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Abstract
Objective—We test the hypothesis that first-trimester serum analytes, 4-D power Doppler
placental vascular indices and uterine artery Doppler (UAD) predicts abnormal placental
morphometry in pregnancies with preeclampsia (PE) and fetal growth restriction (FGR).

Study design—Maternal serum analytes (PAPP-A, hCG, ADAM12s, and PP13), bilateral
UADs, and placental vascular indices were measured at 11–14 weeks in a nested-case control
study within a prospective cohort of women followed from the first-trimester to delivery.
Vascularization index (VI), flow index (FI), and vascularization flow index (VFI) were obtained
from 4-D power Doppler histograms. Serum analytes were measured using immunofluorometric
assays and values converted to multiples of the median (MoM) for gestational age. Morphometric
analysis was performed on placentas from pregnancies complicated by PE (n = 13), gestational
hypertension (HBP, n = 7) and FGR (defined as fetal weight <10th percentile with abnormal
umbilical artery Doppler: n = 7); and 20 uncomplicated pregnancies. Two pregnancies had both
FGR and PE. Each placenta was weighed and random samples taken, and fixed in formalin within
1 h of delivery. Hematoxylin & Eosin stained slides were analyzed by design-based stereology to
quantify linear dimensions, surface areas and volumes of placental components. Paired t-test and
ANOVA with adjustments for multiple comparisons were used.

Results—The surface areas of terminal and intermediate villi as well as the volume of terminal
villi were significantly smaller in placentas from pregnancies complicated by FGR and PE.
Compared with the control group the mean PAPP-A (MoM) was lower in the pregnancies with
abnormal placenta morphometry (1.1 ± 0.5 versus 0.7 ± 0.5, P = 0.03). The morphometric indices
were lower in those pregnancies with low PAPP-A and IUGR compared with preeclampsia.

Conclusion—First-trimester PAPP-A levels are associated with abnormal placental
morphometry at delivery in pregnancies with PE and IUGR. These findings may explain the
association between adverse pregnancy outcomes and first-trimester PAPP-A.
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1. Introduction
The concentration of selected analytes in maternal blood in the first-trimester reflects
trophoblast secretory activity and thus biochemical function of trophoblast in the developing
placenta. These may predict adverse pregnancy outcomes, separate from aneuploidy [1–3].
Importantly, the free beta subunit of the human chorionic gonadotropin (hCG), the
pregnancy associated plasma protein-A (PAPP-A), activin-A, A-Disintegrin and
Metalloproteinase 12s (ADAM12s), and placenta protein 13 (PP13) show promise for
screening to predict sub-optimal outcomes in the second-half of pregnancy, such as
preeclampsia (PE) and fetal growth restriction (FGR; [1–11]). Moreover, abnormal uterine
artery Doppler and 4-dimensional assessment of placental volume and blood flow are
biophysical measurements that also associate with adverse pregnancy outcomes [12–14].

The pathological basis for the relationship among biochemical findings, biophysical
parameters and sub-optimal pregnancy outcomes is yet to be elucidated. What is clearly
known is that the placenta plays a central role in all pregnancy outcomes. Impaired placental
perfusion is reflected by third-trimester Doppler flow studies of the utero-placental
circulation, and these studies indicate a reduction of blood flow into the placental vascular
bed in cases of chronic fetal hypoxia [15]. Abnormal Doppler waveforms at 32–34 weeks’
gestation, when compared with a control group with normal Doppler waveforms, correlate
with a reduced volume of placental villi and a reduced number of fetal capillaries as
determined by morphometric analysis of the placentas at delivery [15]. We test the
hypothesis that abnormal first-trimester serum analytes combined with 4-D power Doppler
assessments of placental vascular indices and uterine artery Doppler (UAD) are associated
with abnormal morphometry of the placenta in pregnancies with sub-optimal outcomes.

2. Methods
Approval for the study was obtained from the institutional review board of Washington
University School of Medicine in St Louis and participating women gave written, informed
consent. This is a planned nested-case control study within a prospective cohort study of
pregnant women followed from the first-trimester to delivery as part of a first-trimester
screening study for adverse pregnancy outcomes. Women with singleton pregnancies at 11–
14 weeks’ gestation attending for first-trimester aneuploidy screening were approached to
participate in the study. Consented women had serum analytes measured, including PAPP-
A, hCG, ADAM12s, and PP13, had bilateral evaluation of UADs, and placental vascular
indices calculated. Pregnancies with detected aneuploidy were excluded from the analysis.
Cases for this study with PE, FGR and gestational hypertension after the first 600 women
recruited for the cohort study were identified and compared with a control group without
any adverse pregnancy outcome over the same period. The control group included
uncomplicated term pregnancies who were enrolled in the study and who delivered at our
institution. They were selected in a pragmatic scheme to enable reliable collection and
preparation of the placentas for morphometric studies and were not matched to cases.

