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ABSTRACT

Objective To compare power spectral derived variability
parameters from the fetal side of the placental circulation
with those from the maternal side of the placental circulation,
during early pregnancy.

Methods Doppler velocity waveforms were obtained from
both the umbilical and the uterine arteries in a study group of
40 pregnant women between 10 and 14 (n = 25) and 15 and
20 (n = 15) weeks of gestation. The coefficient of variation of
both the beat-to-beat heart rate variability and the blood flow
velocity variability was determined. The ratio of the integrated
low-frequency components (< 0.2 Hz) and the integrated high-
frequency components (> 0.2 Hz) from normalized power
spectrum analysis (LH-ratio) was established, to reflect
sympathovagal balance.

Results The coefficient of variation and LH-ratio of fetal
heart rate variability constitute only a fraction of the same
maternal heart rate variability parameters. Nevertheless a
highly significant increase (P < 0.001) in LH-ratio was demon-
strated with advancing gestational age. The coefficient of
variation and LH-ratio of blood flow velocity variability
were significantly lower in the fetal umbilical artery only in
the 10–14-weeks’ gestation group. Due to a decrease of the
maternal uterine blood flow velocity variability parameters
with advancing gestational age, statistically equal fetal and
maternal values for coefficient of variation and LH-ratio
were found in the 15–20 weeks’ gestation group.

Conclusions The increase in LH-ratio of fetal heart rate
variability indicates functional development of the fetal
autonomic nervous system at 15–20 weeks’ gestation. The
umbilical blood flow velocity variability may be secondary to

maternal uterine arterial flow variability rather than due to
primary changes in fetal cardiovascular function.

INTRODUCTION

Doppler velocimetry of the fetal circulation can accurately
characterize cardiac and extracardiac arterial and venous
blood flow velocities1,2. Recently, we published the results of
a study concerning the variability of both the fetal heart rate
and velocity waveform in the umbilical artery during early
human development3–5. Variability analysis in the frequency
domain typically requires long (at least 20 s) data records to
resolve low (< 0.1 Hz) frequency content. Spectral analysis
decomposes variability data in the frequency domain so that
a relationship can be established between various frequency
components and specific control processes. Typically, the adult
heart rate power spectrum demonstrates heart rate variability
concentrated in two principal frequency ranges, the high-
frequency band (> 0.2 Hz) and the low-frequency band
(< 0.2 Hz)6–9. The high-frequency band reflects parasympa-
thetic activity, whereas the low-frequency band is influenced
by combined sympathetic and parasympathetic control6. Their
ratio is thus a reflection of sympathovagal balance10.

Little information is available on the presence of sym-
pathetic and parasympathetic control in the early developing
fetus. Functional parasympathetic regulation of cardiovascular
function has been suggested on the basis of a marked reduction
in fetal heart rate at 10–15 weeks of gestation11. Alternatively,
an increase in fetal cardiac stroke volume due to improved
cardiac function has been proposed as an explanation for
these heart rate changes4. Since autonomic nervous activity
causes frequency-specific alterations in the heart rate power
spectrum, the power spectrum analysis of these fluctuations
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provides a quantitative non-invasive means of assessing the
functionality of cardiovascular control.

We measured umbilical and uterine flow velocity waveforms
at 10–20 weeks of gestation to determine both maternal and
fetal heart rate variability and flow velocity variability as
parameters of functional control of the autonomic nervous
system12. The aim of the study was to establish maternal
and fetal variability in heart rate and blood flow velocity to
compare developing and mature systems for autonomic
regulation of cardiovascular function.

MATERIALS AND METHODS

Subjects

A total of 40 women with a normal singleton pregnancy
between 10 and 20 weeks of gestation participated in the study.
Two different gestational age groups were enrolled into the
study: 10–14 weeks (group 1; median 12 weeks; n = 25) and
15–20 weeks (group 2; median 16 weeks; n = 15). Each
woman was included in the study only once. The Hospital
Ethics Committee approved the study and women were
enrolled following informed consent. Maternal age ranged
between 15 and 41 years (median 30 years). Gestational age
was estimated from the last menstrual period and confirmed
by ultrasound measurement of the fetal crown–rump length
(10–12 weeks) or biparietal diameter (12–20 weeks). All
pregnancies were uncomplicated and resulted in a term
delivery of a normal infant with a birth weight between the
10th and 90th centiles corrected for maternal parity and
fetal sex13.

