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ABSTRACT

Adverse perinatal events affecting cerebral functions are a
major cause of neonatal mortality, morbidity, and long-term
neurologic deficit. Intrapartum fetal EEG, which records fetal
brain electrical activity, provides a monitoring modality for
evaluating the fetal CNS during labor. In this study, we describe
a new approach to such monitoring that is based on real-time
spectral analysis of the fetal EEG during labor. Fourteen preg-
nant women with uncomplicated term pregnancies who went into
labor participated in the study. Two suction-cup electrodes were
applied to the fetal scalp at the occipitoparietal or parietal region
after rupture of membranes. Real-time spectral analysis was used
to determine the frequency and amplitude of the fetal EEG
signal. The spectral edge frequency (SEF) was calculated as the
frequency below which 90% of the power in the power spectrum
resides. The average EEG amplitude and the SEF were displayed
using the density spectral array technique. Fetal heart rate and
intrauterine pressure were also measured. Two fundamental EEG
patterns were identified: high-voltage slow activity and low-
voltage fast activity. The SEF was found to be an excellent index

Normal function of the fetal CNS is of paramount impor-
tance to the quality of life after birth. Methods for assessing the
normality or abnormality of the CNS function before birth are
required to perform this sort of fetal evaluation. Fetal EEG,
which records fetal brain electrical activity, can be used to
measure CNS function. Methods for continuous monitoring of
the fetal EEG were previously described, both in mature and
premature fetuses (1, 2). Various EEG patterns were recog-
nized, both transient and nontransient, that were found to be
associated with intrapartum events and also with neurologic
abnormalities at 1 y of age (3, 4). These observations were
based on visual analysis of the fetal EEG records, which
presented many methodologic as well as interpretative prob-
lems, precluding clinical acceptance of this monitoring modal-
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of cyclic EEG activity. Fetal heart rate demonstrated increased
variability and an elevated baseline during low-voltage fast
activity, whereas both parameters decreased during high-voltage
slow activity. During episodes of variable decelerations in the
fetal heart rate, a decrease in the SEF was observed, accompa-
nied by an increased EEG voltage. The results obtained substan-
tiate the presence of sleep cycles in the human fetus. This kind of
cortical activity monitoring may enable rapid alertness to cere-
bral hypoxia and allow for prompt intervention, thereby decreas-
ing the risk for birth asphyxia and subsequent brain damage.
(Pediatr Res 48: 340-345, 2000)
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ity. In recent years, automated methods for EEG scoring and
coding for EEG states have been proposed (5-8). Such meth-
ods are objective and offer greater consistency of pattern
recognition while facilitating processing and quantitative eval-
uation of large amounts of data. This approach may potentially
provide for rapid alertness to cerebral hypoxia, thus enabling
early clinical intervention to prevent subsequent neurologic
damage. It can also be used to monitor the effect of certain
drugs on the fetal CNS and permit rapid discrimination of fetal
sleep states, more generally expressed as fetal behavioral cy-
cles. This system may also be used in the neonatal period for
a continual evaluation of the integrity of cerebral function.

In this study, we performed spectral analysis of the fetal
EEG in an attempt to characterize patterns that reflect fetal
sleep cycles and changes that may be associated with FHR
decelerations during labor. Basically, two spectral parameters
are derived from the native EEG: the power spectrum, dis-
played as the DSA, and the SEF, the highest frequency at
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which a significant amount of power is present in the EEG. The
latter has previously been used for measuring cerebral matu-
ration in fetal lambs (9) and human neonates (10) and also for
monitoring the depth of anesthesia in adults (5, 11).

METHODS

Fourteen pregnant women at term, who were admitted to the
delivery room with spontaneous uterine contractions, partici-
pated in the study. The mean gestational age was 39.9 = 1.2.
The course of their pregnancy was uneventful, they were
nonsmokers, and they did not take any medications during
pregnancy excluding iron supplementation. The present study
was approved by the local ethics committee, and each woman
signed an informed consent before EEG recordings of the fetus
and the neonate. Recordings of fetal EEG were obtained after
rupture of the amniotic membranes, during the active stage of
labor. No drugs or medications were given before or during the
recordings.

