not possible to establish
uterine basal tone with a tocodynamometer. Baseline
levels are frequently dependent on how the tocodynam-
ometer is attached to the patient and the structure of the
sensor itself. In this case, it is reasonable to adjust
the baseline level between uterine contractions so that
the tracing conveniently fits on the chart. When doing
S0, it is important that the chart indicates that the uterine
contractions were measured using a tocodynamometer so
that the individual reading the chart does not ascribe
inappropriate information to the baseline.

Uterine Electromyogram

The uterus is a muscle, and electrical signals are associated
with its contraction as they are for any kind of muscle.
These signals can be detected from electrodes on the
maternal abdomen or the uterine cervix during uterine
contractions. Garfield and others have studied these sig-
nals and suggested that they might be useful in managing

Amplifier Low-pass Chart

sensor

filter recorder
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Figure 9. Block diagram of the signal processing electronics for intrauterine pressure measurement.
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patients during pregnancy and, perhaps, even during labor
(18-20). These techniques are still experimental and not
yet ready for clinical application. Nevertheless, they offer a
new approach to assessing uterine activity and the possi-
bility of differentiating contractions leading to cervical
dilatation from those that are nonprogressive.

THE FETAL CARDIOTOCOGRAPH

Electronic fetal monitoring is accomplished using a fetal
cardiotocograph, such as illustrated in Fig. 10, which is
basically a two-channel instrument with a two-channel
chart recorder as the output indicator. One of the channels
records the fetal heart rate, whereas the second channel
records the uterine contractions. Most cardiotocographs
are capable of accepting direct or indirect signals as inputs
for each channel, although specialized monitors for ante-
partum assessment have only the indirect signal input
capability. To aid clinicians in interpreting monitored pat-
terns, most instruments use chart paper that is 70 mm
wide for the fetal heart rate channel and calibrated from
30 to 240 beats-min'. The uterine contraction channel is
40 mm wide and calibrated with a scale from 0to 100. The
scale is only qualitative when a tocodynamometer is the
input source, but corresponds to the pressure in milli-
meters of mercury when direct sensors of uterine contrac-
tions are used. The standard speeds for the chart paper are
1 or 3cm/min. The use of a standardized chart and chart
speed results in fetal heart rate—uterine contraction pat-
terns that appear the same no matter what monitoring
device is used—which is important because cardiotoco-
grams are read by visually recognizing patterns on the
chart. Changing the chart speed and scale significantly
changes the appearance of the patterns even though the
data remain unchanged. Thus, a clinician would have to
learn to interpret patterns from each of the different types
of monitors used if they each had different chart speeds and
scales, because the same pattern can appear quite different
when the chart speed or signal amplitude is changed.

Information Obtained from Fetal Cardiotocography

In interpreting a cardiotocogram, a clinician considers the
heart rate and uterine contraction information separately

0000’
—

Figure 10. A commercially available fetal cardiotocograph.
(Courtesy of Portage Health System, Hancock, Michigan.)

as well as the interaction between the two signals. The
frequency, duraction, and, in the case of direct monitoring,
amplitude and baseline information have already been
discussed. Similar types of information can be obtained
from the directly and indirectly monitored fetal heart rate
recordings. Specifically in the fetal heart rate channel, one
looks for the average baseline value of the fetal heart rate,
which should generally be in the range 120-160 beats-min !
and when outside of this range can be cause for concern.
The beat-to-beat variability of the fetal heart rate can also
be an important indicator of fetal condition, and so the use
of an instantaneous cardiotachometer in a cardiotocograph
is mandatory. Certain recurring patterns in the fetal heart
rate recording can also be important indicators of fetal
condition. Sinusoidally varying fetal heart rate has been
described as an ominous sign (21), and sometimes fetal
cardiac arrhythmias can be detected by observing the heart
rate pattern.

