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Umbilical Vein Pulse Wave Spectral
Analysis
A Possible Method for Placental Assessment Through Evaluation
of Maternal and Fetal Flow Components

Jonathan M. Rubin, MD, PhD , J. Brian Fowlkes, PhD, Stephen Z. Pinter, PhD , Marjorie C. Treadwell, MD,
Oliver D. Kripfgans, PhD

Objectives—Placental blood flow analysis is complicated by having both mater-
nal and fetal flow components. Using the Fast Fourier Transform (FFT) of the
umbilical venous pulse wave spectra (PW) envelope, we could simultaneously
assess maternal/fetal blood flow in the placenta and investigate if normal and
intrauterine growth restriction (IUGR)/pre-eclamptic pregnancies could be
distinguished.

Methods—This retrospective study included normal gestations (N = 11) and
gestations with IUGR, pre-eclampsia, or both (N = 13). Umbilical vein PW
were acquired and spectral envelopes were identified as a function of time and
analyzed by FFT. Base-10 logarithms of the ratios of the maternal/fetal spectral
peaks (LRSP) were compared in normal and IUGR/pre-eclamptic populations
(two-tailed t-test). Body mass index (BMI), gestational age at scan time, placen-
tal position, and weight-normalized umbilical vein blood volume flow (two-tailed
t-test, analysis of variance [ANOVA] analysis) were tested. P < .05 was consid-
ered significant.

Results—The LRSP for normal and IUGR/pre-eclamptic pregnancies were
0.141 � 0.180 and �0.072 � 0.262 (mean � standard deviation), respec-
tively (P = .033). We detected differences between normal gestations and
combinations of LRSP and weight-normalized umbilical venous blood flows.
Placental effects based on LRSPs and blood flow may act synergistically in
cases with both pre-eclampsia and IUGR (P = .014). No other significant
associations were seen.

Conclusions—In this preliminary study, we showed that umbilical venous flow
contains markers related to placental maternal/fetal blood flow, which can be
used to assess IUGR and pre-eclampsia. When coupled with umbilical cord
blood flow, this new marker may potentially identify the primary causes of the
two conditions.

Key Words—placenta; spectral analysis; umbilical cord Doppler;
umbilical vein Doppler

P lacental insufficiency is a broad term that has been associated
with a range of maternal and fetal complications including
intrauterine growth restriction (IUGR) and pre-eclampsia.

The association of growth restriction with pre-eclampsia is thought
to be due to alterations in the normal blood flow through the
placenta during pregnancy.1,2 Unfortunately, assessment of
placental blood flow is difficult, since it is complicated by
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challenges presented by the need to assess both
maternal and fetal blood supplies. These blood
supplies are separate, distinct, and very hard to
evaluate simultaneously. Yet, they work in tandem to
adequately perfuse the placenta and provide nourish-
ment to the fetus.

Standard analyses of placental blood flow typi-
cally address only one component of the flow at a
time. Uterine artery spectral Doppler has been the
most commonly employed method for assessing the
maternal component of flow to the placenta.3,4 Uter-
ine artery Doppler studies typically employ spectral
analyses based on measurements derived from
Doppler waveforms such as resistive indices,
pulsatility indices, and systolic-diastolic ratios as well
as visual assessment of spectral shape, for example,
identifying a diastolic notch.3 The umbilical arteries
feed the placenta from the fetal side of the circula-
tion, and umbilical arterial waveforms analysis, which
is similar to that used in the uterine arteries, has
been used in the diagnosis and prediction of IUGR
and pre-eclampsia.5–7 There are other direct mea-
surements of flow within the placenta itself that
incorporate 3D color and power Doppler. These are
typically represented as flow indices and are either
3D color or power Doppler overlaid on volumetric
displays of the placenta.8–12 None of these methods
can discriminate between the maternal and fetal flow
components.

A recent paper by Osmanski et al13 showed how
ultrafast Doppler techniques could discriminate both
maternal and fetal flow components in the placenta
simultaneously. The method identifies the two com-
ponents within the placenta by distinguishing the dif-
ferent frequencies of their signals based on the
differences in heart rates in the maternal and fetal cir-
culations. The method has the potential to distinguish
between the two circulations. Unfortunately, ultrafast
methods require specialized equipment and software
to produce and process the signals. Discrimination
between maternal and fetal circulations in the pla-
centa with standard ultrasound equipment and Dopp-
ler signals would allow clinical application.