Doppler recordings

Ultrasound Doppler studies were performed with a Toshiba
SSH 140 A (Toshiba corp., Medical Systems Division, Tokyo,
Japan). A combined transvaginal real-time and pulsed Doppler
system (carrier frequencies 6 MHz and 5 MHz, respectively)
was used at 10–13 weeks of gestation and a combined trans-
abdominal real-time and pulsed Doppler system (carrier fre-
quencies 5.0 MHz and 3.75 MHz, respectively) was applied
at 14–20 weeks of gestation. The system operates at power
outputs of < 100 mW/cm2 spatial peak–temporal average in
both imaging and Doppler modes by manufacturer’s specifica-
tion. All Doppler studies were performed with the women in
the semirecumbent position, during fetal apnea. The Doppler
recordings were performed by one examiner (N.T.C.U.).
The high pass filter was set at 100 Hz to attenuate low-
frequency components originating from the vessel wall and
the sample volume length was set between 0.2 and 0.3 cm to
cover the center of the umbilical or uterine artery. Flow velocity
waveforms from the umbilical artery were obtained from the
free-floating loop. For the uterine artery velocity waveforms,
the transducer was placed in the lower lateral quadrant of the
uterus on the placental side and angled medially until the
cross-over of the main uterine artery and external iliac artery
and vein could be identified. This cross-over was used as a
reference point to identify the main uterine artery. In two-
dimensional color Doppler mode, for both the umbilical and

the uterine arteries, the sample volume was placed at the point
where the highest color Doppler velocity was seen, to ensure
that the insonation angle was as close as possible to zero
degrees. A high quality Doppler recording of 20-s duration
was selected for each vessel in each patient. Umbilical and
uterine artery flow velocity waveforms were obtained in
sequence with a time interval between the Doppler recordings
of the two vessels of less than 5 mins.

Data processing

Uterine artery and umbilical artery Doppler recordings were
stored on sVHS video tape in PAL format using a Panasonic
model AG7350 machine (Matsushita Electric Ind Co, Takutsuki,
Osaka, Japan). The forward and backward audio signals were
digitized at a sampling frequency of 12 kHz using an AD data
acquisition board (LabPC + and BNC-2081 boards, National
Instruments, Austin, TX, USA). A digital maximum velocity
reconstruction method was used to estimate the maximum
velocity envelope. A more detailed description of the maximum
velocity reconstruction method has been published previously3.

The time-averaged velocity was calculated from recordings
of 20-s duration and used as a threshold to determine the
instantaneous heart rate as expressed by the reciprocal of the
time interval between successive interpolated threshold cross-
ings. This was followed by calculation of the time-averaged
velocity per heartbeat (Figure 1). For both the umbilical artery
and the maternal uterine artery, the mean and standard devi-
ation for all heart beats occurring during the 20-s recording were
calculated and the coefficient of variation (standard deviation/
mean) was taken as a measure of heart rate variability or time-
averaged flow velocity variability. In a previous intraobserver
variability study, acceptable reproducibility was obtained4.

The beat-to-beat data points from all flow velocity wave-
forms were converted into time series using linear inter-
polation. After quadratic de-trending, these time series of 20 s
were divided into 64 time intervals from which the mean values
were taken as data points for spectral analysis, resulting in a
frequency range of 0.05–1.6 Hz. For scaling purposes and to
make the velocity tracings angle independent, the data points
were expressed as percentages of the mean before Fourier
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Figure 1 Maternal uterine blood flow velocity waveform at 12 weeks of 
gestation. Threshold level (dotted line), threshold crossings (�) and time 
averaged velocity per heartbeat (solid straight lines) are indicated.
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transformation. Two frequency bands were defined: (i) a low-
frequency band (0.05–0.2 Hz) and (ii) a high-frequency band
(0.25–1.6 Hz)8,14. The ratio between the integrated power of
the low-frequency band and that of the high-frequency band
was used for further analysis (LH-ratio).

The mean data for the two gestational age groups separ-
ately (10–14 weeks; 15–20 weeks) and the entire study period
(10–20 weeks) as presented in Figures 2–5 were calculated

by averaging the squared values of the Fourier transform for
each frequency bin from 0.05–1.6 Hz.

Statistical analysis

The results were expressed as medians and interquartile ranges
(QR). The Wilcoxon signed ranks test was used to compare
differences between fetal and maternal derived coefficients of
variation and LH-ratios. The Mann–Whitney test was used
to compare coefficients of variation and LH-ratios between
the two gestational age groups. A P-value of < 0.05 was
considered to be statistically significant.

RESULTS

Heart rate variability and time-averaged flow velocity vari-
ability derived from umbilical artery and maternal uterine
artery flow velocity waveforms are summarized in Tables 1
and 2. Averaged power spectral density of heart rate vari-
ability and time-averaged flow velocity variability determined
from these two vessels are displayed in Figures 2–5.

