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Abstract

Introduction—To characterize early-gestation changes in placental structure, perfusion, and
oxygenation in the context of ischemic placental disease (IPD) as a composite outcome and in
individual sub-groups.

Methods—In a single-center prospective cohort study, 199 women were recruited from antenatal
clinics between February 2017 and February 2019. Maternal magnetic resonance imaging (MRI)
studies of the placenta were temporally conducted at two timepoints: 14-16 weeks gestational
age (GA) and 19-24 weeks GA. The pregnancy was monitored via four additional study visits,
including at delivery. Placental volume, perfusion, and oxygenation were assessed at both MRI
timepoints. The primary outcome was defined as pregnancy complicated by IPD, with group
assignment confirmed after delivery.

Results—In early gestation, mothers with IPD who subsequently developed fetal growth
restriction (FGR) and/or delivered small-for gestational age (SGA) infants showed significantly
decreased MRI indices of placental volume, perfusion, and oxygenation compared to controls. The
prediction of FGR or SGA by multiple logistic regression using placental volume, perfusion, and
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oxygenation revealed receiver operator characteristic curves with areas under the curve of 0.81
(Positive predictive value (PPV) = 0.84, negative predictive value (NPV) = 0.75) at 14-16 weeks
GA and 0.66 (PPV =0.78, NPV = 0.60) at 19-24 weeks GA.

Discussion—MRI indices showing decreased placental volume, perfusion and oxygenation in
early pregnancy were associated with subsequent onset of IPD, with the greatest deviation evident
in subjects with FGR and/or SGA. These early-gestation MRI changes may be predictive of the
subsequent development of FGR and/or SGA.

Keywords
Placental blood flow; oxygenation; perfusion; ischemic placental disease

Introduction

Ischemic placental disease (IPD), caused by the failure of physiologic transformation of

the maternal uterine spiral arteries, clinically manifests as preeclampsia (PE), fetal growth
restriction, placental abruption, or a combination of these conditions, and is responsible for
over half of medically indicated premature births [1-4]. Fetuses affected by IPD suffer from
an increased risk of perinatal morbidity, mortality, and risk for long-term adverse health
effects [5-13]. Fetal growth restriction (FGR) is diagnosed when the growth of the fetus
does not reach its genetic potential [14].

During the first trimester, a system of villous trees proliferates by branching angiogenesis
and lacunae are transformed into the intervillous space of the placenta [15]. At the end

of the first trimester, maternal arterial circulation is established, and the highly branched
chorionic villous trees provide efficient maternal-fetal diffusion. Around 20 weeks’ gestation
and onwards, there is exponential elaboration of the peripheral placental circulation

with formation of intermediate and terminal villi. Subsequently, in the last trimester of
pregnancy, nonbranching angiogenesis elongates capillaries with creation of parallel circuits,
maximizing oxygen transport to the fetus [16, 17], thereby gradually decreasing resistance
to blood flow in fetal umbilical arteries. By 24 weeks gestation, the maternal spiral arteries
have fully converted to low resistance vessels. When this does not occur, as in pregnancies
complicated by severe FGR, the fetal umbilical arteries and the maternal uterine arteries may
demonstrate increased resistance when measured by Doppler ultrasound.

Studies of uteroplacental perfusion by ultrasound Doppler measurements of the uterine
artery have shown increased resistive indices to placental perfusion in IPD [18, 19], but
have yielded only moderate sensitivities in the prediction of IPD, and have not shown
consistent benefit in improving the pregnancy or fetal outcome [20, 21]. Uterine artery
Doppler measurement after mid-gestation (20-24 weeks) occurs at a time when severe IPD
is often already clinically diagnosable and interventions are too late.

Changes in early-gestation placental perfusion may be better assessed directly using
magnetic resonance imaging (MRI), which has shown the feasibility of accessing differences
in placental oxygenation and perfusion between mothers with a normal pregnancy and

those who developed IPD [22-26]. However, this has not been extensively studied in
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early gestation, when the window for future development of potential interventions may

be most optimal. The purpose of this study is to investigate the feasibility of using MRI
measurements for the prediction of the subsequent development of IPD. We hypothesized
that placental volume, perfusion, and oxygenation would be reduced in patients who develop
IPD when compared to patients with a normal pregnancy. Non-invasive MRl measurements
of the placenta during early gestation prior to the clinical manifestations of the disease

may be predictive of the development of IPD and its associated morbidities particularly
FGR/SGA. We performed MRI at the end of the first trimester and at the middle of the
second trimester, which correlate with key physiological changes in angiogenesis that affect
vascular development in placenta. We aimed to identify women prior to 24 weeks, so that
necessary measures such as close surveillance monitoring can be initiated early enough to
improve outcomes.