In this regard, we thought it might be possible to
identify maternal and fetal flow components in the
envelope of umbilical venous Doppler waveforms.
The idea is not so far-fetched. Umbilical venous
blood flow originates in the placenta where the

maternal and fetal flow components come into inti-
mate proximity. The fetal components feed directly
into the umbilical vein from the umbilical artery
through a capillary bed, while the maternal blood flow
is indirectly connected to the umbilical venous flow
through the chorionic villae and intervillous spaces.14

If the septae separating the maternal and fetal circula-
tions deform during the maternal heart cycle, this
deformation could be transmitted into the fetal
blood in the chorionic villae and into the umbilical
venous signals. For example, during maternal systole
increased blood flow in the spiral arteries would cause
the intervillous space septae to bulge into the fetal
blood in the chorionic villae causing a small but dis-
tinct pulse of blood to be forced into the umbilical
venous blood stream. These pulses would occur at
the maternal heart rate. Such a signal could poten-
tially be detected by performing a Fast Fourier Trans-
form (FFT) of the envelope of the umbilical venous
waveform.

The FFT converts the envelope from a time-
dependent into a frequency-dependent function
where the contributions to the umbilical venous
Doppler signal from the maternal and fetal flow
inputs into the placenta can be distinguished due to
their different heart rates. Since the maternal heart
rate is typically much less than the fetal heart rate, an
FFT of the umbilical spectral waveform should be
able to distinguish the two components. The strength
of these contributions can be estimated by generating
a power spectrum from the FFT, where the relative
amounts of power in the maternal and fetal signals
provide information about the degrees of contribu-
tion of the maternal and fetal blood flows to the
umbilical spectral envelope signal.

If detectable, the relative amplitudes of these
power signals would provide a means of simulta-
neously assessing the maternal and fetal circulations
in the placenta in a simple and benign fashion. It is
very possible that different disease states would affect
these signals in unique and identifiable ways. Such
signals could be easily monitored during treatment
and throughout gestation merely by evaluating umbil-
ical venous Doppler waveforms using standard ultra-
sound equipment and techniques. It would be easy to
track placental changes during pregnancy, and even
monitor the effects of therapeutic interventions on
the placenta through changes in maternal and fetal
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placental blood flows encoded in the umbilical venous
spectral envelope.

Given these possibilities, we performed a retro-
spective study to see if we could detect these signals
in a group of subjects for which we had performed
umbilical venous Doppler spectra as part of
unrelated prior umbilical venous blood volume flow
projects. Further, in a limited way, we aimed to cor-
relate these maternal and fetal flow parameters with
other available diagnostic parameters such as placen-
tal position, maternal body habitus, fetal age and
weight at the time of scanning, as well as the umbili-
cal cord blood volume flows from the aforemen-
tioned studies.

Materials and Methods

The images used in this study were all obtained dur-
ing a University of Michigan IRBMED-approved
research project related to umbilical cord blood vol-
ume flow HUM00075665 and additional IRBMED
approval, HUM00207272, was provided for the sub-
sequent chart review associated with this study. Each
subject provided written informed consent when they
participated in the original project, HUM00075665.
The umbilical Doppler spectra were acquired during
the original project. The chart review did not require
informed consent.

Twenty-four subjects were included in this retro-
spective study. The final status of each gestation and
subsequent analyses were based on the diagnosis at
delivery. Eleven of the pregnancies were considered
full-term normal gestations. The second cohort con-
sisted of 13 gestations: 6 pre-eclampsia, 4 IUGR, and
3 gestations with both pre-eclampsia and IUGR.
These cases were selected from a total cohort of
50 subjects in which spectral processing was per-
formed in the original studies. The 26 cases that were
not included all had some complicating factor such as
fetal cardiac anomalies or maternal conditions such as
chronic hypertension or diabetes, but none had pre-
eclampsia or IUGR. Only normal, full-term neonates
or the 13 abnormal cases with pre-eclampsia and/or
IUGR were included in the analysis. We felt that it
made sense to focus the analysis on this subset of
cases in this preliminary, retrospective study.