Two custom-made circular EEG electrodes with a central
metal probe were applied to the fetal scalp at the occipital-
parietal or the parietal region. The minimal separation between
the electrodes was 4 cm. The suction-cup electrodes, made of
silicone rubber, were attached by applying a continuous neg-
ative pressure by use of a continuous pressure pump (Fig. 1).
The FHR was recorded by use of a scalp electrode, and the IUP
was recorded by using a fluid-filled polyvinyl catheter that was
inserted into the uterine cavity. The other end of the catheter
was attached to a pressure transducer (Hewlett Packard
1290C). An FHR monitor (Hewlett Packard 8040A) processed
both parameters. All signals were sampled at a frequency of
250 Hz, then stored and displayed by a Cerebro-Trac 2500
(SRD Medical Ltd., Shorashim, Israel). The Cerebro-Trac
employs a real-time fast Fourier transform (FFT) algorithm for
calculating the power spectrum of the fetal EEG. Epoch length
of EEG acquisition was 4 s. Band-pass filters were set at
1.5-30 Hz, and amplifier sensitivity was 200 wV. The FFT
allows the presentation of the EEG signal in terms of the
relative power of the various frequencies of which it is com-
posed. The frequencies were then displayed by using the DSA
technique. This method presents each frequency component (or

FETAL SCALP EEG ELECTRODE
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Figure 1. Schematic presentation of the fetal scalp EEG electrode. (/) Rubber
silicone sheath, (2) plastic filling material, (3) central stainless steel electrode,
(4) EEG lead, (5) negative pressure chamber, (6) reference lead, (7) circular
metal probe.
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spectrum) as a row of frequency elements with each element
displayed by a pixel or square mosaic unit. The brightness of a
given pixel represents the relative power present at the corre-
sponding frequency element in the EEG. In this manner, a
spectral time record appears as a black and white or gray scaled
image (Fig. 2) in which a given spectrum takes up only a single
row of pixels. This makes it particularly amenable to side-by-
side plotting with the other trended variables (i.e. FHR and
IUP). The DSA display facilitates discrimination between the
different wavebands: 0.3 to 3 Hz (delta), 4 to 7 Hz (theta), 8§ to
11 Hz (alpha), 12 to 14 Hz (sigma), and 15 to 32 Hz (beta).
The SEF indicating the highest dominant frequency in the
EEG signal (i.e. the frequency below which 90% of the power
resides) was also displayed (Fig. 2). This complemented a
separate display of EEG amplitude, allowing the user to dis-
tinguish between amplitude and frequency changes in the EEG.
A running window (4-9 s) of the raw EEG signal was also
displayed for ascertaining an artifact-free recording. The video
display showed the trended EEG spectrum and amplitude, the
real-time EEG record, and the trended display of additional
parameters (e.g. FHR, uterine contraction, and maternal blood
pressure) as was previously described (12). The numerical
values of all recorded variables were displayed above their
respective time plots (12). The user controlled the system via a
menu-driven keypad. In this manner, the total elapsed time to
be displayed, ranging from 5 min to several hours, could be
determined. Each external event (e.g. fetal stimulation) or
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Figure 2. Spectral analysis of the fetal EEG displayed in DSA format.
Spectral analysis determines the relative power at each frequency in a given
EEG sample. The power spectrum is shown as a bar graph with each bar
representing a given frequency. The height of the bar is proportional to the
power at that frequency. In the DSA display format, each bar is replaced by a
mosaic. The brightness of a mosaic, determined by the density of dots in it,
represents the height of the corresponding bar graph. Thus, each sample of the
EEQG is represented by a row of gray-scale mosaics, and the DSA spectral time
record displays a stack of such rows, forming a gray-scale picture. The SEF
can readily be observed in the spectral time plot.
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changes introduced to the setup of the system were also
printed.

RESULTS

All women had uneventful delivery and normal outcome.
The mean birth weight was 3294 *+ 242 g. The mean Apgar
score at 5 min was 9.1 = 0.99. The mean arterial cord pH at
delivery was 7.39.1 £ 0.027. There were no admissions to the
neonatal intensive care unit. In three women, several epi-
sodes of variable FHR decelerations were observed during
the recordings.

Two fundamental EEG patterns were readily identified in all
the recordings: HVSA and LVFA. The SEF was found to be
highly effective in differentiating between the two patterns.