Further, the aim of this study was to establish the feasibility of MRI imaging in pregnancy
and assess high resolution measurement of placental perfusion /n vivo during early gestation,
prior to the clinical diagnosis of IPD. This is a time of angiogenesis that has eluded analysis
by ultrasound Doppler evaluation.

Materials and Methods

Patient Recruitment and Data Collection

This is a single-center prospective study approved by the University of California Los
Angeles (UCLA) Institutional Review Board (IRB#:15-001388). Informed consent was
provided by all subjects upon recruitment, and the study was registered in clinicaltrials.gov
as #NCT02786420. All subjects were part of the Human Placenta Project [27], an NIH-
initiated longitudinal study to understand placental structure and function changes in-vivo
throughout pregnancy, and how these changes lead to different maternal and neonatal
outcomes.

A total of 199 women were prospectively recruited from established UCLA antenatal clinics
without pre-selection criteria for high-risk factors (Figure 1). The subjects were consented
between February 2017 and February 2019 for participation in the study at the UCLA
Ronald Reagan Medical Center. Inclusion criteria included a maternal age of more than 18
years with the ability to provide consent, gestational age less than 14 weeks, a singleton
pregnancy, the absence of fetal structural or chromosomal abnormalities in the first trimester,
maternal non-smoking status, and a plan to deliver at the same local institution. Exclusion
criteria included maternal age less than 18 years, fetal malformation or chromosomal
abnormality discovered at any time during the study, twin pregnancy, a plan to terminate

the pregnancy, or the inability to provide consent.

Maternal information including age, pre-pregnancy body mass index (BMI), and prior
pregnancy history were recorded at recruitment. Research activities including detailed
survey questionnaires were integrated into the timeline of routine patient care prospectively
via 4 planned study visits: the first at a gestational age of 11 — 14 weeks, the second at 20

— 29 weeks, the third at 36 weeks, and the fourth at delivery. The subjects also underwent
two MRI studies, in separate visits from the study visits, temporally at two timepoints: 14 —

Placenta. Author manuscript; available in PMC 2024 May 13.


http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT02786420

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 4

16 weeks gestational age (GA) at the first timepoint, and 19 — 24 weeks GA at the second
timepoint.

The development of IPD was part of routine diagnosis by frontline clinicians in our
academic medical center, confirmed by the investigators (with Maternal-Fetal Medicine
expertise) via chart audits after delivery. For this study, the primary outcome of IPD was

a composite defined as the subject developing at least one of the following outcomes

at any time in pregnancy: preeclampsia, fetal growth restriction, or an SGA infant birth,
according to ACOG definitions [28-31]. Preeclampsia was defined as a blood pressure
greater than 140/90 on two separate occasions at least four hours apart, after 20 weeks’
gestation, with a previously normal blood pressure, and proteinuria greater than or equal to
300mg/24 hours. In the absence of proteinuria, preeclampsia was defined as a new-onset
hypertension with a new-onset thrombocytopenia, renal insufficiency (as defined by serum
creatinine greater than 1.1mg/dL), impaired liver function (elevated liver transaminitis at
least twice the normal values), pulmonary edema, or cerebral or visual symptoms [30].

At our institution, pregnancies are routinely screened for fetal growth restriction (FGR)

in the third trimester by fundal height measurements, and by ultrasound performed by a
Maternal-Fetal Medicine Specialist at approximately 30-34 weeks gestation. Fetal growth
restriction (FGR) was a prenatal diagnosis defined as a fetus with an estimated fetal weight
or abdominal circumference less than the 10th percentile for gestational age by ultrasound
[31] using the Hadlock population-based fetal growth reference [32], and clinically managed
per SMFM guidelines [29]. Small for gestational age (SGA) was a postnatal diagnosis
defined as a birth weight less than the 10t percentile for gestational age, per Fenton’s
sex-specific growth charts [33, 34]. Neonatal outcomes were recorded at delivery, and
neonates were followed up to 16 weeks after birth.