However, all the included subjects were evaluated
only because of their clinical conditions, not because
of the quality of their Doppler spectra.

The range of gestational ages at the time of the
research ultrasound scans were 25 weeks 5 days to
35 weeks 5 days. Because the study was performed to
assess volume flow in the umbilical vein, there was no
consistency in scanning position and the cases were
not consecutive. Scanning was optimized for access to
the umbilical cord.

The number of scans available per subject varied
from one to several. In order to maintain consistency
in those subjects with more than one scan, the author
performing the FFTs (O.D.K.) selected the first spec-
trum encountered for each subject, and that became
the single representative scan for that subject. This
selection was unbiased as he was blinded to the order
of the scanning sequence.

Scans were performed using either a GE
LOGIQ E9 (RAB6-D transducer) (GE Healthcare,
Milwaukee, WI) or a Philips EPIQ 7 (X6-1 or
XL14-3 transducer) (Philips Ultrasound, Bothel,
WA). The RAB6-D is a mechanical 3D probe while
the X6-1 and XL14-3 transducers are 2D arrays
capable of 3D imaging. The 3D acquisitions were
required in order to measure umbilical cord blood
volume flow using the Gaussian surface integration
method.15–20 However, umbilical venous spectra
were acquired in standard 1D pulse wave
(PW) mode with Doppler angles less than 60� in all
cases. The pulse repetition frequencies (PRF) were
set to prevent aliasing.

Scan images of all cases were imported using cus-
tom Matlab scripts (Mathworks Inc., Natick, MA)
and quantitatively assessed using decompressed PW
time-spectra grayscale values. For each spectrum, we
defined the spectral envelope as follows (Figure 1E):
At each discrete time point in the spectrum, a cumu-
lative power distribution was generated. This distribu-
tion is defined as

bP ω, tð Þ¼
ðω

o
P s, tð Þds,

where ω is angular frequency, t is time, and P(s,t) is
the instantaneous Doppler power at angular fre-
quency s and time t, and bP ω, tð Þ is the accumulated
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Doppler power up to angular frequency ω at time t.
Note that the Doppler spectra can have a velocity or
frequency axis but the process for the cumulative dis-
tribution is the same with integration over velocity
rather than frequency.

Given the accumulated Doppler power at every
instance of time, the “knee point” in the power distribu-
tion function is identified (Figure 1). The knee point is
where the rate of accumulation falls off near the peak
measured frequency, and this point has been used to
identify positions in blood vessels that can be consid-
ered as 100% blood for purposes of normalizing frac-
tional moving blood estimates in power Doppler.21–23

For this application, the knee point is used to define the
value of the Doppler spectral envelope at each instant
of time. Connecting the knee points defines the Dopp-
ler spectral envelope over the times that were recorded
(Figure 1D,E). A Hamming window is used to smooth
the resulting edge curve with a kernel length N that
equals 5% of the total number of elements in the cumu-
lative sum curve. Finally, performing an FFT on the
Doppler spectra envelope converts the time record into

a record based on frequency, permitting segmentation
of the fetal arterial signal from the maternal (Figure 1E,
F). This process was performed on each of the normal
and IUGR/pre-eclamptic cases. An example of each is
shown in Figures 2 and 3.

In this retrospective study, we did not have docu-
mented maternal nor the fetal heart rates. When there
was an umbilical arterial spectrum accompanying the
venous spectrum, we could calculate the fetal heart rate.
Maternal heart rate at the time of the scan was never
documented. For consistency, in lieu of this informa-
tion, we used the highest spectral peak between 60 and
100 bpm as the maternal heart rate, and the highest
spectral peak between 101 and 200 bpm as the fetal
heart rate (Figure 1F). Quantitative spectral power
values measured at these frequencies were obtained
directly from the FFT using the Matlab script.

