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ABSTRACT: Purpose. Our objective was to demon-
strate sonographically the flow distribution in the cir-
culation of human placentae as well as the sensitivity
of the human fetal capillary bed to vasoconstriction
and dilatation.

Methods. Five human full-term placental lobules
were maintained in vitro with fetal and maternal flow.
Commercial ultrasound scanners were used for imag-
ing. Albunex {1 m| bolus) was administered to the fe-
tal “artery” to monitor patterns of flow, U46619 (1 ml,
10" M; a thromboxane agonist and potent vasocon-
strictor) and/or nitroglycerin (a potent vasodilator)
were added to the fetal artery.

Results. Following the addition of U46619, mean
“fetal pressures” rapidly rose from 23.2 + 0.8to 118 =
2.9 mm Hg (mean + standard error of mean; p<0.001);
venous flow rates decreased. As demonstrated by
color Doppler imaging, flow markedly changed from a
pattern of general distribution throughout the lobule
to flow only near the chorionic plate. Color persis-
tence was 94.4 + 6.5 seconds with Albunex after nitro-
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glycerin and 39.8 + 3.4 seconds with Albunex after
injection of U46619 (p < 0.001). Nitroglycerin had no
effect when injected by itself but returned “con-
stricted” flow to a "normal” pattern when injected af-
ter U46619.

Conclusions. The contrast medium Albunex im-
proved visualization of the fetal circulation throughout
the lobule. Flow in the human placental capillary bed
can be regionally manipulated throughout the placen-
tal lobule by vasomodulators and monitored by Al-
bunex-enhanced sonographic examination. © 1999
John Wiley & Sons, Inc. J Clin Ultrasound 27:513-522,
1999.

Keywords: ultrasound contrast agents; human pla-
centa; perfusion; blood flow; ultrasonography

he placenta is a complex entity fulfilling the

functions of many major fetal organs and al-
lowing for communication between 2 separate or-
ganisms (mother and embryo/fetus). In the hu-
man, the placenta is of the discoidal villous,
hemomonochorial type.! In addition to the placen-
ta's critical role in utero, the fetal circulation in
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the human placenta under in vitro perfusion can
be considered a prototype for other human capil-
lary beds. Flow distribution in the human pla-
centa has been described in laboratory investiga-
tions and by invasive imaging methods such as
scintigraphy.” Local regulation of blood flow
through the human fetoplacental vascular bed is
under the influence of some autacoids, particu-
larly angiotensin II and nitric oxide.”* Exogenous
substances such as U46619, a thromboxane ago-
nist, have also been shown to alter placental cir-
culation.>® The objective of this study was to
demonstrate sonographically the flow distribu-
tion in the perfused human placenta in vitro, An-
other goal was to demonstrate that the sensitivity
of the fetal capillary bed to vasoconstriction and
vasodilatation can be characterized via sono-
graphic visualization using an ultrasound con-
trast agent (UCA). To our knowledge, this is the
first such attempt to characterize blood flow dy-
namics in the perfused placenta in this fashion,

Ultrasound
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MATERIALS AND METHODS

Five human placentae from healthy, uncompli-
cated, term pregnancies were obtained following
delivery. A cotyledon was selected and connected
(using 5-French umbilical catheters) to a mater-
nal and a fetal pump per previously described
methods.”® The cotyledon was placed fetal side
(chorionic plate) down in a water bath heated to
37°C. A catheter was introduced and sutured in
place in a fetal vein and another in a fetal artery
on the fetal side, and 2 catheters were introduced
blindly into the maternal side (decidual plate).
Figure 1 demonstrates the laboratory setup. For
the present study, we used an open system (ie,
without recirculation). Fetal and maternal flows
were at 3 and 15 ml/minute, respectively. Placen-
tal functions that can be studied through this
perfusion model include hemodynamics, trans-
placental transport, cellular uptake, endocrine
function, and metabolism. Criteria for effective
dual perfusion have been published previously®?;

Fetal Circuit

Placental

chamber &

pump

/

l

Oxygenation reservoir

Water bath

IE’/

N,

Reservoir

FIGURE 1. Schematic representalion of the laboratory setup. FA, fatal “artery”; FV, fetal "vein”; MA, matarnal “artery”; MV, maternal "vein.”