Figure 3 shows a typical DSA recording from a normal fetus
during labor, demonstrating an epoch of low-voltage high-
frequency activity. In the lower axis of the display, the actual
time is marked every 5 min, and the ticks are spaced 1 min
apart. The lower channel shows the spectral time record and
clearly displays the SEF. The scale extends from 0 to 30 Hz.
The amplitude of the EEG signal (expressed in microvolts) is
shown adjacent to the frequency channel. Because only two
electrodes were applied, the EEG parameters were only dis-
played on one side of the trace. Changes in frequency and
amplitude are readily observed on the trended display. Uterine
contractions are shown in the upper channel. The scale extends
from 0 to 100 mm Hg. The adjacent trace shows the FHR
expressed in bpm. A large acceleration can be observed at the
beginning of the trace, followed by an increased baseline
variation.

FHR accelerations were typically associated with periods of
LVFA. There was no relationship between uterine contractions
and the SEF or DSA.

The 90% SEF was found to be an excellent index of cyclic
EEG activity. This is shown in Figure 4, demonstrating a
transition from LVFA to HVSA. The FHR during fast EEG
activity demonstrated increased short-term and long-term vari-
ability. The baseline declined during transition into slow EEG
activity, and heart rate variability, both long-term and short-
term, substantially decreased. The SEF during fast EEG activ-
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Figure 3. Typical course of the EEG power spectrum demonstrating an
LVFA epoch displayed as DSA and the SEF (lower channel) in a normal fetus
during labor. The EEG amplitude is displayed in microvolts next to the lower
channel. The upper two channels show simultaneous recordings of FHR and
uterine contractions (UC). Note the increased FHR variation and the presence
of FHR acceleration.
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Figure 4. Power spectrum of the fetal EEG during labor displayed as DSA
and the SEF, demonstrating a transition (denoted by arrows) from LVFA to
HVSA. The recording was taken at 5-cm cervical dilatation. During HVSA,
FHR declined and there was a substantial decrease in FHR variation (FHR
channel, second from top). LVFA corresponds to active behavioral state (A4S),
whereas HVSA corresponds to quiet behavioral state (OS).

ity was in the range of the sigma waveband, whereas during
slow EEG activity, it fell into the range of the theta and alpha
bands.

Table 1 summarizes the data obtained from all 14 fetuses,
demonstrating for every fetus the number of episodes of each
sleep cycle as well as the total and the mean duration of each
cycle. The sleep cycles at the beginning and end of the
recordings were excluded. Also shown are the birth weight and
gestational age at delivery.

Table 2 summarizes the data for all the 14 fetuses combined.
Altogether, there were 34 episodes of LVFA lasing 1390 min
(mean *= SD, 40.88 = 16.93 min) and 37 episodes of HVSA
lasting 922.15 min (mean = SD, 24.92 * 8.27 min). On
average, LVFA was present 60.1% of the time, whereas HVSA
was present 39.9% of the time.

Figure 5 demonstrates changes in the EEG during episodes
of variable decelerations in the FHR. The recording was per-
formed during LVFA. The scale of spectral time record (lower
channel) extends from 0 to 15 Hz. Whenever FHR declined
below 100 bpm, it was marked by dots rather than by vertical
bars (arrows). During those epochs, the scale extended from 0
to 100 bpm. During variable decelerations, a marked increase
in EEG voltage (arrows) and a decline in the SEF were
observed, and the SEF shifted from the alpha to the theta
waveband. The intensity of the DSA display increased, partic-
ularly at the lower frequencies (delta and theta bands) under the
SEF mark. There were no changes in the beat-to-beat variabil-
ity during these episodes, and the cord pH at delivery was
within normal range.