Once we identified the spectral peaks corresponding
to the fetal and the maternal heart rates, we compared their
spectral Doppler powers based on the ratio of the maternal
power peak to the fetal power peak. The ratio measure-
ment has the benefit of being normalized for total Doppler

Figure 1. Spectral envelope computation is performed on cropped pulse wave Dicom data (A). After power-law decompression, cumulative
sums are obtained along the velocity/frequency axis (example red line in panel A and B). The sum shows the characteristics of a knee-curve
as shown in panel B, to which a first-order polynomial, that is, a line, is fit (panel C). Then the knee-curve is rotated such that the fit-line
becomes horizontal. Curves with small low-velocity contributions show an initial small gradient in the cumulative sum, therefore, the first
20% of the cumulative sum curve (dashed line in panel D) is removed. The global maximum is now used to mark the knee point and the
associated velocity is obtained. The resulting envelope is shown in panel E and its Fourier transform in panel F. There the frequency ranges
for maternal (60–100 bpm) and fetal (101–200 bpm) are indicated as well as the contribution to zero frequency (DC).
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signal, overlying attenuation, machine settings, and it
removes Doppler angle effects. Unfortunately, this ratio is
not Gaussian distributed because it is bounded below by
0. In order to make these ratio measurements more Gauss-
ian, we used base-10 logarithms of the ratios of the mater-
nal and fetal spectral peaks (LRSP) for analysis in lieu of
the ratio measurements. We then compared the LRSP
means of the normal pregnancy cohort and the LRSP
means of the pre-eclampsia/IUGR cohort using two-tailed
t-tests. We defined significance as P < .05.

In order to assess associated pregnancy-related
parameters, we analyzed the effects of patient body
mass index (BMI), fetal gestational age at the time of
scanning, and placental position compared to the
LRSP. The comparisons are shown as box plots of
the LRSP versus the parameter of interest. Compari-
sons between the two analyzed parameters, for exam-
ple, anterior and posterior placenta position, were
made using two-tailed t-tests with P < .05 considered
significant.

We compared the estimated maternal and fetal
heart rates by plotting them as pairs for all 24 cases.
We then performed a linear regression on them to
see whether they were correlated. We considered the
measurements correlated if the 95% confidence inter-
val of the slope of the regression did not include zero.
It should be noted that by design the domains of the
maternal and fetal heart rates do not overlap, mater-
nal heart rate = 60–100 bpm, fetal heart rate = 101–
200 bpm. However, if there is a linear relationship
between the heart rates, it is possible that our method
is just selecting a particular low frequency as the
maternal heart rate and a harmonic of that frequency
as the fetal heart rate.

To compare weight-normalized umbilical cord
flow (mL/min/100 g) with LRSP,19 we derived the
weight of each fetus using a linear interpolation of the
two temporally closest diagnostic scans, which
spanned the date of our research scan. If there was
only one diagnostic scan, then we used the birth

Figure 2. Normal fetus at 34-week 5 days. A, Duplex spectral Doppler of the umbilical vein that has been angle corrected to 50�. B, A color-
ized version of the venous spectrum with the envelope trace along the upper edge of the spectrum in white. C, Power spectrum showing a
maternal peak (solid arrow) at 80 bpm with a spectral power of 0.663, which is larger than the fetal peak at 120 bpm with a spectral power
of 0.201 (dashed arrow). The zero-frequency peak (DC) is not shown to improve the visibility of the maternal and fetal spectral components.
“bpm” equals beats per minute. The cyan color line in (A) was inserted by the US machine and is unrelated to this study.
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weight as the second weight measurement to perform
the interpolation.

Placental pathology was performed on 10 of the
13 abnormal cases (Table 2) and none of the normals.
To determine if there is any difference in the placental
pathology among the different abnormalities, we per-
formed a single factor ANOVA of the three groups:
IUGR, pre-eclampsia, and both. We classified placentas
with vascular abnormalities, either infarcts, vasculopathy,
or both, as abnormal and compared them to placentas
without vascular abnormalities. We also assumed that
the placentas from the three cases without pathological
analysis contained no infarcts or vasculopathy. Again,
P < .05 was considered significant.