The subjects were further stratified into BMI categories in terms of their pre-pregnancy
BMI, measured in kg/m2. A BMI less than 18.5 was underweight; greater than 18.5 but less
than 25 was normal weight; greater than or equal to 25 but less than 30 was overweight and
greater than or equal to 30 was obese.

MRI Acquisition and Image Analysis for Placental Volume, Perfusion, and Oxygenation

(Figure 2)

The placenta MRI protocol includes T2-weighted (T2w) MRI for placenta volume
measurement, pseudo-continuous arterial spin labeling (pCASL) for placenta perfusion [25,
26], and a multi-echo gradient echo sequence for placenta oxygenation [27] which were
developed as part of the NIH-initiated Human Placenta Project [27]. Technical aspects of the
MRI acquisition protocols and image analysis have been previously published [23, 35]. All
image analyses were performed after the completion of the subject recruitment in a blinded
fashion to the pre-pregnancy history, clinical presentation and the study outcome.

The outcomes we evaluated were placental volume, placental perfusion, and placental
oxygenation. Placental volume was measured in cubic centimeters. Placental perfusion
measured the maternal arterial blood flow to the placenta in milliliters/100 grams/minute,
as mean maternal placental blood flow throughout the entire placenta (MPBF; maternal
placental blood flow), and areas of maternal high placental blood flow (MhPBF), a new

Placenta. Author manuscript; available in PMC 2024 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 5

imaging parameter of showing the existent heterogeneity of MPBF [25, 26]. Placental
oxygenation measured blood hemoglobin saturation within the placenta, recorded as R2*
measurements. A decrease in blood hemoglobin saturation was inferred by an increased
value of the R2* measurement which assessed deoxygenated hemoglobin [24]. Results were
reported as the average R2* throughout the entire placenta, as well as the average value of
the top 25t percentile of R2* measurements (average top 25% R2*).

Power Analysis

A power analysis was undertaken prior to the initiation of the clinical trial designed to obtain
an overall 80% power with a significance at p < 0.05, resulting in our planned sample size
consisting of recruiting around 200 subjects with an expected incidence of IPD of 10% [33],
and an incidence of IPD with associated FGR and/or SGA of 5% [33].

Statistical Analysis

Results

GraphPad Prism 9 (Dotmatics, Boston, Massachusetts) was used to perform statistical
analysis. Independent-sample t test and Chi-squared test were used to compare outcomes
between groups. A p-value less than or equal to 0.05 was considered significant. Multiple
logistic regression analyses to create receiver operating characteristic (ROC) curves were
also performed using Prism 9. Positive predictive values (PPV) and negative predictive
values (NPV) were calculated using the sensitivity and specificity at the maximum Youden’s
Index of the ROC curve.

Participants and Study Demographics

199 subjects were recruited in the first trimester of pregnancy. 18 women were not included
in this analysis for various reasons, including no MRI performed, a loss to follow-up, or
fetal demise. There was a total of 181 women remaining for analysis (Figure 1). Maternal
characteristics are shown in Table 1. Of those 181 women, 151 women (83.0%) had a
pregnancy unaffected by IPD, forming our control group; and 30 women (17.0%) developed
IPD during pregnancy forming our IPD group. Within the IPD group, 17 (9%), women
developed PE (3 with FGR), 11 women (6.0%) developed FGR, and an additional 5 subjects
had newborns diagnosed with SGA alone (pregnancies not prenatally diagnosed with FGR);
thus, the subgroup analysis of FGR and SGA (FGR+SGA) within the IPD group totaled

16 subjects (Table 2). None of the FGR/SGA group developed abnormal umbilical artery
(UA) measurements. We observed 4 subjects who had preeclampsia with severe features (3
with FGR/SGA are included in Table 2, in addition to a fourth subject diagnosed with PE

at 32 weeks’ gestation). Overall, of the preeclampsia cases (n=17), two subjects developed
early (<34 weeks) preeclampsia, and the remainder were diagnosed after 34 weeks. The
majority of the subjects, other than the 3 with PE + FGR/SGA overlap, developed late,

mild preeclampsia, without FGR/SGA. There were no cases of placental abruption. Based
on the actual incidence observed in our recruited cohort of subjects, that is 30 patients
developed IPD, we achieved a power of 83% in our analysis for the outcome of IPD. PE
alone, FGR+SGA, and PE + FGR/SGA subgroup analyses were also performed.
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Placental Volume Analysis (Table 3)