DISCUSSION

The goal of intrapartum fetal monitoring is to prevent fetal
mortality and morbidity, which may occur during labor from
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Table 1. No. of episodes of each sleep cycle (LVFA and HVSA) during the recording for each fetus in the study is shown, together with
mean duration and range

LVFA HVSA
Birth Range Mean Mean
Week weight Episodes (min) (min) Episodes Range (min) (min)
1 39 2990 2 37-69.5 53.25 2 20.5-36.5 28.5
2 40 3165 2 26-58.5 42.25 3 22.5-32.5 343
3 41 3010 3 25-63 46.5 4 11.5-19.5 16
4 41 3215 3 18.5-61.5 42.7 3 23.25-34.5 27.25
5 39 3380 3 24.5-47.8 333 3 9.5-15.5 12.6
6 38 2940 3 15.5-79 53 3 28.3-33 30.2
7 40 3240 3 25-54 36.2 3 27.3-36 335
8 40 3510 2 42.5-56.5 54.5 2 16.3-34.5 254
9 41 3205 2 26.5-66 46.25 2 32-442 38.1
10 41 3565 3 22-45.5 313 3 23-29.5 25.7
11 38 3150 2 35.5-41 38.25 2 16.5-17 16.75
12 39 3450 2 20-58 39 2 25.75-38.25 32
13 42 3670 2 29-33.75 31.38 2 25.5-28.5 27
14 40 3630 2 27.5-34 30.75 3 11-27.25 20.08

Cycles at the beginning and end of the recording session were excluded. Birth weight and gestational age at delivery (in weeks) are also shown.

Table 2. Summary of the total and mean (+=SD) duration the 14
fetuses spent in each sleep cycle (LVFA and HVSA)

LVFA HVSA
No. of episodes 34 37
Total duration (min) 1390 922.15
Mean duration (min) 40.88 = 16.93 2492 = 8.27
% of time 60.1 39.9

The total no. of episodes of each cycle is also shown, and the percentage of
time spent in a particular cycle.
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Figure 5. Changes in the fetal EEG during episodes of variable heart rate
decelerations (upper arrows). The FHR is depicted by vertical bars whenever
it was above 100 bpm and by dots whenever it declined below 100 bpm
(second channel from top). During decelerations, there was a marked increase
in EEG voltage (marked by the lower set of arrows), whereas the SEF
declined. The increase in power was particularly dominant at the lower
frequencies (delta and theta bands).

factors other than trauma. The morbidity that gives cause for
greatest concern is hypoxic brain damage, leading to subse-
quent neurologic syndromes including mental retardation, ce-
rebral palsy, and epilepsy. Fetal EEG is the only method

available for direct monitoring of fetal cerebral function in
labor. The difficulty of using this parameter lies in the clinical
impracticalities of using the voluminous unprocessed trace
generated by conventional EEG recorders. This requires skilled
interpretation and is not suitable for prolonged recording or
monitoring. Methods that would reduce the fetal EEG into a
more manageable format could be suitable for routine clinical
practice. Furthermore, the relation between the fetal EEG and
other trended variables (e.g. FHR, IUP) during labor could then
be determined in a more practical manner.

One such method is power spectrum analysis, which deter-
mines the frequency and amplitude composition of the fetal
EEG signal. It can detect clinically important EEG changes
with high sensitivity and reliability (6, 13). Power spectral
analysis has been used for performing quantitative analysis of
changes in frequency components of the fetal EEG. In this
manner, information on the maturational changes in the elec-
trocorticogram waveforms of the fetal lamb (7, 14), baboon
(8), and guinea pig (15) was obtained.

This technique was also used to study changes in the elec-
trocorticogram of the fetal lamb under hypoxic conditions (16).
However, comparison of a large number of power spectra is
both cumbersome and impractical when performing long-term
fetal EEG monitoring during labor.

In this study, a new method for monitoring fetal cortical
activity during labor was presented that is based on real-time
spectral analysis of the fetal EEG. To enable the simultancous
display of this information along with trended records of other
fetal monitored signals, the DSA and the SEF of the EEG were
used. Statistical trend estimation methods were able to detect
and quantify trends in monitored parameters (17). In this
manner, the user could readily distinguish between amplitude
and frequency changes in the fetal EEG and correlate such
changes with other trended variables (e.g. FHR, IUP) or ex-
ternal events (e.g. fetal acoustic stimulation) that can be dis-
played simultaneously.