Finally, since the data in this study was obtained from
prior studies measuring umbilical cord blood flow,18–20 we
compared our ultrasound venous Doppler spectral parame-
ter with the umbilical cord blood flow at the time of

scanning. We did this by producing two-dimensional
Gaussian intensity plots with independent variables LRSP
(horizontal axis) and umbilical venous blood flow20 (verti-
cal axis). Distribution mean and standard error were used
to calculate the smooth Gaussian intensity plot for each
cohort. P-values were computed based on a linear regres-
sion model ANOVA analysis (Matlab, Mathworks, Natick,
MA) of LRSP and blood flow measurements, with classifi-
cations of normal, pre-eclampsia, IUGR, or both. ANOVA
provides component (LRSP and blood flow measurements
individually) and combined (LRSP and blood flow mea-
surements together) P-values.

Results

The means of the LRSP were significantly different
between the normal population, 0.141 � 0.180, and

Figure 3. Patient with 26-week 5-day fetus with intrauterine growth restriction (IUGR). The patient also had pre-eclampsia. A, Duplex spec-
tral Doppler showing the venous spectrum as well as an angle corrected 2D color Doppler image with a Doppler angle of 42�. B, A colorized
version of the venous spectrum with the envelope trace along the upper edge of the spectrum in white. C, Power spectrum showing a peak
(dashed arrow) at 160 bpm corresponding to the fetal heart rate. The spectral power at the point is 0.427. The maternal peak (solid arrow) is
at 71 bpm with a spectral power of 0.168, which is less than the fetal peak. The vertical axis is zoomed in to improve the visibility of the
maternal and fetal spectral components, thus the zero-frequency peak (DC) is not shown. “bpm” equals beats per minute. The red color line
in (A) was inserted by the US machine and is unrelated to this study.
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IUGR/pre-eclampsia, �0.072 � 0.262 (mean � standard
deviation) (P = .033) (Figure 4). Although there are
major overlaps of LRSP of these distributions, there was a
lower bound threshold of the LRSP of �0.129. LRSPs
with values less than �0.129 were either IUGR, pre-
eclampsia, or both.

To test whether the observed blood flow signals
were harmonics or not, a correlation plot of pairs of
maternal and fetal heart rate estimates (Figure 5) was
fitted with a linear function. No correlation was found
as the 95% confidence interval (�0.634 to 1.019) of
the fit slope contained zero.

Based on the clinical diagnostic scans, there is no
relationship between the LRSP metric and placental
position (P = .666) (Figure 6) and gestational age at
the time of the research scan (P = .393) (Figure 7).
Single factor ANOVA showed no difference in pla-
cental pathological evaluation among the 3 groups
(Table 2) (P = .061). There was no significance dif-
ference for BMI between the normal and pathologic
cohorts (P = .067) (Figure 8).

Two-dimensional classification of normal pregnan-
cies versus those with diagnosed IUGR/pre-eclampsia,
show a complex relationship with LRSP and normalized
blood volume flow. Figure 9, divides into three cases: 1)
pre-eclampsia only (left panel), 2) IUGR only (middle

Figure 4. Plot comparing the ratios of the maternal peak power to
the fetal peak power (LSRP) in each envelope of the umbilical
venous pulse wave spectra. Box plot components are: top and bot-
tom of the box plots are 25 and 75% percentile, red lines indicate
the median, dashed horizontal lines indicate the mean, the whis-
kers represent 2.7� the standard deviation. Numeric values shown
are: mean of normal (Mean normal), mean of intrauterine growth
restriction (IUGR)/pre-eclamptic (Mean pre/IUGR), standard devia-
tion of normal (Std normal), standard deviation of IUGR/pre-
eclamptic (Std pre/IUGR), as well as the P-value comparing the
two risk groups.
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Figure 6. Plot of LSRP versus placental position. Most cases
investigated here were either anterior or posterior. Only one fundal
position (red marker) was observed, which is here arbitrarily placed
with the anterior group, but was not included in the box statistics
nor in the P-value shown.
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Figure 5. Both maternal and fetal heart rates were derived from the
umbilical venous flow by means of spectral analysis of pulse wave
ultrasound images. To test whether the pulsatilities originate from
the same heart or not, that is, whether the fetal heart rate is a har-
monic of the maternal heart rate, a correlation plot was fitted with a
linear function. No correlation was found as the 95% confidence
interval of the fit slope contained zero.
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panel), and 3) pre-eclampsia and/or IUGR (right
panel). Case 1 (pre-eclampsia only) shows a larger
cohort separation along blood volume flow (vertical
axis) than LRSP (horizontal axis). Table 1 provides
ANOVA derived component P-values, that is, for LRSP