2.1. Maternal serum analytes
A serum sample of 25 μL from each was used to measure ADAM12 and PP13
concentrations by a time-resolved fluorescent immunoassay, where analyte concentration
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was directly proportional to the fluorescence measured on time-resolved fluorometer at 615
nm (DELFIA/AutoDELFIA research kit, PerkinElmer Life and Analytical Sciences, Turku,
Finland). Samples were analyzed without knowledge of the uterine artery Doppler, 4-D
power Doppler findings or pregnancy outcome. Concentrations of ADAM12s and PP13
were expressed as multiples of the median (MoM) for gestational age to control the known
increase in levels with gestational age. The reference ranges were derived from analysis of
the levels in 400 normal pregnancies for our population.

The hCG and PAPP-A levels were sent to PerkinElmer lab as part of routine first-trimester
aneuploidy screening where an immunofluorometric analysis was also performed.

2.2. Sonographic evaluation
Gestational age was calculated from the last menstrual period, confirmed by crown-rump
length measurement, and a careful search for fetal abnormalities was done. If the crown-
rump length is different from the menstrual dates, by more than 5 days, a new sonographic
gestational age was assigned. Doppler examination of the uterine arteries was performed
using transabdominal ultrasound with color Doppler. Uterine artery pulsatility index (PI)
was measured at this point by pulse wave Doppler, and at least three good quality,
consecutive flow velocity waveforms were obtained. The mean PI of the measurements in
each of the two uterine arteries was calculated and used for analyses. The presence or
absence of early diastolic notches on each side was noted.

The methods for placental volume and vascularization indices have previously been
described [16,17], and the 4D scans were performed by experienced sonographers. Briefly,
all images were acquired using Voluson 730 Expert ultrasound machines (GE Medical
Systems, Milwaukee, WI, USA) equipped with a 4–8 MHz transducer. The same pre-
established instrument power settings were used in all cases (angio mode: cent; smooth: 4/5;
FRQ: low; quality: 16; density: 6; enhance: 16; balance: GO150; filter: 2; actual power: 2
dB; pulse repetition frequency: 0.9). The entire view of the placenta was identified by a 2D-
ultrasound, the volume box was adjusted to scan the entire placenta, and the ultrasound
images were stored on a removable hard disk for subsequent analysis. The angle of volume
acquisition varied from 45° to 90° and the duration was from 10 to 15 s. For posterior and
laterally located placentas a slight lateral inclination of the transducer was used to acquire
the images. Each image was recovered from the disk in succession for processing.
Evaluation of the entire placenta was performed using the rotational technique in the
VOCAL™ program included in the 4DView computer software (GE Medical Systems,
Milwaukee, WI, USA). This involved rotating the image at 30° intervals and outlining the
contour of the placenta six times.

Placental volume, vascularization index (VI), flow index (FI), and vascularization flow
index (VFI) were obtained from 4-D power Doppler histograms. These were adjusted for
maternal BMI and posterior location of placenta.

2.3. Clinical diagnoses
Normal or control patients were those without any medical or obstetrical complication
during pregnancy or delivery. PE was defined using guidelines of the American College of
Obstetricians and Gynecology [18] and other hypertensive disorders by the criteria proposed
by the National High Blood Pressure Education Program Working Group Report in
Pregnancy [19]. Gestational hypertension (HBP) is defined as elevated blood pressure (BP)
without proteinuria detected for the first time after 20 weeks [19]. Mild PE was defined as:
BP > 140/90 after 20 weeks gestation in a woman with previously normal BP; proteinuria of
≥300 mg in a 24-h urine sample or at least 1+ on urine dipstick. Severe PE is defined using
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the presence of any of the following criteria in patients with preeclampsia: BP ≥ 160/110 on
two or more occasions more at least 6 h apart; proteinuria of at least 5 g or 3+ on urine
dipstick on 2 samples randomly taken at least 4 h apart; thrombocytopenia, elevated liver
enzymes; visual disturbance or headache or other neurological disturbances; persistent right
upper quadrant or epigastric pain; oligohydramnios with <500 ml of urine in 24 h; and fetal
growth restriction.