The results of this study show that the SEF is effective in
demonstrating the cyclic behavior of the fetal EEG by discrim-
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inating between HVSA and LVFA. The presence of behavioral
states in the human fetus was previously suggested on the basis
of FHR patterns, fetal movements, and, when present, the
regularity or irregularity of fetal breathing movements (18). In
a more comprehensive study that also included fetal eye move-
ments in the classification criteria, behavioral states similar to
those in the neonate were shown to exist in the human fetus
(19). Specifically, four states were recognized: state 1F, char-
acterized by quiescence, absent eye movements, and stable
heart rate; state 2F, characterized by frequent and periodic
gross body movements associated with FHR accelerations,
wider oscillation bandwidth of the FHR, and eye movements
that are continually present; state 3F, characterized by the
absence of gross body movements, continually present eye
movements, and a stable heart rate (but with higher oscillation
bandwidth than in 1F); and state 4F, characterized by continual
body movements and trunk rotations, continually present eye
movements, and unstable heart rate with large and prolonged
accelerations. State 1F represents quiet sleep, whereas state 2F
represents active sleep. States 3F and 4F represent awake states
and are infrequent in occurrence (19, 20).

The present study shows for the first time that human fetal
sleep states can be classified by real-time spectral analysis of
the EEG. This substantiates, in a direct manner, the existence
of behavioral cycles in the human fetus.

The EEG pattern in Figure 3 and the first part of Figure 4
demonstrates LVFA (denoted by AS). This behavioral state,
associated with increased heart rate variation and the presence
of heart rate accelerations, corresponds to state 2F as previ-
ously described (19). The latter part of Figure 4 (denoted by
QS) demonstrates HVSA and is associated with stable heart
rate with small oscillation bandwidth (i.e. decreased heart rate
variability and absence of accelerations). This corresponds to
state 1F.

When the results of this study are compared with those of
Timor-Tritsch ef al. (18), who distinguished between quiet and
active states on the basis of visual analysis of FHR baseline and
variability in relation to fetal movements, an interesting resem-
blance emerges. The mean duration of the quiet state in the
latter study was 22.8 min compared with a mean duration of
24.9 min spent in HVSA in the present study. The respective
figures for the active state and LVFA in the two studies were
39.5 and 40.9 min. This also supports the association between
sleep cycles defined by the electrical activity of the brain and
behavioral states, defined by FHR patterns and gross body
movements.

Monod and Pajot (21), who performed polygraphic record-
ings in human neonates born near term, could distinguish
between two different sleep states: active sleep with flat or
rhythmic EEG tracing and quiet sleep with a tracé alternant on
the EEG pattern. These investigators recorded the electroocu-
logram in addition to the EEG and noted that during quiet
sleep, eye movements are absent, whereas during active sleep,
rapid eye movements are continually present. Therefore, quiet
sleep and active sleep have a global overlap with no-rapid eye
movement sleep (non-REM sleep) and rapid eye movement
sleep (REM sleep), respectively. They also calculated that the
human neonate spends 60% of the sleeping time in REM sleep
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and 40% in non-REM sleep. This is almost identical with our
findings during LVFA and HVSA (60.1 and 39.9%, respec-
tively), suggesting that LVFA represents REM sleep whereas
HVSA represents non-REM sleep.

In chronic fetal sheep studies, the LVFA was shown to be
associated with rapid eye movements, whereas during HVSA,
eye movements were absent (22). Therefore, LVFA and HVSA
are considered to represent REM sleep and non-REM sleep,
respectively, and this can be correlated with the study by
Nijhuis et al. (19) who visualized fetal eye movements by
using real-time ultrasound imaging.

The SEF has also been shown to provide a sensitive measure
of the oscillations between HVSA and LVFA in the electro-
corticogram of the fetal lamb (9). In the fetal baboon, the SEF
was demonstrated to be a good discriminator of EEG patterns
(8). This EEG parameter was also useful in measuring cerebral
maturation in the newborn infant, demonstrating a significant
correlation with gestational age (10). This study also demon-
strated that the SEF was significantly higher in active sleep
compared with quiet sleep.

