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ARTICLE INFO ABSTRACT

Keywords: Introduction: Early utero-placental vascular development impacts placental development and function throughout
Human pregnancy. We investigated whether impaired first-trimester utero-placental vascular development is associated
Imaging

with pathologic features of the postpartum placenta.

Methods: In this prospective observational study of 65 ongoing pregnancies, we obtained three-dimensional
power Doppler ultrasounds of the placenta at 7, 9 and 11 weeks of gestation. We applied VOCAL software to
measure placental volume (PV), virtual reality based segmentation to measure utero-placental vascular volume
(uPVV) and applied a skeletonization algorithm to generate the utero-placental vascular skeleton (uPVS).
Vascular morphology was quantified by assigning a morphologic characteristic to each voxel in the uPVS (i.e.
end-, bifurcation-, crossing- or vessel point). Following delivery, placentas were measured and histologically
examined according to the Amsterdam criteria to assess maternal vascular malperfusion (MVM). We used linear
mixed models to estimate trajectories of PV, uPVV and uPVS development. Multivariable linear regression
analysis with adjustments for confounders was used to evaluate associations between PV, uPVV and uPVS
development and features of the postpartum placenta.

Results: We observed no associations between first-trimester PV development and measurements of the post-
partum placenta. Increased first-trimester utero-placental vascular development, reflected by uPVV (p = 0.25
[0.01; 0.48]), uPVS end points (p = 0.25 [0.01; 0.48]), bifurcation points (§ = 0.22 [0.05; 0.371), crossing points
(B = 0.29 [0.07; 0.52]) and vessel points (f = 0.09 [0.02; 0.17]) was positively associated with the postpartum
placental diameter. uPVV was positively associated with postpartum placental weight. No associations were
found with MVM.

Discussion: Development of the first-trimester utero-placental vasculature is associated with postpartum placental
size, whereas placental tissue development contributes to a lesser extent.

Histology

3D power Doppler ultrasound
Virtual reality

Placenta

microscopic histological aberrations. Macroscopically, placentas from
complicated pregnancies present with lower weight and smaller disk
dimensions [3-6]. Microscopically, these placentas often show signs
within the spectrum of maternal vascular malperfusion, i.e. ischemia,
infarction and accelerated maturation as a result of defective spiral ar-
tery remodeling [7,8]. As it is practically impossible to obtain placental
biopsies during gestation, the clinical applicability of placental histology
for antepartum screening of placenta-related complications is limited.
On the other hand, ultrasound techniques provide low-cost and

1. Introduction

For decades, histopathologic evaluation of the placenta, obtained
following delivery or termination of pregnancy, has been our primary
source of knowledge of the pathophysiology of placenta-related preg-
nancy complications [1,2]. Placentas from pregnancies with a
placenta-related complication, including preeclampsia, fetal growth
restriction and preterm birth, are characterized by macroscopic and
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Abbreviations

3D three-dimensional

BMI body mass index

CRL crown rump length

FR fetal reactivity

GA gestational age

ICSI intracytoplasmic sperm injection
IVF in vitro fertilization

LMP last menstrual period

MVM maternal vascular malperfusion
PD power Doppler

PV placenta volume

uPvVv utero-placental vascular volume
uPVS utero-placental vascular skeleton
VOCAL virtual organ computer-aided analysis
VR virtual reality

noninvasive opportunities for early screening of pregnancy complica-
tions and are widely used in antenatal care. In the last decade, multiple
studies have validated the first-trimester placental volume (PV) mea-
surement using three-dimensional (3D) ultrasound and Virtual Organ
Computer-aided AnaLysis (VOCAL(TM)) [9-12]. A growing number of
studies investigate the feasibility of using three-dimensional (3D) power
Doppler (PD) ultrasound for assessment of utero-placental vascular
development and function [13-18]. Recently, first-trimester 3D PD ul-
trasound was combined with virtual reality (VR) based segmentation
and a skeletonization algorithm to measure utero-placental vascular
volume (uPVV) and generate the utero-placental vascular skeleton
(uPVS) as imaging markers of early (maternal) utero-placental vascular
development [19,20]. Using these imaging markers, previous studies
show that altered first-trimester utero-placental vascular development,
including smaller absolute volumetric and morphologic development
and increased density of vascular branching, is associated with the
occurrence of placenta-related complications and disturbed embryonic
and fetal growth [20-23].