514

JOURNAL OF CLINICAL ULTRASOUND



ALBUNEX AND PERFUSED HUMAN PLACENTA

those most commonly employed are oxygen con-
sumption, glucose consumption, lactate produc-
tion, human chorionic gonadotropin production,
net fetal oxygen transfer, fetal pressure, and flow
rates. Hemodynamie control consisted of instan-
taneous pressure readings with recording every 5
seconds and maintenance of fetal arterial flow at
3 ml/minute. The pressures that were obtained
did not correspond to physiologic systolic and di-
astolic pressures in humans but were an indica-
tion of flow pressure in the system.
Commercially available APOGEE 800 or ATL-
HDI 3000 ultrasound scanners (Advanced Tech-
nology Laboratories, Bothell, WA) equipped with
a multi-frequency transducer were used for imag-
ing. Optimal visualization was at a frequency of 5
MHz. Doppler settings were as follows: pulse rep-
etition frequency, 1-2 kHz; wall filter, 50 Hz;
sample volume, 1 mm. The transducer was intro-
duced in a plastic bag containing ultrasound gel
at room temperature, and the bag was applied
directly to the placental surface (maternal side),
being supported by a movable mechanical arm so
as not to cause pressure on the placental surface.
In color Doppler mode, the transducer was moved
until an area of flow could be demonstrated and
was then fixed in position. Manipulation of flow
rates (on/off) in the maternal and fetal pumps
demonstrated the presence in the same frame of
both maternal and fetal flows. Color and Doppler
signals were obtained but appeared weak to the
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naked eye. This is probably due to the fact that
the perfusate did not contain red blood cells, the
scattering agent normally detected by Doppler so-
nography.

The ultrasound contrast medium Albunex (Mo-
lecular Biosystems, Inc., San Diego, CA) was in-
jected into the arterial side of the fetal circuit (FA
in Figure 1) over 1 minute. Albunex consists of 5%
aqueous human albumin, sonicated under heat
and pressure, yielding a solution of microspheres
measuring 3-5 microns at a concentration of 4 x
10%/ml when rediluted. One-milliliter boluses
were injected into the fetal circuit. Fetal perfus-
ate was collected from the fetal vein (FV in Figure
1), and flow pressure was monitored in the fetal
artery. Two vasoactive substances were also em-
ployed. First, U46619, a thromboxane agonist and
a potent vasoconstrictor, was injected into the fe-
tal artery. The dosage employed (1 ml, 107 M)
was pharmacologic and corresponded to amounts
previously used by other authors in perfusion ex-
periments,®® Albunex® was added after 1 minute.
After 5 more minutes, 1 ml of nitroglycerin, a po-
tent vasodilator, was injected, and again Albunex
was added after 1 minute. After a “resting” period
of 1 hour and with all experimental settings dem-
onstrating “native” values, nitroglycerin was in-
jected again (without priming by U46619), fol-
lowed by Albunex.

To evaluate the efficacy of the addition of the
UCA in assessing placental perfusion patterns,
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FIGURE 2. Schematic representation of the Doppler acquisition (A) and processing (B) setup.
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FIGURE 3. Imaging with no contrast medium to establish anatomy and location of the decidual and chorionic plates. (A) Both maternal and fetal
pumps off. (B) Maternal pump off; fetal pump on. (C) Maternal pump on; fetal pump off. (D) Both maternal and fetal pumps on,

pulsed Doppler measurements were made at cho-
sen sites. A quantitative measure of flow rate was
provided by observing the root-mean-square
(rms) value of the spectral Doppler audio output.
The addition of the UCA provided the scatterers
necessary for Doppler velocity detection. For rela-
tively dilute concentrations of such scatterers, the
scattered intensity is roughly proportional to

their concentration; this permits evaluation of

flow in a region of interest when a given concen-
tration of the UCA is being delivered at a constant
-ate of infusion. The change in Doppler intensity
:an be related to the change in volume flow
rate.'”'" The precise relationship depends on a
number of factors, particularly the stability of the
scattering characteristics of the UCA over time in
response Lo parameters such as the infusion pres-
sure and the qualities of the infusate itself such
as gas solubilities and surfactant properties.
Nonetheless, for a constant infusion of UCA, a
change in volume flow will be reflected in a
change in the observed Doppler signal intensity.