The SEF can also offer rapid alertness to potentially ominous
trends by employing continuous cerebral monitoring during
labor. This is demonstrated in the changes that we have
observed during variable decelerations in the FHR that are
related to brief compression of the umbilical cord. During such
episodes, there was a substantial increase in EEG amplitude
and a decrease in the SEF, i.e. a transition into HVSA. There
was a relative increase in power distribution at lower frequen-
cies (delta and theta bands). These changes were of short
duration and generally coincided with the changes in FHR.
When polygraph EEG recordings were obtained during labor
from human fetuses with evident clinical and biochemical
signs of hypoxia and acidosis at delivery, a decrease in the
frequency and wave amplitude was observed (23). In cases of
severe fetal hypoxia and acidosis, an isoelectric line appeared.
During severe fetal asphyxia induced by prolonged cord oc-
clusion in the fetal lamb, the EEG also demonstrated different
patterns. When asphyxia was induced in the near-term fetal
lamb by brief repetitive umbilical cord occlusions, lowering
the pH to 6.83, a progressive suppression of the EEG was
observed associated with epileptiform and spike activity (24).
During partial umbilical cord occlusion for 90 min (lowering
the pH to 6.82), the electrocorticogram of the fetal lamb was
profoundly suppressed and seizure activity was documented
after release of occlusion in all surviving animals (25). Our
observations demonstrate that during short episodes of cord
compression insufficient to cause fetal acidemia (based on pH
measurements in cord blood at delivery and the lack of changes
in heart rate variability), the fetal EEG reflects a state of
stimulation rather than suppression (Fig. 5).

The main advantage of the system is the ability to perform
continuous cerebral monitoring during labor that can be readily
interpreted. Methods for continuous cerebral monitoring were
previously sought. A system that would improve the interpre-
tation of the EEG after birth was proposed, based on ampli-
tude-integrated EEG (aEEG) that was recorded on a slow-
running paper (26). This cerebral function monitor reflects
trends in averaged levels of cerebral activity. It has been shown
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to be predictive of gestational age (26) and of neurologic status
in the asphyxiated neonate (27). On this cerebral monitor,
neonates born within 24 h of a nonreactive nonstress test
showed subtle changes involving reversion to more immature
patterns and lack of sleep cycling (28).

The prognostic value of aEEG was assessed in full-term
asphyxiated infants during the first 6 h after birth (29). All
infants who demonstrated a continuous aEEG background
pattern of normal voltage survived and had normal outcome.
Continuous but extremely low voltage patterns or flat (mainly
isoelectric) tracings were associated with high neonatal mor-
tality. In those who survived, a severe handicap was subse-
quently diagnosed. Most infants who demonstrated a burst-
suppression pattern either died or survived with severe
handicap. Only 21% were healthy at follow up. Altogether, the
type of background pattern recorded within the first 6 postnatal
h in the aEEG tracings predicted outcome correctly in 91.5%.
In another study, the aEEG was used to assess infants with
neonatal encephalopathy. Results were compared with neuro-
developmental outcome assessed at 18 to 24 mo of age. The
aEEG, performed within 12 h of birth, predicted outcome with
a sensitivity of 1.0, a specificity of 0.82, positive predictive
value of 0.85, and a negative predictive value of 1 (30). A
“plain” EEG recorded before 48 h of life was used to predict
the neurologic outcome in infants with hypoxic-ischemic en-
cephalopathy after acute fetal distress (31). The EEG had an
excellent sensitivity rate (94.7%) but a less satisfactory spec-
ificity rate (68.4%). The aEEG, therefore, seems to be a
feasible technique for identifying infants at high risk for sub-
sequent brain damage who might benefit from interventionist
treatment after birth asphyxia. However, the aEEG employs
signal-processing techniques such as band-pass filtering and
amplitude and time compression and rectification (26), ade-
quate for screening purposes but insufficient to obtain detailed
information regarding amplitude and frequency components
embedded in the signal. In contrast, automated scanning of the
EEG by spectral analysis as described in this study offers both
accuracy and ease of interpretation and, when effectively dis-
played, provides a sensitive and reliable monitor of cortical
activity (5, 9, 10). The system can also be applied postnatally,
so that central neurologic adaptation can be evaluated both in
preterm and term newborns.

The SEF has also been used to study the effect of drugs and
medications on the EEG, to monitor the depth of anesthesia in
adults (5, 11), and to study the effects of drugs and chemicals
in laboratory animals and fetal lambs (32, 33). Further studies
are required to characterize the effects of clinically relevant
perturbations such as hypoxia and drug therapies on the fetal
CNS function. It may also facilitate the study of the ontogeny
of sleep states under normal and abnormal conditions.
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