The information that is most frequently obtained from
the cardiotocogram and applied clinically comes from both
the heart rate and uterine contraction channels and is
concerned with the relationship between these two signals.
One can consider a uterine contraction as a stress applied
to the fetus and the resulting changes in the fetal heart rate
as the response to this stress. When the changes occur in
direct relationship to the uterine contractions, they are
referred to as periodic changes in the fetal heart rate.
Several possibilities exist for fetal heart rate changes dur-
ing and following a uterine contraction. One can see no
change, an acceleration, or a deceleration in the fetal heart
rate. In the case of decelerations, three basic patterns are
seen, and representative examples of these are shown in
Fig. 11. The different patterns are characterized by
the shape of the deceleration curve and the temporal rela-
tionship of its onset and conclusion with the uterine con-
traction.

Early decelerations begin during the rising phase of the
uterine contraction and return to baseline during the fall-
ing phase. They frequently appear to be almost the inverse
of the uterine contraction waveform. Periodic decelerations
of this type are thought to not represent a serious clinical
problems.

Late decelerations refer to fetal heart rate decelerations
that begin during a utterine contraction but late in the
duration of that contraction. The rate of heart rate descent
is not rapid, and the deceleration lasts beyond the end of
the contraction and then slowly returns to baseline. Such
patterns sometimes can be associated with fetal distress,
although they should not be considered definitive of fetal
distress.

The third type of periodic deceleration of the fetal heart
rate is known as a variable deceleration. In this pattern,
the deceleration of heart rate is sharp and can occur either
early or late in the duration of the uterine contraction.
Following the contraction, a rapid return to baseline values
occurs. Sometimes one sees rapid return to baseline while
the uterus is still contracting and then a rpaid fall back to
the reduced heart rate. Variable decelerations have a flat
“U” shape, whereas early and late decelerations represent
a more smooth curve that could be characterized as shaped
as the letter “V” with the negative peak rounded. Variable
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Figure 11. Examples of fetal cardiotocograms showing the three
basic patterns: (a) early deceleration, (b) late deceleration, and (c)
variable deceleration.

decelerations can be sometimes associated with involve-
ment of the umbilical cord, and, in some cases, they can
indicate the presence of fetal distress. As more recent
clinical studies have shown that a simple relationship
between late and variable decelerations and fetal compro-
mise, does not exist these patterns are not considered to
indicate fetal distress as they once were. Now clinicians
refer to them as being “nonreassuring,” and their presence
should encourage the application of other clinical measures
to evaluate the fetus.

These basic thoughts for interpreting the fetal cardio-
tocogram are very elementary and should not be used for
diagnostic purposes. The reader is referred to the current
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obstetrical literature for more detailed descriptions of fetal
cardiotocogram and their clinical significance.

Clinical Applications of Fetal Cardiotocography

Electronic fetal monitoring can be applied during the
antepartum (before labor and delivery) and intraparturn
(during labor and delivery) periods of pregnancy. In the
anterpartum period, only indirect methods of fetal mon-
itoring can be used. A primary application of fetal cardi-
otocography in this period is in nonstress testing. In this
test, a cardiotocograph is applied to a patient who is resting
quietly. In the United States, the ultrasonic Doppler
method of detecting the fetal heart rate and the tocody-
namometer are the sensors of choice. The patient is mon-
itored for 1-2h, and the cardiotocogram is examined for
spontaneously occurring uterine contractions of fetal
movements, which can also be indicated by the tocodynam-
ometer. In some cases, the mother is asked to activate an
event marker on the chart when she feels a fetal move-
ment. The response of the fetal heart rate to these stimuli is
noted in interpreting the cardiotocogram. In a reactive
nonstress test, a response to these stimuli occurs, which
is usually in the form of a brief fetal heart rate acceleration
following the uterine contraction or fetal movement.
Although nonstress testing is not routinely applied to
apparently normal pregnancies, it is indicated for compli-
cations of pregnancy such as maternal diabetes, Rh sensi-
tization, intrauterine growth retardation , decreased fetal
movement, known fetal anomalies, oligohydrainnios or
poly-hydramnios (too little or too much amniotic fluid),
pregnancy-induced hypertension, pregnancy lasting
beyond the normal 40 weeks, and other maternal and fetal
complications.