Fetal growth restriction was defined as fetal weight <10th percentile for gestational age
using the growth chart by Alexander et al. [20] with abnormal umbilical artery Doppler,
defined as pulsatility index (PI) >95th percentile for gestational age or absent or reversed
end-diastolic flow [21].

2.4. Placental morphometry
We used systematic random sampling by the method described by Mayhew [22–24]. Each
placenta was collected immediately after delivery, the cord and fetal membranes were
removed, and placental volume was determined by water displacement. Five specimens of
about 0.5 g each were collected randomly from cotyledons in the inner and intermediate
perimeters, zones 1B and 2B, as described by Wyatt et al. [25], excluding the placental
periphery. All samples were fixed in 10% formalin at room temperature for 24 h, embedded
in paraffin and 5-μ sections were stained with hematoxylin and eosin. Each of the five
blocks of tissue provided a slide for systematic random scanning of the sections stepwise in
the x–y directions, using one corner of the coverslip as a random start point. Digital color
images were collected using a Nikon Eclipse E800 microscope equipped with a 20×
objective and an Olympus DP71 camera, with 20 random fields imaged for each placenta.

2.5. Stereological analysis
Digital images were overlain with a quadratic test grid using Image J software (http://
rsbweb.nih.gov/ij/). The intersection of the horizontal and vertical lines of the test grids
constituted a test point. A 40 μm × 40 μm grid was used for analysis of villous types and 20
μm × 20 μm for analysis of capillaries, due to the lesser frequency of encountering
capillaries by test points or lines. Villi were classified by minimal diameter and presence of
tunica media [26]. Stem villi were identified as minimal diameter >80 μm with tunica
media; intermediate villi as minimal diameter >80 μm without tunica media and terminal
villi as villi minimal diameter <80 μm. Parameters for morphometry data included volume
(cm3), surface (m2) and length (km) for each type of villus and the capillaries therein. The
number of points falling on stem, intermediate and terminal villi, fetal capillaries,
intervillous space, and fibrin deposits were counted and expressed as a fraction of the total
number of points falling on the sections. The number of intersections of test lines made with
the villous surface and with the capillary luminal margins was also compiled, and the
respective surface densities were estimated (Fig. 1A). Finally, the numbers of villous and
capillary profiles were recorded, with two sides of the test grid acting as forbidden lines, and
villous and capillary length densities calculated. Points, intersections, and profiles were
converted to volume, surface area and length using standard methods [27].

2.6. Statistical analysis
The mean and standard deviations of each placental morphometric variable were determined
and comparisons among groups (control pregnancies, FGR, PE and gestational HBP) were
performed using one-way ANOVA. Sidak test was used to adjust for multiple comparisons.
Both chi-squared and Fisher’s exact test were used as appropriate for categoric variables. A
P-value <0.05 was considered statistically significant.
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We estimated the association of first-trimester analytes, abnormal UADs, and placental
indices in pregnancies with FGR and PE that developed abnormal morphometry. For the
latter analyses, abnormal morphometry was defined as a composite variable including any of
the following findings: terminal villi or terminal villi capillary length, volume, or surface
area <25th percentile compared to the control placentas. Firstly, we compared the first-
trimester serum analytes, UADs PI, and placental indices as continuous variables between
the control group and cases with abnormal and normal placental morphometry, respectively.
We next performed a regression analysis using the placenta morphometry data as continuous
variables against the serum analytes and sonographic measurements. Finally, we compared
the mean and standard deviation of ultrasound and serum markers in control group
compared with pregnancies with normal and abnormal morphometry.

3. Results
We studied 20 uncomplicated pregnancies as the control group and 25 cases with sub-
optimal pregnancy outcomes (Table 1). The latter included n = 7 with FGR, n = 13 with PE,
and n = 7 with gestational HBP. Two of the pregnancies with PE were also complicated by
FGR. The mean gestational age at delivery for the controls was 38.9 ± 1.1 weeks’ gestation,
and 37.1 ± 3.3 weeks’ gestation for the cases (P = 0.06). The mean birth weights for the
controls was 3464 ± 559 g, significantly higher than the 2745 ± 807 g for the cases (P =
0.01). The route of delivery was cesarean in 54% of the controls, not different from the 53%
cesarean delivery of the cases (P = 0.93).