only (P = .570) as well as blood volume flow only
(P = .013), and for the combine significance, that is,
cohort differentiation with respect to LRSP and blood
volume flow together (P = .023). Case 2 (IUGR only)
shows no significant difference between the cohorts,
however, one can see that IUGR cases, while not signifi-
cant, separate more with respect to LRSP compared to
normal cases, than with respect to blood volume flow.
Case 3 (pre-eclampsia and/or IUGR) shows a mixed
effect with a significant difference in LRSP (P = .004)
and in the combined metric (LRSP and blood volume
flow, P = .014). Note that the panels show the envelope
of both cohorts (normal and pathological), therefore
the intensity of the distribution of the normal cohort
seems to change in shape. This is due to the overlapping
distribution from the pathological cohorts, which are less
intense but wider.

Discussion

In this retrospective study using the envelope of
umbilical venous Doppler spectra, we were able to
extract information related to both maternal and fetal
blood supplies of the placenta. Simultaneously
assessing these two blood supplies has been a major

Figure 7. Plot of gestational age (GA) versus normal and pre-
eclampsia/intrauterine growth restriction (IUGR) gestations. GA
was not a significant differentiator between the two risk groups.
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Table 2. The Distribution of the Pathology Analyses in the 13
Abnormal Cases With Intrauterine Growth Restriction (IUGR),
Pre-Eclampsia, or Both

Diagnosis

Placental Pathology

Vasculopathy Infarcts

IUGR 0 0
IUGR 0 0
IUGR No path performed
IUGR No path performed
Pre-Eclampsia 0 x
Pre-Eclampsia No path performed
Pre-Eclampsia x 0
Pre-Eclampsia x 0
Pre-Eclampsia 0 x
Pre-Eclampsia 0 x
Pre-Eclampsia + IUGR x x
Pre-Eclampsia + IUGR x 0
Pre-Eclampsia + IUGR x x

“0” = abnormality not seen, “x” = abnormality detected. In three
cases, pathology was not performed on the placenta and are here
assumed to have negative pathology. Cases with either
vasculopathy, infarcts, or both were combined into one abnormal
group. Single factor ANOVA of the placental pathologies yield a P-
value of .061.

Figure 8. Plot of body mass index (BMI) versus the normal preg-
nancies and intrauterine growth restriction (IUGR)/pre-eclampsia
cohorts. BMI was not found to show a significant difference
between cohorts.
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hurdle in evaluating placental function.13,24 Until
recently, there has been no obvious way to accom-
plish this in humans in vivo. Multiple different flow
measurement techniques have been employed over
the years to extract information about the placenta.
Umbilical or uterine artery Doppler velocity signals

are dominated by the pre-placental fetal and maternal
heart rates and blood flows. The placental effects are
generally considered downstream changes in resis-
tance, but these changes have not proven reliable
enough to warrant screening in low-risk patients nor
monitoring treatments in cases of pre-eclampsia or

Figure 9. Two-dimensional classification of pathological and normal cases. P-values were computed based on a linear regression model
ANOVA analysis. PW Doppler (LRSP) and blood volume flow measurements are the independent variables for the linear regression model
with classifications of normal pathology, pre-eclampsia, intrauterine growth restriction (IUGR), or either/both being the dependent variables.
Left: Pre-eclampsia cases predominantly differ from normal with respect to normalized blood volume flow. Middle: IUGR cases predomi-
nantly differ from normal with respect to LRSP. Right: The combined cohort of pre-eclampsia and/or IUGR cases shows a combined effect
of LRSP and normalized blood volume flow with significance in both LRSP only as well as with normalized blood volume flow (see Table 1).
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Table 1. Computed P-Values for Three Pathological Conditions, Pre-Eclampsia Cases Only, Intrauterine Growth Restriction (IUGR) Cases
Only, and Pre-Eclampsia, IUGR or Both