Associations between imaging markers of first-trimester utero-
placental vascular development and pregnancy outcomes suggest that
early utero-placental vascular development, rather than placental stro-
mal tissue development, impacts the development and function of the
placenta throughout pregnancy. This hypothesis may be further sub-
stantiated by research comparing imaging markers of early placental
(vascular) development with histopathologic features in the postpartum
placenta. In the present study, we aim to investigate whether impaired
first-trimester utero-placental vascular development, assessed with vir-
tual imaging markers, is associated with pathologic features in the
postpartum placenta in a prospective hospital-based cohort of preg-
nancies with and without placenta-related complications.

2. Methods
2.1. Study design

We used data from the VIRTUAL Placenta cohort, a subcohort
embedded in the ongoing prospective Rotterdam Periconception Cohort
(Predict study) [24,25]. Women were enrolled from a tertiary referral
hospital between January 2017 and March 2018, if they were at least 18
years old, carried a singleton pregnancy of less than 10 weeks gesta-
tional age (GA), and gave written informed consent. Naturally conceived
pregnancies as well as pregnancies achieved via in vitro fertilization
(IVF) with or without intracytoplasmic sperm injection (ICSI) were
eligible for inclusion. Women were excluded from analysis in case of
oocyte donation and/or miscarriage. Upon inclusion, participants were
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required to complete a questionnaire detailing their general character-
istics, medical and obstetrical history and lifestyle behaviors.

At least two study visits were arranged for each participant in the
first trimester at 7, 9 and/or 11 weeks GA. At each visit transvaginal 3D
PD ultrasound scans of the whole gestational sac including the placenta
and utero-placental vasculature were acquired using the GE Voluson E8
(GE, Zipf, Austria). Standardized ultrasound settings were previously
described (quality: max; pulse repetition frequency (PRF): 0.6; wall
motion filter (WMF): low1; compound resolution imaging (CRI): off;
power Doppler (PD) gain: —8.0) [19]. Ultrasound examinations were
performed according to international guidelines on safe use of Doppler
ultrasound in the first trimester of pregnancy (ALARA-principle) [26].

Body mass index (BMI) was determined during the first study visit
using protocoled measurements of height and weight. Within 1 month
after giving birth, participants completed a questionnaire about their
pregnancy outcomes, which was validated with data from medical de-
livery records.

2.2. Pregnancy dating

For naturally conceived pregnancies in regular cycles with a duration
between 25 and 35 days, GA was calculated from the first day of last
menstrual period (LMP). In case of unknown LMP or irregular cycle, GA
was calculated from Crown-Rump-Length (CRL). If the two methods
varied >6 days, the CRL-based GA was assumed the true GA. For fresh
IVF/ICSI conceived pregnancies, GA was calculated from oocyte pick-up
day +14 days. In case of cryopreserved embryo transfer, GA was
calculated from transfer date +19 days.

2.3. Imaging markers of the first-trimester utero-placental vascular
development

Image quality was assessed on a four-point scale ranging between
zero (optimal) and three (unusable) based on the presence of artefacts,
the ability to discriminate between myometrium and trophoblastic tis-
sue, and completeness of the placenta. Images with a quality score of
three were excluded from the analyses.

The placental volume (PV) was measured using Virtual Organ
Computer-aided AnaLysis (VOCAL) software according to the previously
published study protocol [19]. In short, the placental outline, identified
based on differences in echogenicity between trophoblast and myome-
trium, was repeatedly traced in rotational steps of 15° to calculate total
pregnancy volume. Likewise, the gestational sac contours were traced to
calculate the gestational sac volume. The gestational sac volume was
subtracted from the total pregnancy volume to calculate the PV (cm®)
[27].

The utero-placental vascular volume (uUPVV) was measured using a
virtual reality (VR) desktop system with the V-Scope volume rendering
application. First, the threshold for the 8-bit Doppler magnitude data
was set at a value of 100, thereby only including voxels with a PD signal
intensity between 100 and 255 in subsequent vascular volume mea-
surements. Power Doppler artefacts were removed with a virtual eraser.
Then, by visually identifying the embryonic structures and differences in
tissue echogenicity between uterus and placenta, VR based segmenta-
tion was used to erase the PD signal in the embryo, the umbilical cord
and the uterine tissue surrounding the placenta. After this, the V-Scope
application automatically calculated the volume of all PD voxels within
the VR based segmentation of the placenta to measure the uPVV (cm3),
as published previously [19].