A second antepartum test involving fetal cardiotocogra-
phy is the oxytocin challenge test, which is usually applied
when the nonstress test yields positive results, such as
when fetal heart rate decelerations follow spontaneous
uterine contractions or fetal movements. In this test, the
patient is given intravenous oxytocin, a hormone that
stimulates uterine contractions. The response of the fetal
heart rate to the induced contractions is then examined,
looking for the periodic changes described before.

Intrapartum monitoring of the fetal heart and uterine
contractions can be carried out using the indirect techni-
ques in early labor with the direct techniques applied
during active labor. The indications for intrapartum fetal
monitoring are controversial. Some obstetricians feel that
all labors should be monitored whether they are compli-
cated or not, whereas others feel that only those patients
considered being at risk should have monitors. As monitor-
ing is no longer considered to give a definitive diagnosis of
fetal distress, some clinicians find it of little value and to
not make use of the technology. As internal monitoring
gives the most efficacious results, this modality is recom-
mended in cases when it can be applied and the indirect
methods do not give satisfactory results. Otherwise, indirect
methods can be used as long as they give readable results.

The preceding paragraphs describe fetal cardiotocogra-
phy as clinically applied in most major medical centers.
Although this technology has the advantage of providing
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continuous surveillance of the mother and fetus, it also has
some limitations that prevent if from providing optimal
information to obtain the earliest indications of fetal or
maternal problems. The major limitation is in the data.
Although uterine contractions provide a good indication
of the intensity of labor, they do not necessarily indicate
its effectiveness in dilating the cervix and expelling the
fetus. If, in addition to uterine contractions, one should
monitor whether labor is progressing, better information
about some maternal aspects of labor and delivery could
be obtained.

A similar argument can be made for the use of the fetal
heart rate as the primary variable for evaluating the status
of the fetus. Heart rate is a very non specific variable, and,
in same cases, the fetus must be seriously compromised
before any problem is detected by the heart rate. The goal of
fetal monitoring as mentioned at the beginning of this
article is to make certain that vital organs such as the
fetal brain are adequately perfused so as to receive neces-
sary nutrients and oxygen. Although the heart rate is
related, it is not the principal variable for determining this
perfusion.

Accepting these principal limitations for the variables
measured, limitations still exist to the practical application
of the cardiotocograph. Sensor placement, especially for
indirect monitoring, is important for optimal recordings.
The operator of the instrumentation, therefore, must be
skilled in determining the best placement for the sensors.
Most cardiotocographs are connected to the sensors on the
patients by wires and catheters. Although this method is
quite adequate while the patient is in bed, it can become
quite inconvenient when it is necessary to transfer the
patient to another location or to have the patient stand
up and walk around. Many of these problems have been
overcome by the use of biotelemetry for fetal monitoring (see
Biotelemetry).

A final limitation of fetal cardiotocography is associated
with the fact that some of the monitored patterns are not
easily recognized and interpreted, which means that dif-
ferent clinicians looking at the data can see different
things, lead to uncertain diagnoses. Periodic decelerations
are usually not as clear, as illustrated in Fig. 11. Again,
experience is an important factor here. Even when pat-
terns can be readily determined, the relationship between
certain patterns and pathology is not completely clear. As
is so often the case medicine, one can only suggest from
monitored tracets that certain problems might be present,
and other tests need to be performed for confirmation.

OTHER METHODS OF FETAL MONITORING

Although the cardiotocogram is the usual method used to
monitor the fetus, other techniques have been developed
and experimentally employed to more accurately assess
fetal status during the antepartum and intrapartum per-
iods. One of these techniques, fetal microblood analysis is
routinely used at major medical centers that care for
patients deemed to have high risk pregnancies; the other
techniques are still experimental or relatively new and have
not enjoyed routine application at the time of this writing.