P-Value Metric

LRSP Only
Normalized Blood
Volume Flow Only Combined Metrics

Pathological condition Pre-Eclampsia only 0.570 0.013 0.023
IUGR only 0.101 0.559 0.226
Pre-Eclampsia and/or IUGR 0.004 0.433 0.014

For ANOVA analysis, the independent variables (metrics) are spectral analysis of pulse wave ultrasound of the umbilical cord (LSRP) as well
as normalized blood volume flow (mL/min/100 g). Each ANOVA analysis yielded component metric P-values and combined metric P-value.
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IUGR.3,6,7 Each of these measurements only repre-
sents a portion of the flow inputs into the placenta,
that is, maternal inputs for each uterine artery and
fetal inputs for each umbilical artery.

Similar problems have arisen when direct placen-
tal flow assessments have been performed using 3D
power or color Doppler techniques with volume
acquisitions of flow.12 In these cases, distributions of
Doppler signals, either depth normalized or not,8,12,25

have been used to assess placental pathology and
function.24 Again, these methods, although providing
global information, cannot distinguish between mater-
nal and fetal flow contributions.24

Osmanski et al published placental flow detection
results using ultrafast Doppler imaging.13 The method
is highly novel, and because of the ultrafast acquisi-
tion technique, it can not only visualize flows in pla-
cental vessels, but also estimate the internal rate of
pulsations in the arterial components of the flow.
Using these frequencies, they were able to separate
the maternal from the fetal components of flows in
rabbit placentas. Interestingly, unlike in our study, the
maternal components were nonpulsatile and was
thought to be due to dampening of the arterial signal
within large arterial sinuses in the rabbit placenta.13

This will require further assessment. However, in gen-
eral, using ultrafast Doppler to make this flow distinc-
tion is sound. Unfortunately, ultrafast Doppler
requires specialized equipment producing plane wave
transmits and specific processing to produce the nec-
essary Doppler signals. Such machines are presently
located mainly in research laboratories.

Multiple studies have been performed using
umbilical venous waveforms as the means to assess
fetal well-being and detect abnormalities.26,27 Venous
flow analyses have been used to assess IUGR, and
these analyses are often made in conjunction with
other measurements such as umbilical arterial flow
analyses.28–31 Typically these waveform fluctuations
are large, and they are evaluated by metrics such as
resistive indices, which are not time-dependent.32

Low umbilical vein blood volume flow has been asso-
ciated with IUGR as well.26,33 However up until now,
umbilical venous waveforms have, in general, only
been employed for assessing the fetal circulation
alone.

We have been able to extract information relating
to the two blood flows into the placenta through the

umbilical venous Doppler spectra envelope. The
actual process involved in obtaining this information
is straightforward and could be readily implemented
in standard umbilical venous Doppler spectra. The
actual fluctuations are small in magnitude relative to
the total frequency spectrum, but these fluctuations
can be distinguished by performing FFTs on the
umbilical venous Doppler spectral envelope. In addi-
tion, although the maternal and fetal heart rates were
separated in the study by design, it is very unlikely
that the fetal heart rate is merely a harmonic of the
maternal, since the two signals appear uncorrelated
(Figure 5).

We were surprised that even basic analysis was
able to distinguish between signals generated in sub-
jects with pre-eclampsia/IUGR and those considered
normal. Maternally based signals were on average
stronger in normal gestations than the fetally based
signals, and vice versa in the pre-eclampsia/IUGR
group. There were, however, major overlaps between
the two populations (Figure 6). Yet, there appears to
be a threshold (�0.129) in the LRSP analysis, below
which only abnormal cases lie.

In addition, the combination of the assessments
for umbilical vein blood flow and the LRSP can dis-
tinguish between IUGR and pre-eclamptic patients.
In Figure 9, the pre-eclamptic subjects’ differences
relative to normal were dominated by changes in
blood flow. The projection of the pre-eclamptic sub-
jects’ data onto the LRSP (horizontal axis) strongly
overlaps with the normal data and was not significant
by ANOVA (P = .570). This is countered by the
IUGR only cases, where the projection onto LRSP
maximizes the separation from normal. However,
IUGR only was not significant for either blood flow
or LRSP alone (P > .05). Yet, when combined with
pre-eclampsia, the IUGR measurements become sig-
nificant (P < .05). This could suggest synergistic
mechanisms are at work in cases with both IUGR and
pre-eclampsia, possibly changing the underlying
causes.