The placental volume was smaller in the cases with FGR and PE, compared with the
controls (Table 2), but placental volumes from gestational HBP were not different from
controls. The volume and surface area of terminal villi were significantly smaller in all
pregnancies with sub-optimal outcomes, with FGR < PE < gestational HBP, compared with
the control group. Interestingly, the mean length of villi was significantly reduced in PE, but
not in FGR or gestational HBP, compared to controls. Notably, the volume, surface area,
and length of capillaries in terminal villi were significantly less in the pregnancies with
FGR, but not in PE or gestational HBP, compared to controls. As expected the intervillous
space volume was significantly larger in the cases with FGR compared with the control
group. Fig. 1 depicts a typical field with an overlying grid used to quantify villi (Fig. 1A)
from a normal control, a case of FGR (Fig. 1B) and a specimen from a patient with a
diagnosis of both FGR and PE (Fig. 1C). These profiles illustrate the typical reduction in
both volume and surface area for cases, compared with the uncomplicated controls.

Compared to controls, the intermediate villous volume was significantly lower in all three
pregnancy maladies, but only the reduction in PE was significant. Stem villous volume was
notably higher in PE, reflecting the diminished functional capacity of the placenta in PE.
There were no significant differences in capillary parameters among the groups in either
intermediate or stem villi. There were, however, significantly increased volumes of inter-
villous space in FGR and gestational HBP, compared to controls.

The results of the regression analysis using the placenta morphometry data as continuous
variables against the serum analytes and sonographic measurements are shown in Table 3.
There was no significant association between any of the ultrasound indices and
measurements of placental morphometry. The P-value for the correlation between PAPP-A
and terminal villi volume is 0.05.

The results of the comparison of the first-trimester serum analytes, UADs PI, and placental
indices as continuous variables between the control group and cases with abnormal and
normal placental morphometry are shown in Table 4. The only significant finding was a
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lower mean level of PAPP-A (MoM) in the pregnancies with abnormal placental
morphometry (P = 0.03).

We wondered if the diminished terminal villous volume was greater in FGR pregnancies
with low PAPP-A compared with normal PAPP-A. We thus compared the mean terminal
villous volume in FGR pregnancies with low PAPP-A (56.8 ± 16.1 cm3) to those with
normal PAPP-A levels (101.3 ± 12.6 cm3), and found a significant difference (P = 0.009).
Fig. 2 demonstrates that the terminal villous volume was significantly smaller in the
pregnancies with FGR that has low PAPP-A.

We performed a sensitivity analysis to address if gestational age at delivery impacts the
placental morphometry data by comparing the mean values dichotomized by preterm
delivery (defined as delivery <37 weeks). There was no significant difference in mean
values of the morphometry data when categorized by preterm birth (data available from
authors).

4. Discussion
The data show that small placental volume is characteristic of the pregnancies with PE and
especially FGR and is associated with a reduction in terminal villi, consistent with previous
studies [15,26,28,29]. Our data support our primary hypothesis that abnormal first-trimester
serum analytes is associated with abnormal morphometry of the placentas with sub-optimal
pregnancy outcomes. We show that abnormal PAPP-A concentrations in the first trimester
are associated with abnormal morphometric changes in the placenta at delivery, especially in
pregnancies that develop FGR. Although recent studies have focused on a combination of
parameters in the first-trimester as screening tests for FGR and PE [30], our study suggests
that such multi-parameter assessments may still be limited in their association with placental
dysfunction that manifests as PE or FGR.

This study did not find any significant association between placental vascular indices and
abnormal morphometry. While 4D vascular flow indices have been criticized for their poor
variability and susceptibility to machine settings, the findings in this study cannot be
attributed to high variability of our measurements as we have previously reported good
reliability in these measurements [31]. However, the finding may be secondary to our small
sample size. Given the data in Table 4, a post hoc sample size analysis was performed and
shows that for a two-sided alpha of 0.05, and to achieve a power of 0.80, we will need to
compare 184 pregnancies with normal morphometry to 129 with abnormal morphometry to
adequately evaluate the relationship between 4D vascular indices and placental
morphometry. This information would be useful for planning future studies.