Fetal Microblood Analysis

About the time when electronic fetal monitoring was devel-
oped, Saling (22) was working on a new technique for
taking a small sample of fetal capillary blood during active
labor and measuring its hydrogen ion activity. This tech-
nique, known as fetal microblood analysis, made it possible
to determine whether acidosis that could be associated
with fetal distress was present during the labor. The
technique involves observing a portion of the fetal present-
ing part (usually the scalp) through the cervix using a
vaginal endoscope. By cleaning this portion of fetal skin
and even, in some cases, shaving a small amount of hair
from the scalp, the obstetrician is able to make a small
superifical incision in the skin using a scalpel blade. A
droplet of capillary blood will form at this site, and it can be
collected in a miniature heparinized glass pipet. Generally,
100-300 p.L of blood can be collected in this way. The blood
sample is transferred to a special instrument designed to
measure the pH of very small blood specimens. This instru-
ment can be a part of a more extensive blood gas analysis
instruments in a blood gas laboratory or it can be a rela-
tively simple bedside device that uses disposable pH sensor
cartrnidges. In either case, it is possible to measure the pH
of this small sample and get the results back to the clinician
within a few minutes of collecting the sample.

Chronic hypoxia can cause tissue and, hence, blood pH
to drop as a result of the formation of acidic products of
anaerobic metabolism such as lactic acid. Thus, if a blood
sample is found to have a low pH (most clinical guidelines
say lower than 7.2 or in some cases 7.15), it is possible that
the fetus is experiencing some form of distress. Often, this
technique is used in conjunction with fetal cardiotocogra-
phy. When the cardiotocograph indicates possible fetal
distress, such as when late decelerations are seen, the
clinician can get a better idea as to whether distress is
indeed present by performing a fetal microblood analysis. If
the results indicate acidosis, the probability of actual fetal
distress is higher, and appropriate actions can be taken.

A major limitation of the Saling technique is that it gives
only an indication of the fetal acid-base status at the time
the blood sample was taken. It would be far better to have a
continuous or quasi-continuous measure of fetal tissue pH.
Stamm et al. (23) have described a technique in which a
miniature glass pH sensor is placed in the fetal scalp
during active labor. This sensor can continuously record
the pH of the fetal scalp. Clinical studies of this technique
have shown that a drop in fetal tissue pH can occur along
with a cardiotocographic indication of fetal distress (24).
The major limitation of this as yet experimental technique
is technical. The sensor is fragile, and it is not always
possible to obtain efficacious recordings from it. Other
sensor are under development in an attempt to overcome
some of these limitations (25), yet this technique remains
experimental due to the lack of practical devices.

Monitoring of Fetal Blood Gases

Many investigators have been interested in developing tech-
nology to continuously monitor fetal oxygenation during
active labor and delivery. A review of some of the earlier
techniques showed different types of oxygen sensors that



could be placed in the fetal scalp using structures similar to
electrodes for directly obtaining the fetal electrocardiogram.
Investigators also have used transcutaneous oxygen sensors
on the fetus (26), and the most recent approach has been the
uses of fetal pulse oximetry (27-29). In the transcutaneous
oxygen case (see Blood Gas Measurement, Transcutaneous),
a miniature sensor is attached to the fetal scalp once the
cervix has dilated enough to make this physically possible,
and fetal membranes have been ruptured. The technique is
considerably more difficult than that for neonates, and it is
important to have a preparation where the sensor surface is
well approximated to the feal skin so no chance exists for
environmental air to enter the electrode, as fetal Pos is much
lower than that of the air. Most investigators who use this
technique experimentally find that gluing the sensor to a
shaved region of fetal scalp is the best technique to maintain
contact (26).