Fetal circulation (umbilical artery)

The median fetal heart rate decreased significantly (P < 0.001)
from 165 bpm (QR 156–171) at 10–14 weeks to 147 bpm
(QR 143–154) at 15–20 weeks of gestation. The median
coefficient of variation values demonstrate that fetal heart
rate variability did not differ significantly between the two
gestational age periods (Table 1). However, the median
LH-ratio for fetal heart rate variability increased significantly
(P < 0.001) from 0.05 at 10–14 weeks to 0.17 at 15–20 weeks
of gestation (Table 2). Figure 2 shows that this result was
derived from low intensities in the low-frequency range of the
mean power spectral density distribution at 10–14 weeks,
whilst the 15–20-week period was characterized by markedly
increased low-frequency components.

The median coefficient of variation for the umbilical artery
time-averaged flow velocity variability was similar between
the two gestational age groups (Table 1). The median LH-ratio
increased from 0.44 at 10–14 weeks to 0.85 at 15–20 weeks
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Figure 2 Mean power spectral distribution (PSD) for fetal heart rate 
variability at 10–14 weeks’ gestation (�) (n = 25) and 15–20 weeks’ 
gestation (�) (n = 15).
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Figure 3 Mean power spectral distribution (PSD) for umbilical blood 
flow velocity variability at 10–20 weeks’ gestation (n = 40).
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Figure 4 Mean power spectral distribution (PSD) for maternal heart 
rate variability at 10–20 weeks’ gestation (n = 40).
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Figure 5 Mean power spectral distribution (PSD) for uterine blood 
flow velocity variability at 10–14 weeks’ gestation (�) (n = 25) and 
15–20 weeks’ gestation (�) (n = 15).
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of gestation, but this difference did not reach statistical
significance (Table 2). Therefore, the mean power spectral
density distribution for the entire group of 10–20 weeks is
shown (Figure 3).

Maternal circulation (uterine artery)

The median maternal heart rate of 75 bpm (QR 70–82) at
10–14 weeks did not differ significantly from that of 77 bpm
(QR 74–87) at 15–20 weeks of gestation. No statistically
significant difference existed between the two gestational age
groups for both the median coefficient of variation (Table 1)
and the median LH-ratio for maternal heart rate variability
(Table 2). Figure 4 depicts the mean power spectral density
distribution for time-averaged flow velocity variability for
the total group of 40 fetuses at 10–20 weeks of gestation. A
high-intensity peak in the low-frequency band with a second
peak representing respiration frequency at 0.3–0.4 Hz,
describes the frequency distribution of maternal heart rate
variability. A statistically significant decrease (P = 0.015) was
established for the median coefficient of variation regarding the
time-averaged flow velocity variability in the maternal uterine
artery from 10–14 to 15–20 weeks of gestation (Table 1).
Similarly, a statistically significant decrease (P = 0.001) was
found for the median LH-ratio during this gestational age
period (Table 2).

The graphic presentation of the mean power spectral
density distribution in Figure 5 shows a highly concentrated
peak in the low-frequency band at 10–14 weeks, whereas at
15–20 weeks the low-frequency peak is reduced by more

than half with a second peak appearing in the high-frequency
band around 0.35 Hz.

Comparison between umbilical artery and maternal 
uterine artery flow velocity derived parameters

Comparison of umbilical artery and maternal uterine artery
flow velocity waveforms showed highly significant differences
for the heart rate derived parameters at both 10–14 and 15–20
weeks of gestation. Regarding the median LH-ratio for heart
rate variability, there was a significant increase from fetus to
mother at both 10–14 weeks and 15–20 weeks of gestation
(Table 2). The median coefficient of variation and median
LH-ratio for time-averaged flow velocity variability were
statistically significantly different between the umbilical artery
and maternal uterine artery flow velocity waveforms at
10–14 weeks but not at 15–20 weeks of gestation.

DISCUSSION

This study demonstrates that in the early developing fetus
prior to 15 weeks of gestation, the low-frequency components
of heart rate variability distribution are almost absent. From
animal experiments and adult human studies it is known that
the low-frequency band is influenced by combined sympathetic
and parasympathetic control, whereas the high-frequency
band primarily reflects parasympathetic control. Their ratio
is thus a reflection of the sympathovagal balance4,6–9. The
very small low-frequency components together with a very
low LH-ratio strongly suggest almost complete absence of

Table 1 Coefficients of variation (%) for heart rate variability and blood flow velocity variability in the umbilical artery and the maternal uterine 
artery for two gestational age groups: 10–14 weeks (n = 25) and 15–20 weeks (n = 15)

Table 2 Low-frequency band (0.05–0.2 Hz) to high-frequency band (> 0.2 Hz) ratio for heart rate variability and blood flow velocity variability in 
the umbilical artery and maternal uterine artery for two gestational age groups: 10–14 weeks (n = 25) and 15–20 weeks (n = 15)

Gestation (weeks)
P-value 
(Mann–Whitney test)10–14 15–20

Heart rate variability
Umbilical artery  0.74 (0.65–0.91) 1.09 (0.53–1.47) 0.332
Uterine artery  4.23 (3.15–4.86) 4.48 (3.17–6.08) 0.472
P-value (Wilcoxon test) < 0.001 0.001