The utero-placental vascular skeleton (uPVS) was generated by
applying a skeletonization algorithm to the binary uPVV segmentations
[20]. The skeletonization algorithm repeatedly peels off the outermost
layer of voxels of the PD signal, reducing the diameter of the PD signal at
each point in the vascular network until one central voxel remains,
thereby creating a network-like structure representing the vascular
morphology [20]. Following the construction of the network, the
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skeletonization algorithm classifies each 26-connected voxel based on
the number of neighboring voxels as either an endpoint (1 neighbor), a
normal vessel point (2 neighbors), a bifurcation point (3 neighbors) or a
crossing point (4 neighbors). Voxels with more than 4 neighbors are
considered an artefact caused by ‘hollow’ spaces in the segmentation
and are excluded from the analyses. Furthermore, the algorithm mea-
sures total network length and average vascular thickness (mm). These 6
uPVS characteristics represent absolute morphologic development of the
first-trimester utero-placental vasculature.

Finally, we calculated ratios of the uPVS end-, bifurcation- and
crossing points to the uPVV to identify 3 imaging markers to represent
density of vascular branching in the utero-placental vascular volume.
Women who had no PV, uPVV or uPVS measurement available, were
excluded from analysis.

Given the small contribution of embryonic vascular structures to the
VR based segmentation and the restricted presence of embryonic flow in
the first trimester, we assume the attribution of the embryonic blood
space to the uPVV and the uPVS is limited. Therefore, we consider the
uPVV and uPVS mainly include the vasculature of the maternal spiral
and basal arteries and of the arteriovenous shunts within the most distal
section of the utero-placental circulation [19,20].

2.4. Histologic assessment of the postpartum placenta

All postpartum placentas were macroscopically and microscopically
examined according to the internationally acknowledged Amsterdam
criteria by two perinatal pathologists (LvdM, PN) [28]. Gross exami-
nation included measurements of placental weight (g) and placental disk
dimensions, more specifically maximum diameter and thickness (cm)
[28]. For microscopic inspection, we sampled multiple locations from
each placenta, including the extra-placental membranes, umbilical cord
and full-thickness sections of the placental parenchyma [28]. Micro-
scopic findings thought indicative of maternal vascular malperfusion
(MVM) (yes/no) include ischemia, infarction and acute atherosis.
Accelerated maturation was not scored because of the large proportion
of term placentas in our population. Microscopic signs of fetal throm-
bosis (fetal vascular malperfusion) and fetal hypoxia were considered
indicative of fetal reactivity (FR) (yes/no). Inflammation was scored
(yes/no) when signs of chorioamnionitis, intervillositis, chronic decid-
uitis, funiculitis, chronic villitis of unknown etiology or sustained villitis
were present. Finally, maturation was classified as delayed maturation
or normal maturation.

2.5. Statistical analysis

Baseline characteristics were presented as mean with standard de-
viation. If needed, non-volumetric parameters were transformed using a
square root transformation to approximate a normal distribution. For
volumetric parameters and ratios, a cubic root and natural log trans-
formation were used respectively. For each variable we selected the
transformation of which the histogram most closely approximated a
normal distribution.

Multivariable linear mixed models were used to summarize the PV,
uPVV and uPVS measurements at 7, 9, and 11 weeks gestational age for
each participant into individual PV, uPVV and uPVS development tra-
jectories using a quadratic relation with GA. In these models, we allowed
for subject-specific intercepts and slopes as random effects. The random
effects were used as summaries representing first-trimester utero-
placental vascular morphologic development.

Hereafter, the summaries of first-trimester utero-placental vascular
morphologic development (PV, uPVV and uPVS characteristics) were
used as covariates in the multivariable linear regression analysis for
continuous outcome measures (placental weight, maximum placental
diameter and placental thickness) and in logistic regression analysis for
binominal outcome measures (MVM, FR, inflammation and delayed
maturation).
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We performed multivariable linear mixed models to estimate the
association between imaging markers of utero-placental vascular
development, assessed by PV, uPVV and uPVS, and histopathologic
features of the postpartum placenta. We constructed model 1 (adjusted
for GA at birth); model 2 (model 1 additionally adjusted for maternal
age, BMI, parity, conception mode, fetal sex and periconceptional
alcohol consumption, smoking and folic acid supplement use). For
placental disk dimensions we also constructed model 3 (model 2 addi-
tionally adjusted for placental weight). Possible confounders were
selected based on literature, characteristics of the study population and
discussion amongst authors.

All analyses were performed using SPSS (version 25.0; SPSS Inc.,
Chicago, IL, USA) and R (version 4.0.2, R Core Team, Vienna, Austria,
2020), p-values <0.05 were considered statistically significant.