Fetal pulse oximetry is performed in a similar way, but
the sensor probe does not have to be physically fixed to the
fetus as was the case for the transcutaneous oxygen tension
measurement described above (27-29). Instead, the probe
is a flat, flexible structure that contains ligh-emitting
diodes at two different wavelengths and photodetector
for sensing the reflected light. It is slid between the fetal
head and the cervix once the head is engaged and mem-
branes have been ruptured and is oriented so that the light
sources and detector are pressed against the fetal skin by
the uterine wall. The reflected light at each wavelength
will vary in intensity as the blood volume in the fetal tissue
changes over the cardiac cycle. As with the routine clinical
pulse oximeter, the ratio of amplitudes of the reflected light
at the different wavelengths is used to determine the
oxygen saturation of the fetal arterial blood.

Recent improvements in the technology of making
transcutaneous carbon dioxide sensors have allowed min-
iature transcutaneous sensors to be built in the laboratory.
These have been applied to the fetus during active labor to
continuously measure carbon dioxide tensions (30). All of
these transcutaneous methods of measuring fetal blood
gases are experimental at the time of this writing and
have limitations regarding the technique of application
and the quality of recorded information. Nevertheless, they
present an interesting new approach to monitoring the
fetus using variables more closely related to fetal metabo-
lism and, hence, with greater potential for accurately
detecting fetal distress.

Fetal Activity and Movements

The amount of time that the fetus spends in different activity
states may be an important indicator of fetal condition. The
fetus, as does the neonate, spends time in different activity
states. Part of the time it may be awake and active, moving
around in the uterus; at other times, it may be quiet and
resting or sleeping. By establishing norms for the percentage
of time that the fetus spends in these states, one can measure
the activity of a particular fetus over a period of time and
determine whether it falls within the normal classifications
as a means of evaluating fetal condition.

One of the simplest ways to measure fetal activity is
to have the mother indicate whether she feels fetal
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movements over a period of time, which can be done and
recorded for several days as an assessment of fetal well-
being. Fetal movements can also be detected by tocody-
namometers. If the fetus is located under the probe of a
tocodynamometer and moves or kicks, it can be detected as
a short-duration pulse of activity on the chart recording
from the sensor. Maternal movements can appear on this
sensor as well, and so it is not easy to differentiate between
the two. Timor-Trich et al. have developed a technique
using two tocodynamometers to minimize this problem
(31). By placing one over the fundus of the uterus and
the second at a lower level, and recording the signals on
adjacent channels of a chart recorder, fetal movements
very often either are seen only on one sensor or produce
pulses of opposite sign on the two sensors. Maternal move-
ments, on the other hand, are usually seen on both sensors
and are similar in shape and sign.

One of the most elegant methods of measuring fetal
movements is to directly observe these movements using
real-time ultrasonic imaging (see Ultrasonic Imaging). The
main limitation of this technique is that an ultrasono-
grapher must continuously operate the apparatus and
reposition the ultrasonic transducer to maintain the best
image. It also requires the subject to rest quietly during the
examination. Although not believed to be a problem, no
definite evidence currently exists that long-term exposure
of the fetus to ultrasonic energy is completely safe.

One special type of fetal movement that is of interest to
obstetricians is fetal breathing movement. The fetus goes
through periods of in utero movement that are very similar
to breathing movements. The relative percentage of these
movements during a period of time may be indicative of
fetal condition (32). Such movements can be observed
using real-time ultrasound as described above. One can
also select specific points on the chest and abdomen and use
the ultrasonic instrument to record movements of these
points as a function of time as one does for echocardiogra-
phy (see Echocardiography). Measurement of fetal breathing
movements by this technique also requires an experienced
ultrasonographer to operate and position the instrumenta-
tion during examinations. For this reason, it is not a very
practical technique for routine clinical application.