This is the first study to estimate the association between combined abnormal serum analyte
in the first-trimester with utero-placental blood flow and abnormal placental morphometry at
delivery. Our findings offer support for the premise that placental abnormalities that
associate with complications later in pregnancy can be identified by first-trimester
assessments of placental function specifically, abnormal serum analyte secretion [30]. Our
data expand on current dogma that abnormal trophoblast invasion early in pregnancy results
in differences in placental morphology, as we show that markers of first-trimester placental
function set the stage for the reduced opportunity for maternal-fetal exchange in pregnancies
with FGR [26].

An acknowledged limitation of our study is the relatively small sample size for each clinical
diagnosis. Some cells had limited numbers because of this. We were pragmatic about the
issue as we used composite definitions for the abnormal biophysical and biochemical
indices, which may not provide the specificity for a specific pathology studied. Furthermore
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we used a composite definition of abnormal morphometry for our outcome as the small
sample size could potentially lead to a type II error. In addition, our control group was not
matched to the cases as illustrated by the almost significantly different gestational age at
delivery between the two groups. This may have resulted from the pragmatic approach to
obtaining placentas from the control groups as we targeted uncomplicated term pregnancies.
The high rate of cesarean deliveries in the control groups may also have resulted from the
above as it is easier to collect and process placentas from scheduled cesarean deliveries
within the short duration needed for optimal morphometry studies. The difference in
gestational ages may not have affected our results as the results of our sensitivity analysis
showed no difference between term and preterm pregnancies in morphometric values.
Finally while several serum markers have been proposed, our findings were only significant
for PAPP-A. Our study may have been underpowered to detect any differences in 4D
vascular flow between those with normal or abnormal morphometry.

We conclude that first-trimester serum PAPP-A is associated with abnormal placental
morphometry at delivery in pregnancies that develop PE and IUGR. The findings offer one
explanation for the relationship among abnormal first-trimester maternal serum analytes, and
sub-optimal pregnancy outcomes.
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Fig. 1.
(A) Section of villi with the overlying grid used in the morphometric evaluation. (B) Section
from a placenta with FGR showing reduced terminal villi and villous surface area per unit
area of the field. (C) Section from a placenta of a patient with both preeclampsia (PE) and
fetal growth restriction (FGR) showing both reduced terminal villous volume and surface
area with a prominent intervillous space.
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Fig. 2.
Box plots showing the median, range and interquartile levels of the terminal villi volume in
pregnancies with only fetal growth restricted (FGR) by low or normal PAPP-A (P = 0.009).
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Table 1

Demographic characteristics of the study population.

Control (n = 20) Adverse outcome (n = 25) P-value

Mean age ± SD 31.5 ± 5.4 28.9 ± 6.0 0.13

Median parity (range) 1 (0–4) 0 (0–5) NS

Race

 White 11 (55%) 10 (40%) 0.25

 Black 5 (25%) 12 (48%)

 Others 4 (20%) 3 (12%)

Current BMI (mean ± SD) 29.7 ± 8.9 30.5 ± 7.6 0.77

Gestational age at delivery (mean ± SD) 38.9 ± 1.1 37.1 ± 3.3 0.06

Birth weight (mean ± SD) 3464.2 ± 558.9 2475 ± 829.1 0.01
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Table 4

Mean and Standard deviation of ultrasound and serum markers in control group compared with pregnancies
with normal and abnormal morphometry.

Control (n = 20) Abnormal morphometry (n = 14) Normal morphometry (n = 11)

Mean ± SD Mean ± SD Mean ± SD

Uterine artery PI 1.5 ± 0.5 1.6 ± 0.5 1.6 ± 0.4

4D placental volume (cm3) 46.8 ± 17.8 46.3 ± 15.8 44.0 ± 24.1

VI (%) 14.8 ± 5.6 16.8 ± 10.2 10.8 ± 7.2

FI (%) 40.8 ± 7.8 41.6 ± 9.2 39.6 ± 8.3

VFI (%) 6.1 ± 2.8 7.6 ± 5.6 4.5 ± 2.7

PAPP-A (MoM) 1.1 ± 0.5 0.7 ± 0.5* 1.2 ± 0.5

hCG (MoM) 1.0 ± 0.4 1.0 ± 0.4 1.2 ± 0.4

ADAM12s (MoM) 1.0 ± 0.4 1.0 ± 0.4 0.8 ± 0.4

PP13 (MoM) 1.1 ± 0.5 1.1 ± 0.5 1.0 ± 0.3

*
P = 0.03,

PI = pulsatility index, VI = vascularization index, FI = flow index, VFI = vascularization flow index.
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