3. Results
3.1. Study population

A total of 241 women were enrolled in the VIRTUAL Placenta study.
A flow chart of the study population is depicted in Supplementary Fig.
S1. One woman withdrew from the study. We excluded 175 women from
the analyses because of miscarriage (n = 22), oocyte donation (n = 4) or
because the placenta was not available for histopathologic examination
(n = 149). Finally, 65 women were included in this study. Table 1 shows
the baseline characteristics of the study population. Participants were on
average 32.4 years of age, 41% was nulliparous and 20% of the preg-
nancies was achieved via IVF-ICSI. The average GA at birth was 261 days
(37%2 weeks). Table 2 summarizes the histopathological features in the
postpartum placentas. From the 24 women clinically diagnosed with any

Table 1
Baseline characteristics of study population (n = 65).

Total cohort (n = 65)
Mean (SD) or n (%)

Maternal characteristics
Age (years)
Nulliparous (yes)
IVE/ICSI (yes)
Geographic origin

Dutch

Western

Non-Western
Educational Level

32.4 (4.2)
27 (41.5%)
13 (20.0%)

48 (73.8%)
2 (3.1%)
13 (20.0%)

Low 4 (6.2%)
Intermediate 22 (33.8%)
High 37 (56.9%)

BMI at first visit, (kg/m?)

Folic acid supplement use (yes)
Alcohol consumption (yes)
Smoking (yes)

Neonatal outcomes

Fetal sex (boys)

26.4 (6.1)

50 (76.9%)
15 (23.1%)
13 (20.0%)

33 (50.8%)

GA at birth (days) 261 (29)
Birth weight (grams) 2995 (733)
Hoftiezer percentiles 43 (32)
Congenital anomalies 2 (3.1%)
Placenta-related complications” 24 (36.9%)
PIH" 4 (6.2%)
PE" 4 (6.2%)
FGR” 8 (12.3%)
SGA® 10 (15.4%)
PTB" 11 (16.9%)

IVF = in vitro fertilization. ICSI = intracytoplasmic sperm injection. BMI =
body-mass index. GA = gestational age. PIH = pregnancy induced hypertension.
PE = preeclampsia. FGR = fetal growth restriction. SGA = small-for-gestational-
age. PTB = preterm birth.

@ Placenta-related complications are specified as PIH or PE and/or FGR, PTB
and SGA.

Y Diagnoses may be overlapping.
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Table 2
Histopathological features of the delivered placenta.

Total cohort (n = 65)
Mean (SD) or n (%)

Macroscopic characteristics
Placental weight (g)
Placenta weight percentiles

436 (118)

<10th 20 (30.8%)
10th-25th 20 (30.8%)
26th-50th 6 (9.2%)
51st-75th 2 (3.1%)
76th - 90th 7 (10.8%)
>90th 10 (15.4%)
Maximum placental diameter (cm) 18.1 (3.2)
Placental thickness (cm) 2.2 (0.8)
Umbilical vessels, 3 64 (98.5%)
Coiling index 0.21 (0.10)
Cord diameter (cm) 1.39 (0.55)
Cord insertion
Central 2 (3.1%)
Paracentral 60 (91.3%)
Marginal 2 (3.1%)
Velamentous 1 (1.5%)
Microscopic characteristics
MVM 28 (43.1%)

25 (38.5%)
13 (20.0%)
2 (3.1%)

14 (21.5%)
12 (18.5%)
3 (4.6%)

23 (35.4%)
22 (33.8%)

Ischemia, yes"
Infarction, yes"
Atherosis, yes”
FR
Fetal hypoxia, yes"
Fetal thrombosis, yes”
Inflammation, yes
Maturation, delayed

MVM = maternal vascular malformation. FR = fetal reactivity.
@ Microscopic features may be overlapping.

placenta-related complication, 14 (58.3%), 5 (20.8%), 12 (50.0%), and
7 (29.2%) placenta’s showed signs of MVM, FR, inflammation and
delayed maturation, respectively. In women without any placenta-
related complication, the frequencies of MVM, FR, inflammation and
delayed maturation were 14 (34.1%), 9 (22.0%), 11 (26.8%) and 15
(36.6%), respectively.

3.2. Macroscopic features

Associations between virtual imaging markers of first-trimester
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utero-placental vascular development and macroscopic features of the
postpartum placenta are depicted in Table 3, Fig. 1 and Supplementary
Table S2. First, we investigated the associations with placental weight.
Both model 1 and 2 showed increased first-trimester uPVV development,
but not PV development, was associated with higher placental weight of
the postpartum placenta, see Table 3. Absolute maternal vascular
morphologic development, estimated by trajectories of the uPVS char-
acteristics, was positively associated with placental weight in model 2,
not all associations were statistically significant. In model 1, first-
trimester density of vascular branching was inversely associated with
placental weight of the postpartum placenta. Similar associations were
observed in the model 2, but were not statistically significant.