A region of active flow was determined by po-
sitioning both the transducer and Doppler gate in
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a region of observable Doppler signal intensity as
observed on the Doppler spectral display that cor-
responded to starting and stopping of the fetal
perfusion pump. The Doppler spectral display
and audio signal were recorded on an S-VHS
video recorder with the automatic gain control
disabled and with constant gain setting. Epochs
of flow measurements were recorded in this man-
ner as injections of the UCA were applied with
and without prior injection of the vasoactive
agents of interest. The audio signals were then
analyzed off-line by measuring the variation of
the rms value of the audio signal level over time.
The Doppler gate included a region of vasculature
of varying orientation such that the left and right
channels of the Doppler signal provided signals of
equivalent amplitude. The rms value was mea-
sured and converted into a decibel value (10 times
the common logarithm of the voltage squared) uti-
lizing a circuit based on an AD637 monolithic
rms-to-dB converter (Analog Devices, Norwood,
MA). The output voltage of the circuit was re-
corded with a 9430 Digital Oscilloscope (LeCroy,
Chestnut Ridge, NY), and the data were trans-

JOURNAL OF CLINICAL ULTRASOUND



ALBUNEX AND PERFUSED HUMAN PLACENTA

FIGURE 4. Imaging before (A) and after (B) injection of Albunex. Flow not discernible without Albunex is demonstrated near the decidual plate

larrowheads) after injection of Albunex. Note also enhanced Doppler signals

ferred to a personal computer for storage and fur-
ther analysis. A diagram of the Doppler acquisi-
tion and analysis process 1s shown in Figure 2.
The duration of color persistence was determined
by observing the appearance of color and measur-
ing the amount of time that color was present.
Paired ¢-tests were used to evaluate pressure
changes and color persistence with or without the
addition of vasoactive substances. A p value below
0.05 was considered statistically significant.

RESULTS

Before beginning the ultrasound component of

this study, the placental perfusions met all of the
previously established physiologic criteria.® For
the Albunex portion of the experiment, an open
circuit was used on the fetal side. Thus, not all
physiologic parameters could be documented, but
this was of no relevance for the present experi-
ments. Those documented during the perfusion
were fetal venous flow rate, system pressure, P0.,
Pco,, and pH.

VOL. 27, NO. 9, NOVEMBER/DECEMBER 1999

Imaging with No Contrast Medium

Intermittently stopping the maternal and/or fetal
pumps permitted demonstration of the 2 circula-
tions. Both the spectral and color Doppler signals,
as previously mentioned, were demonstrable but
weak. Figure 3 shows the presence or absence of
flow with either 1 or both pumps on or off.

Imaging with Contrast Medium

[njection of Albunex produced a notable increase
in the color signals. Because of the high intensity,
“spillage” of the color occurred. This was not cor-
rected because of our desire not to change any
settings such as sensitivity and pulse repetition
frequency. Flow was demonstrated in areas
where it was not previously visualized (Figure 4).
There was no noticeable change in pressure or in
flow. Doppler signals were greatly enhanced (Fig-
ure 4).