Given that the maternal and fetal circulations
communicate through the chorionic villae and the
intervillous spaces, the periodic bulging of the septae
separating the maternal and fetal circulations could
encode the maternal heart rate into the umbilical
venous signal. With each systolic pulse, a small squirt
of blood could be forced into the umbilical vein.34
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This periodically fluctuating signal could be seen in
the umbilical venous envelope signal. If for some rea-
son, the membranes separating the chorionic villae and the
intervillous spaces became stiffer due to over distention, for
example, due to increased maternal blood pressure, or sep-
tal fibrosis, these pulsations could be significantly damp-
ened or made to disappear.

The fetal arterial component of placental blood
flow communicates with the umbilical venous flow
through a capillary bed. Passage of blood through the
capillary bed will dampen the fetal arterial signal.
However, modification or sparcification of this bed
could decrease this dampening. Either one or both of
the described effects in this and the prior paragraph
could appear in the umbilical venous Doppler as the
fetal component having more power than the mater-
nal given certain types of placental abnormalities. Of
course, these explanations are only a pair of possible
mechanisms for this coupling; there may be others.
For instance, it is possible that pulsating umbilical
arteries along the umbilical cord could transfer this
motion into the venous signal. This all leads to the
fact that elucidating true causes will require further
study.

There are several major limitations to this study.
First, the differences that we detect are in the mean.
The distributions of the normal and pre-eclampsia/
IUGR populations exhibit major overlap. Therefore,
at the present time, it is impossible to use these
results to predict whether any given placenta is nor-
mal or not unless the LRSP happens to fall below the
defined threshold. This difficulty is, at least in part,
due to the fact that this study is retrospective. A pro-
spective study could have improved the data stream
and analysis in, at least, two ways. First, we could
have sampled the spectra for longer times. Because of
the short spectral acquisition times, the frequency res-
olution in the acquired spectra was low. For instance,
we may have had frequency estimates at only one or
two points in the maternal spectral interval of 60 to
100 bpm. If the spectral resolution is 20 bpm, this
would correspond to a Doppler spectral acquisition
time window of 3 seconds. This is quite short and
could easily be doubled to 6 seconds prospectively
which would double the frequency resolution. Longer
spectra would improve the frequency resolution even
more. Further, in a prospective study, we would know
both the true maternal and fetal heart rates, so we

would know exactly where the corresponding spectral
peaks would lie. This would increase the accuracy of
the maternal and fetal Doppler comparisons.

In addition because this is a retrospective study
with a small number of cases, we were not able to
evaluate the following potential confounding issues:
1) all the subjects had two umbilical arteries so we
could not determine the effects of a two vessel cord,
2) there was no consistency of where along the
umbilical vein the spectra were obtained since volume
flow is independent of the site of acquisition, 3)
we did not scan the subjects in a semirecumbent,
supine position since we were only looking of access
to the umbilical cord for volume flow estimates, 4)
no image enhancement techniques such as magnifica-
tion were employed (usually performed to measure
lumen diameters) beyond standard imaging again
because our volume flow technique segments the
venous blood flow without seeing the vessel walls, 5)
all of the umbilical cords in the subjects we studied
inserted centrally into the placenta, and 6) these were
not consecutive cases. Finally, future prospective
studies could better distribute the measurements
throughout gestation. This will help us better under-
stand the time dependence of placental development
and abnormalities including the first trimester.

Conclusion

In conclusion, we appear to have been able to distin-
guish contributions from both maternal and fetal flow
inputs to the placenta through the umbilical venous
Doppler spectral envelope. This information was
acquired retrospectively, and the analysis is straight-
forward to perform. Prospective verification of these
results is critical. If proven valid, this information
could easily be added to standard obstetrical ultra-
sound studies to provide new insights into placental
function during pregnancy.
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