Next, we investigated associations with placental disk dimensions.
Both model 1 and 2 showed increased uPVV development and increased
absolute maternal vascular morphologic development, but not PV
development, were associated with a larger maximum placental diam-
eter of the postpartum placenta, see Fig. 1 and Supplementary Table S2.
In model 3, we observed similar associations, but not all associations
were statistically significant. We repeated these analyses for placental
thickness, but found no associations, see Supplementary Table S2.

3.3. Microscopic features

The associations between first-trimester imaging markers of utero-
placental vascular development and microscopic features of the post-
partum placenta are depicted in Table 4. We found no associations be-
tween imaging markers of first-trimester utero-placental vascular
development and MVM, FR, inflammation or delayed maturation in both
model 1 and model 2, see Table 4 (data of model 1 not shown).

4. Discussion

This study demonstrates that increased first-trimester of utero-
placental vascular development, assessed by virtual imaging markers,
is associated with increased weight and diameter of the postpartum
placenta. We observed no associations with histological features of
maternal vascular malperfusion or fetal reactivity.

4.1. Macroscopic features

The positive associations between imaging markers of first-trimester
utero-placental vascular development and measurements of the

Table 3
The association between virtual imaging markers of first-trimester utero-placental vascular development and weight of the delivered placenta (n = 65).
Model 1 Model 2
Effect size 95% CI p-value Effect size 95% CI p-value
Placental weight (g) Placental weight (g)
Imaging markers representing absolute placental volume development and absolute utero-placental vascular volume development
RI3/ PV (cm®) (n = 58) 21.79 —53.73; 97.32 0.565 22.39 —56.72; 101.51 0.572
RS i/ PV (ecm®) (n = 58) 5391.73 —918.98; 11702.45 0.092 5048.12 —1383.45; 11479.68 0.121
RIY uPVV (cm®) (n = 63) 128.10 37.98; 218.22 0.006* 151.30 52.31; 250.28 0.003*
Imaging markers representing absolute morphologic development of the utero-placental vasculature
RI +/ uPVS end points (n) (n = 63) 2.00 —5.55; 9.56 0.598 4.04 —4.09; 12,18 0.324
RI +/ uPVS bifurcation points (n) (n = 63) 4.14 ~1.15; 9.43 0.122 5.77 —0.06; 11.60 0.052
RI v/ uPVS crossing points (n) (n = 63) 5.05 ~1.83;11.92 0.147 7.65 —0.16; 15.46 0.055
RI y/ uPVS vessel points (1) (n = 63) 1.79 ~0.55; 4.13 0.132 2.47 ~0.10; 5.04 0.059
RI y/ uPVS total length (mm) (n = 63) 2.31 ~0.32; 4.93 0.084 3.23 0.28; 6.17 0.032*
RI y/ uPVS average thickness (mm) (n = 63) ~40.49 —454.25; 373.26 0.845 ~110.42 —545.01; 324.18 0.612
Imaging markers representing density of vascular branching
RI log density of end points (n/em®) (n = 63) —95.70 —164.92; -26.48 0.008* —93.71 —169.05; -18.37 0.016*
RI log density of bifurcation points (n/em®) (n = 63) —141.79 —255.10; -28.47 0.015% —-118.83 —240.82; 3.16 0.056
RI log density of crossing points (n/cm®) (n = 63) —150.21 —292.73; -7.69 0.039* —107.32 —260.39; 45.75 0.165

Model 1: adjusted for gestational age at birth. Model 2: Model 1 additionally adjusted for maternal age, BMI, parity, conception mode, fetal sex and periconceptional
alcohol consumption, smoking and folic acid supplement use. RI = random intercept. RS = random slope. PV = placental volume. uPVV = utero-placental vascular
volume. uPVS = utero-placental vascular skeleton. *significance at p-value<0.05.
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Fig. 1. The association between first-trimester placental volume (PV) development, first-trimester utero-placental vascular volume (uPVV) development and first-
trimester utero-placental vascular skeleton (uPVS) development and the maximum placental diameter at delivery. Presented are the beta’s and p-values of model 2:
adjusted for gestational age at birth, maternal age, BMI, parity, conception mode, fetal sex and periconceptional alcohol consumption, smoking and folic acid

supplement use. Significance at p-value<0.05.

postpartum placenta suggests that early maternal utero-placental
vascular development impacts placental size across pregnancy. These
findings support the general assumption that a small placental size and
maternal vascular malperfusion lesions of the placenta in late pregnancy
arise from aberrations in the utero-placental vascular development from
the first trimester of pregnancy onwards [1,8,29,30]. The placental
villous tissue, invading trophoblast and decidua form the main part of
PV. The fact that in our study first trimester PV development is not
associated with measurements of the postpartum placenta at birth sup-
ports our hypothesis that development of the placenta during the second
and third trimester is mainly affected by the utero-placental (maternal)
vasculature and to a lesser extent by the placental tissue in the first
trimester.