Modulation of Flow
After the addition of U46619, the mean fetal pres-
sure abruptly rose to 118 + 2.9 mm Hg (standard

517



ABRAMOWICZ ET AL

20

140
Albunex
- 120 4 Nitroglycerin
- U46619 * + 16
= !
E
o 100 +
v
ol
ol
o
o
5 80 +
g
Pr
] 1 3
5 60
[
1=
©
[}
=2 w4
Albunaex ¢ Albunex Albunex

114

+ 10

=
Fetal Venous Flow Rate (ml/min)

N 4 feeae

0+

:
i

150 7——]
180 ) 4

30
60
90 4
120
210
240 -
270
300

360 {7
390 +

420 )
450 ]
480 {7

510 ——
o [

$ 58

540
570 4

Time (seconds)

FIGURE 5. Fetal arterial pressure and fetal venous flow rate with injection of vasomodulators and Albunex for a sample experiment. Contral
represents injection of Albunex only (flow rates in the control experiments did not change). White boxes, fetal venous flow rate; line with squares,

control; line with triangles, vasomodulators.

error of mean) from a baseline of 20 mm Hg; the
mean pressure was 23.2 + 0.8 mm Hg after Al-
bunex alone (p < 0.0001). The addition of Albunex
after U46619 caused a small increase in pressure,
presumably because of some washout effect of the
U46619 still in the tubing. Within 1 minute of
U46619 injection, fetal {low, as demonstrated by
the amount of fetal perfusate collected at the fetal
venous side, began to decrease and was absent
after 2 minutes. The addition of nitroglycerin rap-
idly returned the pressure to baseline. Figure 5 is
the graphic representation of 1 experiment. When
Albunex was added to the system after injection
of U46619, imaging (Figure 6A) demonstrated
flow only in the area of the chorionic plate (ie,
larger vessels), as opposed to the generalized flow
(ie, chorionic and decidual plates as well as pla-
cental substance) seen with no vasomodulator
(Figure 3B). After the addition of nitroglycerin,
flow was again demonstrated in all placental re-
gions (IMigure 6B). No changes in pressure or {low
were noticeable when nitroglycerin was injected
alone. By qualitative evaluation, the Doppler sig-
nals appeared weaker with Albunex after U46619
(Figure 6A) and stronger after Albunex alone
(Figure 4B) or Albunex after nitroglycerin (Fig-
ure 6B).
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Flow Analysis

Our semiquantitative estimation of the pres-
ence of color demonstrated the shortest per-
sistence (39.8 = 3.4 seconds) when Albunex
was added after injection of U46619 and the
longest (94 + 6.5 seconds) when Albunex was
added after injection of nitroglycerin (p < 0.0001).
The persistences for Albunex alone and Albunex
after nitroglycerin were not significantly differ-
ent. A plot of a typical UCA injection study
is shown in Figure 7A. The abscissa is time, and
the ordinate indicates Doppler signal intensity in
decibels. A plot of a UCA flow study after injec-
tion of the vasoactive modulator U46619 is
shown in Figure 7B. A plot of a UCA flow study
following the injection of the vasodilator nitro-
glycerin is shown in Figure 7C. The change in
the time course and decrease in magnitude of
the measured Doppler signals are evident after
injection of the vasoconstrictor U46619. After
injection of the vasodilator nitroglycerin,
the time course and magnitude of the Doppler sig-
nals are similar to those before U46619 was in-
jected, indicating restoration of the initial flow
rates.

JOURNAL OF CLINICAL ULTRASOUND
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FIGURE 6. Modulation of flow. (A) Injection of Albunex after addition of U46619. Note absence of flow in the decidual plate region (arrowhead)

(B) After addition of nitroglycerin. Flow is generalized

DISCUSSION

One of the major functions of the placenta is sub-
stance transfer from the maternal circulation to
the fetus. Placental morphology can be examined
today by several imaging techniques such as ra-
diography,'* MRIL'™ and sonography.” Placental
function is more difficult to evaluate directly. One
can examine fetal well-being and growth as an
assumption of a properly functioning placenta,
but the reverse is not necessarily so: poor fetal
growth may have its origin in maternal or intrin-
sic fetal disorders, as well as “placental insuffi-
ciency.”