Fetal Electroencephalography

As one of the principal objectives of fetal monitoring is to
determine if conditions are adequate to maintain fetal
brain function, it is logical to consider a measure of this
function as an appropriate measurement variable. The
electroencephalogram (EEG) is one such measure that is
routinely used in the neurological evaluation of patients.
The EEG from the fetus during labor has been measured
and shown to undergo changes commensurate with other
indicators of fetal distress during labor and delivery
(33,34). The monitoring of fetal EEG involves placement
of two electrodes on the fetal scalp and measurement of the
differential signal between them. These electrodes can be
similar to the electrodes used for detecting the fetal electro-
cardiogram, or they can be electrodes especially designed for
EEG. Of course, when either of these electrodes is used in the
unipolar mode, the fetal electrocardiogram can be obtained.
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Rosen et al. obtained good-quality fetal EEG recordings using
a specially designed suction electrode (34). By observation of
configurational or power spectrum changesinthe EEG, it may
be possible to indicate conditions of fetal distress.

Continuous Monitoring of Cervical Dilatation

In the routine method used to assess the progress of labor,
the examiner places his or her fingers in the vagina and
feels the uterine cervix to determine its length, position,
and dilatation. Although this technique is simple and
quick and requires no special apparatus, it has some
limitations as well. It is an infrequent sampling method,
and each time a measurement is made there can be dis-
comfort for the patients as well as risk of intrauterine
infection. The technique is also very subjective and
depends on the experience of the examiner. A more reliable
and reproducible technique that is capable of giving con-
tinuous records could be useful in the care of high-risk
patients and patients with increased risk of intrauterine
infection. Mechanical, caliper-like devices attached to
opposite sides of the cervix have been described by Fried-
man (35) and others. These devices measure a cervical
diameter with an electrical angular displacement transdu-
cer attached to the calipers. These devices are somewhat
big and awkward, and Richardson et al. have optimised the
mechanical structure by reducing its size (36). Other inves-
tigators have eliminated the mechanical calipers and used
a magnetic field to measure the distance between two
points on diametrically opposed sides of the cervix (37).
In another technique for continuously monitoring cervical
dilatation reported by Zador et al., ultrasound is used to
measure the cervical diameter (38). A brief pulse of ultra-
sound is generated at a transducer on one side of the cervix
and is detected, after propagating across the cervical canal,
by a similar transducer on the opposite side. By measuring
the transit time of the ultrasonic pulse between the two
transducers, one can determine the distance between
them, because ultrasound propagates through soft tissue
a nearly constant known velocity. By generating an ultra-
sonic pulse once a second, a continuous recording of cervi-
cal dilatation as a function of time can be produced, which
can be recorded either on an adjacent channel with the
fetal cardiotocogram or on a separate display that gener-
ates a curve of cervical dilatation as a function of time
known as a labor graph. Many clinicians plot such a curve
as a result of their digital examinations of the cervix.

SUMMARY

As seen from this article, the use of biomedical instrumen-
tation in obstetrical monitoring is fairly extensive, but the
variables measured are not optimal in achieving the goals
of fetal monitoring. Some of the newer and yet experimen-
tal techniques offer promise of getting closer to the ques-
tion of whether vital structures in the fetus are being
adequately perfused, but at the present time, none of these
techniques are ready for general widespread application.
Fetal monitoring is important if it can detect correctable
fetal distress, as the results of such distress can remain
with the newborn for life. It is important that the fetal

monitoring techniques used will eventually benefit this
patient. Some critics of currently applied fetal cardiotoco-
graphy claim that the only result of fetal monitoring has
been increase in the number of cesarean sections per-
formed, and this might have a negative rather than posi-
tive effect on patient care. It is important that as this area
of biomedical instrumentation progresses, biomedical engi-
neers, clinicians, and device manufacturers are not only
concerned with the technology. Instead , true progress will
be seen when measured variables and their analysis are
more closely and more specifically related to fetal status,
and measurements can be made in a less invasive way
without disturbance or discomfort. The application of this
technology must be a benefit to the patients and to society.
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