We cannot differentiate whether the increased vascular development
(as measured with the uPVV and uPVS) results from newly formed
vessels or whether increased blood flow reaches the detection threshold
in a larger proportion of the existing vasculature or a combination of
both factors. Regardless, using the uPVV and uPVS we observed that

48

increased detection of the utero-placental vasculature in the first-
trimester is associated with increased placental size at delivery. These
results imply that first-trimester utero-placental vascular development is
important for placental development during later pregnancy.

We found only the study of Odibo et al. that investigated associations
between first trimester ultrasound markers of PV and maternal vascu-
larity indices and morphologic features of the postpartum placenta.
Similar to our results, they observed no associations between first
trimester PV and the volume or villous surface area of the postpartum
placenta, but they did find negative associations between uterine artery
pulsatility index as indirect measure of utero-placental vascular devel-
opment and placental volume at birth [31]. These findings further
substantiate our hypothesis that functional development of the
utero-placental vasculature is more important for development of the
placenta during later gestation than the amount of placental villi during
the first trimester of pregnancy.

A larger placental diameter of the postpartum placenta is indicative
of an increased placental disk surface, which implies a larger portion of
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Table 4
The association between virtual imaging markers of first-trimester utero-placental vascular development and microscopic features of the delivered placenta (n = 65).
Model 2 Model 2
Effect size 95% CI p-value Effect size 95% CI p-value
MVM Inflammation
Imaging markers representing absolute placental volume development and absolute utero-placental vascular volume development
RI3/ PV (cm3) (n = 58) -0.26 ~1.85;1.27 0.739 ~0.03 —1.70; 1.64 0.967
RS i/ PV (cm3) (n = 58) —4.15 —133.81; 124.18 0.948 -9.61 ~155.87; 129.35 0.891
RI i/ uPVV (cm3) (n = 63) -0.29 —2.47;1.85 0.787 0.04 —2.37; 2.45 0.968
Imaging markers representing absolute morphologic development of the utero-placental vasculature
RI y/ uPVS end points (n) (n = 63) 0.05 —0.11; 0.22 0.544 0.06 —0.14; 0.25 0.565
RI v/ uPVS bifurcation points (n) (n = 63) 0.01 —0.11; 0.14 0.812 0.03 -0.11; 0.16 0.672
RI \/ uPVS crossing points (n) (n = 63) —0.02 —0.18; 0.15 0.848 0.09 —0.09; 0.28 0.324
RI +/ uPVS vessel points (n) (n = 63) 0.01 —0.04; 0.07 0.693 0.01 —0.05; 0.07 0.779
RI y/ uPVS total length (mm) (n = 63) ~0.00 ~0.07; 0.06 0.914 0.02 ~0.05; 0.09 0.514
RI y/ uPVS average thickness (mm) (n = 63) ~5.80 ~17.02; 3.25 0.245 2.42 ~7.01; 12.97 0.616
Imaging markers representing density of vascular branching
RI log density of end points (n/cm3) (n = 63) 0.41 —1.18; 2.05 0.616 0.44 —1.44; 2.40 0.650
RI log density of bifurcation points (n/cm3) (n = 63) 1.34 —1.21; 4.04 0.309 1.03 -1.92; 4.15 0.498
RI log density of crossing points (n/cm3) (n = 63) 1.29 —1.80; 4.53 0.416 2.84 -0.71; 6.73 0.138
FR Maturation, delayed
Imaging markers representing absolute placental volume development and absolute utero-placental vascular volume development
RIY PV (cm3) (n = 58) -0.09 —2.46; 2.14 0.939 -0.22 —2.15; 1.64 0.816
RS 3/ PV (cm3) (n = 58) ~78.01 —282.85; 109.69 0.418 159.69 —13.90; 368.38 0.092
RIY uPVV (cm3) (n = 63) 1.97 ~1.08; 5.43 0.224 1.91 —0.70; 4.80 0.167
Imaging markers representing absolute morphologic development of the utero-placental vasculature
RI \/ uPVS end points (n) (n = 63) 0.14 —0.09; 0.41 0.232 —0.02 —0.22; 0.17 0.849
RI \/ uPVS bifurcation points (n) (n = 63) 0.01 —0.11; 0.14 0.812 0.06 —0.08; 0.21 0.418
RI \/ uPVS crossing points (n) (n = 63) 0.25 —0.01; 0.55 0.059 0.09 —0.10; 0.30 0.337
RI +/ uPVS vessel points (n) (n = 63) 0.08 —0.00; 0.19 0.076 0.02 —0.04; 0.09 0.528
RI +/ uPVS total length (mm) (n = 63) 0.08 —0.01; 0.20 0.112 0.03 —0.04; 0.11 0.421
RI \/ uPVS average thickness (mm) (n = 63) —6.87 —24.91; 5.96 0.386 —4.23 —16.43; 5.81 0.429
Imaging markers representing density of vascular branching
RI log density of end points (n/cm3) (n = 63) —0.66 —5.04; 1.63 0.568 -1.49 —3.63; 0.45 0.146
RI log density of bifurcation points (n/cm3) (n = 63) 1.34 —1.21; 4.04 0.309 —-1.91 —5.20; 1.17 0.232
RI log density of crossing points (n/cm3) (n = 63) 1.93 —2.64; 7.06 0.424 —-1.55 —5.75; 2.38 0.443