Doppler imaging is a technique allowing evalu-
ation of uterine and umbilical circulation but is
less effective in evaluation of the placental circu-
lation per se. Alterations in downstream hemody-
namics are reflected by changes in Doppler veloc-
ity waveforms, as demonstrated in laboratory
studies.'"'” Abnormal Doppler tracings have
been correlated with placental vascular pathology

VOL. 27, NO. 9, NOVEMBER/DECEMBER 1999

in morphologic studies.'"®'® This is particularly
obvious in cases with absent end-diastolic flow,
when severe placental morphologic changes oc-
cur, such as decreased weight, decreased basal
area, perivillous microfibrinous deposits, and vil-
lous fibrosis.'”*" Changes in the Doppler charac-
terization of umbilical artery blood flow velocity
have been described in multiple publications, par-
ticularly in cases of intrauterine growth restric-
tion.?'** Alterations in vessel tone or actual
changes in the placental vascular tree have been
correlated with Doppler tracings.”™*% Placental
vessels lack local innervation but are clearly re-
particularly U46619,
apparently via thromboxane A, receptor activa-
6:25.29 New ultrasound techniques such as

sponsive to autacoids,’™*’

tion.
color and amplitude-based Doppler (color Doppler
imaging and power Doppler imaging) as well as
the use of UCAs may allow visualization of intra-
placental circulation and verify previously pub-
lished studies on placental vascularization.®?"#!
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We have demonstrated in a laboratory setting
that maternal and fetal circulation can be exam-
ined by color Doppler imaging. The addition of a
UCA allows noninvasive Doppler measurements
of flow modulation due to vasoactive agents in the
perfused placenta in a quantitative manner. Use
of pulsed Doppler imaging permits evaluation of
flow changes at specified sites within the placen-
tal tissue. By utilizing available ultrasound scan-
ning systems that provide simultaneous B-mode
imaging, color Doppler imaging, and pulsed
Doppler veloeity measurement, it is possible to
assess the regional distribution of vasoactive
agents’ effects in the perfusion model. In particu-
lar, color Doppler imaging can be used to guide
the placement of the pulsed Doppler sampling
gate for quantitative measurements, and place-
ment is facilitated by the use of a UCA. The back-
scatter enhancement provided by the UCA can
also be used to determine the distribution of the
flow modulation by analysis of the real-time B-
mode images. Areas of enhanced contrast appear
as areas of increased brightness over time as the
injection of the UCA proceeds. Measuring the
brightness (or echogenicity) variation over time
can provide another assessment of flow distribu-
tion and time course. This ecan be used to study
flow variations at specific locations or over a
specified region of the placental tissue. As de-
scribed by Schwarz et al,** video-densitometric
analysis of contrast-enhanced B-mode images re-
quires consideration of the imaging system'’s
video-processing parameters as well as the at-
tenuation properties of both the tissue of interest
and the UCA agent, including the effect of its con-
centration. The addition of a UCA may allow
documentation of flow in areas that are beyond
the sensitivity of the usual instruments because
of low velocity and low signal-to-noise ratios in
non—contrast-enhanced situations. Whether a
UCA was used should be indicated when deserib-
ing “absent” flow by color Doppler imaging. In ad-
dition, quantification of placental insufficiency
secondary to vascular changes® may be possible
in the future by measuring the amount of contrast
medium taken up or cleared.

Even though our investigations were done in
vitro, they demonstrate that the placental bed cir-
culation can be monitored to identify not only cir-
culatory patterns but, more important, continu-
ing changes in circulatory patterns as a first step
to assessing pathophysiology that may be associ-
ated with fetal compromise. Quantification of
these changes will be critical to evaluating such
pathophysiology. We have recently begun using a
more quantitative method of estimation of color

VOL. 27, NO. 9. NOVEMBER/DECEMBER 1999

intensity and duration using a frame grabber and
color analysis software.

In conclusion, it is possible to characterize
changes in the human placental blood flow using
color Doppler imaging, spectral analysis, and
UCAs. The next step is to characterize the patho-
physiology leading to fetal compromise.
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