Blood flow velocity variability
Umbilical artery  3.27 (2.53–4.50) 3.25 (1.84–4.85) 0.783
Uterine artery  4.76 (3.43–6.16) 3.35 (2.77–4.25) 0.015
P-value (Wilcoxon test)  0.013 0.955

Gestation (weeks)
P-value  
(Mann–Whitney test)10–14 15–20

Heart rate variability
Umbilical artery  0.05 (0.03–0.09) 0.17 (0.09–0.45) < 0.001
Uterine artery  0.95 (0.45–2.83) 1.33 (0.69–2.09)  0.740
P-value (Wilcoxon test) < 0.001 0.001

Blood flow velocity variability
Umbilical artery  0.44 (0.31–0.96) 0.85 (0.45–1.44)  0.078
Uterine artery  4.11 (2.52–6.42) 1.31 (0.46–2.51)  0.001
P-value (Wilcoxon test) < 0.001 0.496



Power spectrum analysis of the fetal and maternal circulation Struijk et al.

320 Ultrasound in Obstetrics and Gynecology

combined sympathetic and parasympathetic control under
15 weeks of gestation. From 15–20 weeks of gestation, a
significant increase in LH-ratio associated with an increase
in the mean integrated power of low-frequency components
of the heart rate variability frequency distribution was seen.
Fetal heart rate variability constituted only a quarter of the
heart rate variability of the mother. Nevertheless we hypo-
thesize that the increase in LH-ratio indicates the functional
development of the fetal autonomic nervous system during
this gestational age period. Parasympathetic innervation may
precede the sympathetic system, since various vagal agonists
and antagonists have caused the expected pharmacological
effects as early as the 8th gestational week15. It is unlikely,
though, that all the basic requirements for an effective auto-
nomic control system, such as the presence of nerves in the
heart and great vessels, the ability of the nerve terminals to
produce active neurotransmitters, the presence of an effector
organ and the existence of functioning receptors in the effector
organ, are present in the 15–20-week-old fetus15.

The frequency distribution of maternal heart rate variabil-
ity is similar to previous reports on the adult circulation14,
including a respiration peak associated with cyclic variation
of intrathoracic pressure, which mechanically perturbs venous
return, pulmonary vascular and aortic pressures, and a cyclic
variation in heart rate through centrally mediated mechanisms.
Furthermore, cyclic variations in arterial blood pressure
influence heart rate through the autonomically mediated
baroreceptor reflex14. In a recent study on sheep it was shown
that there is attenuation of baroreceptor mediated sympathetic
effects on the maternal heart during pregnancy16. No differ-
ences in maternal heart rate variability were found between
the two gestational age periods, suggesting that the growing
fetus between 10 and 20 weeks of gestation does not influence
maternal autonomic state.

Blood flow velocity variability in the umbilical artery is
directly influenced by changes in placental perfusion, while
variations in uterine arterial blood flow reflects changes in
both uterine and placental perfusion. In the placenta, the
situation is even more complex since one has to consider
both the hemodynamics of the mother as well as of the fetus,
and possibly an interaction between the two. These fluc-
tuations in peripheral resistance in turn can perturb both
fetal and maternal central blood pressure and, through the
baroreceptor reflex, may lead to compensatory variations
in heart rate.

In contrast to the fetal heart rate variability distribution, in
which the low-frequency component is absent in the early
gestational age period, the umbilical blood flow velocity
variability distribution showed a low-frequency component
throughout the gestational age period of 10–20 weeks. We
hypothesize that the fluctuations in the umbilical blood flow
velocity are mainly determined by the mother due to the
observation that neither the coefficient of variation nor the
LH-ratio were significantly different in the two gestational
age periods. On the maternal side of the uteroplacental
circulation, a strong low-frequency component was present
in the uterine blood flow velocity variability distribution
during early gestation. In the gestational age period from 15–
20 weeks, when trophoblast invasion reduces the resistance

of the uteroplacental system, the uterine flow velocity
variability distribution changed significantly and blood flow
velocity distributions were statistically similar on both sides
of the placenta. Alternatively, the presence of the syncytio-
trophoblast and smaller surface area of the immature villous
vascular tree may provide an effective barrier attenuating
maternal hemodynamic influences.

Although not currently technically feasible, it would be of
considerable interest to record both uterine and umbilical
blood flow velocities simultaneously. In this case accurate
analysis methods could be applied to determine possible
cross-correlation and interactions between maternal and
fetal hemodynamics. From our data we conclude that the
umbilical blood flow velocity variability may be secondary to
maternal uterine arterial flow variability rather than due to
primary changes in fetal cardiovascular function.
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