Model 2: adjusted for gestational age at birth, maternal age, BMI, parity, conception mode, fetal sex and periconceptional alcohol consumption, smoking and folic acid
supplement use. MVM = maternal vascular malformation. FR = fetal reactivity. RI = random intercept. RS = random slope. PV = placental volume. uPVV = utero-
placental vascular volume. uPVS = utero-placental vascular skeleton. *significance at p-value<0.05.

the uterine surface is covered by the placenta. Consequently, the po-
tential number of remodeled spiral arteries supplying the placenta in-
creases, and the placental capacity for maternal-fetal exchange improves
[32]. Several studies show that a small placental disk surface and small
placental thickness are associated with decreased placental function,
reflected by a higher placental weight to birth weight ratio, and are
subsequently associated with lower Apgar scores [32-35]. Other studies
found a reduced placental weight and surface area, but not thickness, to
be associated with a lower birth weight [36-38]. Similarly, we found
associations with placental weight and diameter, but we did not find any
associations with placental thickness. Placental thickness, however,
differs according to in-vivo (during pregnancy) and ex-vivo (after

Maternal side
(Basal plate)

Fetal side
(Chorionic plate)

delivery) circumstances. Fig. 2 illustrates how in-vivo placental thick-
ness measured via ultrasound (33 mm) is different with the ex-vivo
thickness of the postpartum placenta (25 mm). This difference might
be explained by detachment of the uterine wall and subsequent loss of
‘pressurized’ maternal flow in the intervillous space and the following
formalin fixation of the placenta [39-41]. Consequently, placental
thickness could be considered a less accurate marker of placental func-
tioning, explaining the lack of and an association with our imaging
markers of utero-placental vascular development.

Figure 2. Placental thickness measured via ultrasonography vs in the delivered placenta. Left: Placental thickness of 33 mm measured via ultrasonography at 37 + 3
weeks gestational age (1 day before delivery per cesarean section). Right: Placental thickness of 25 mm measured in the delivered placenta at 37 + 4 weeks
gestational age (day of the delivery per cesarean section). * Marks umbilical cord insertion.
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4.2. Microscopic features

We found no associations between imaging markers of first-trimester
utero-placental vascular development and microscopic features of the
postpartum placenta. To our knowledge, these associations have not
previously been investigated. However, a few studies have investigated
associations between first trimester maternal serum biomarkers of
placental (vascular) development and placental pathology. These
studies, conducted in larger cohorts of approximately 200 pregnancies,
found decreased levels of pregnancy-associated plasma protein A (PAPP-
A) and placental growth factor (PIGF) and increased levels of soluble
fms-like tyrosine kinase-1 (sFLT-1) to be associated with an increased
odds ratio of maternal vascular malperfusion (MVM), specifically in
pregnancies with PE and SGA [42,43].

Despite the small size of our cohort, we observed a comparable
incidence of MVM in our study population as reported by these two
studies [42,43]. Moreover, we found a comparable incidence of MVM as
a previously conducted large cohort study (n = 3074) with an incidence
of MVM in the total cohort of 39.9% (vs 43.1% in our cohort), 52.3%
MVM (vs 58.3% in our cohort) in their subgroup of pregnancies with
hypertensive disorders and 36.4% (vs 34.1% in our cohort) in preg-
nancies without hypertensive disorders [44]. We therefore argue our
cohort is representative, but underpowered to detect small effect sizes of
the associations between imaging markers of first-trimester utero-pla-
cental vascular development and MVM. In addition, our sample size was
too small to analyze the subgroup of pregnancies with placenta-related
complications separately.

4.3. Strengths and limitations

This is the first study to investigate associations between the physi-
ologic development of the first-trimester utero-placental vasculature
using virtual imaging markers and histopathologic features of the
postpartum placenta. The main strength of this study is the longitudinal
collection of high quality sequential 3D PD ultrasounds in the early first
trimester. The 3D ultrasounds were used to perform validated uPVV
measurements (ICC above 0.80 and relative differences of less than
20%) [19] and to generate the uPVS, which we used as imaging markers
of utero-placental vascular development [20].

Further, the histopathologic examination of all postpartum placentas
was performed by two experienced perinatal pathologists (LvdM, PN).
All examinations were performed according to the internationally
acknowledged Amsterdam Criteria for placental lesions [28].

Despite the relatively large number of participants initially included
in this study (n = 241), we only had a limited number of placentas
available for histopathological examination (n = 65). This discrepancy
largely results from the organization of obstetric healthcare in the
Netherlands. Even though all participants received care in our tertiary
referral hospital at the start of their pregnancy, patients are allowed and
even encouraged to deliver in other health facilities according to their
actual health risks. As a result, only a part of the study population
delivered in our hospital and only those placentas were available for
histopathologic examination.

Our small study population and number of covariates in our adjusted
model might introduce some over adjustment. Model 1 (adjusted for GA
at birth) shows no associations between first-trimester imaging markers
and placental weight. However, model 2 (additionally adjusted for
maternal age, BMI, parity, conception mode, fetal sex, periconceptional
alcohol consumption, smoking, and folic acid supplement use) reveals
borderline statistically significant positive associations. For other
outcome measures of the postpartum placenta, models 1 and 2 yield
similar results, suggesting that the positive associations between first-
trimester imaging markers and placental diameter are unlikely to
result from over adjustment.

The number of imaging markers tested in this study may give rise to
concerns regarding the issue of multiple testing. However, prior research
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has consistently demonstrated strong correlations between the uPVV
and uPVS an inverse association with density of vascular branching.
Consequently, we contend that the consistent presence or absence of
these associations can be considered as internal validation of our
findings.

We have chosen to recruit our participants from a tertiary referral
hospital to select a population with increased risk of developing a
placenta-related complication. As a result, our study population contains
a relatively high number of IVF-ICSI pregnancies, which might affect the
generalizability of our results [25]. However, we believe it is unlikely
that the direction of the associations will be different in the general
population.

4.4. Future perspectives

In previous studies, increased uPVV development, increased absolute
vascular development and decreased density of vascular branching in
the first trimester were positively associated with embryonic and fetal
growth and birth weight percentiles [21-23]. The interplay between
first-trimester utero-placental vascular development, size of the post-
partum placenta and early and late fetal growth, suggests potential for
clinical applicability of early placental imaging markers to study early
placental function. Our new ultrasound-derived imaging markers of
utero-placental vascular development (the uPVV and uPVS) provide
non-invasive opportunities to monitor aberrations in the utero-placental
vascular development in early pregnancy in vivo [9,19,20]. Therefore,
future research should investigate the clinical applicability of the uPvVv
and uPVS as markers for early detection of placenta-related
complications.

In addition, application of the uPVV and uPVS to investigate the
effect of prophylactic aspirin use on first-trimester utero-placental
vascular development in vivo, might provide a valuable contribution to
our understanding of aspirin prophylaxis and consequently benefit the
debate on indications for administration, optimal dosage and gestational
age at the start of treatment for the prevention of hypertensive disorders
of pregnancy.

5. Conclusion

Using new imaging markers of utero-placental vascular develop-
ment, the uPVV and uPVS, this study shows first-trimester of utero-
placental vascular development, but not placental stromal tissue
development, is associated with placental weight and diameter at de-
livery. The results of this study substantiate the importance of early
utero-placental vascular development for adequate development and
function of the placenta throughout pregnancy. As the uPVV and uPVS
can be used to monitor first-trimester development of the utero-
placental vasculature, they may be valuable as early indicators of
placental function. The clinical applicability of these new imaging
markers of utero-placental vascular development for early detection of
placenta-related complications requires further investigation.
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