At the first MRI timepoint (14 — 16 weeks GA), the mean placental volume was significantly
reduced in the IPD subjects who developed FGR or had an SGA delivery (FGR+SGA),

as compared to the control group (FGR+SGA: 115.4 + 28.1 cm?3, n = 16; controls:

138.9 + 47.6 cm3, n = 147, p < 0.05). The mean placental volumes were lower, but

not significantly different when comparing either all subjects who developed IPD, or the
subgroup of subjects who developed fetal growth restriction, preeclampsia, and had a small
for gestational age birth (FGR+SGA+PE), to the control group (IPD: 136.5 +49.9 cm3, n =
30; FGR+SGA+PE: 100.2 + 28.7, n = 3, p = 0.16).

At the second MRI timepoint (19 — 24 weeks GA), the mean placental volumes were
significantly reduced in the FGR+SGA subgroup of IPD as well as the FGR+SGA+PE
subgroup, as compared to the control group (FGR+SGA: 221.9 + 66.3 cm?3, n = 15; controls:
263.4 +72.7 cmS3, n = 140; p < 0.05; FGR+SGA+PE: 178.7 + 40.0 cm3, n = 3, p < 0.05).
The mean placental volumes were not significantly different in the overall IPD group as
compared to the control group (IPD: 273.2 + 95.3 cm3, n = 28, p = 0.62).

Placental Perfusion Analysis (Table 3)

At the first MRI timepoint (14 — 16 weeks GA), mean MPBF values were lower, but not
significantly different in either the IPD group, FGR+SGA subgroup, or FGR+SGA+PE
subgroup, when compared to the control group (IPD: 58.4 £ 19.3, n =28, p =0.17;
FGR+SGA: 55.8 + 19.5, n = 15, p = 0.14; controls: 64.4 £ 21.5, n = 147; FGR+SGA+PE:
50.6 £16.7,n =3, p = 0.27).

Areas of MhPBF were separately measured and showed significantly decreased mean values
in the FGR+SGA subgroup when compared to the control group (FGR+SGA: 167.7 + 67.7,
n = 15; controls: 231.1 + 104.8, n = 147; p < 0.05). The mean value of MhPBF in the IPD
group was significantly decreased compared to the control group (IPD: 182.3 + 86.0, n =
28; p < 0.05). The mean MhPBF was also decreased, but not statistically significant, in the
FGR+SGA+PE subgroup (FGR+SGA+PE: 150.3 + 55.9, p = 0.19).

At the second MRI timepoint (19 — 24 weeks GA), both mean MPBF and MhPBF revealed
no significant differences in the IPD group overall, or in the FGR+SGA or FGR+SGA+PE
subgroups, when compared to the control group. MPBF values were not significantly
different in either the FGR+SGA subgroup or IPD group when compared to the control
group (IPD: 71.2 £ 25.0, n = 26, p = 0.92; FGR+SGA: 67.1 £ 25.1, n =15, p = 0.59;
FGR+SGA+PE: 73.0 £ 49.4, n = 3, p = 0.96; vs. controls: 72.0 £ 33.9, n = 139). MhPBF
values were not significantly different in the IPD group, or FGR+SGA or FGR+SGA+PE
subgroups, when compared to the control group (IPD: 241.0 + 108.3, n = 26, p = 0.64;
FGR+SGA: 222.4 + 100.3, n = 15, p = 0.37; FGR+SGA+PE: 207.6 £ 114.4,n = 3, p = 0.55;
vs. controls: 253.7 £ 131.2, n = 139).

Placental Oxygenation Analysis (Table 3)

At the first MRI timepoint (14 — 16 weeks GA), the average R2* was significantly increased
for both the FGR+SGA and FGR+SGA+PE subgroups of IPD, when compared to the
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control group (FGR+SGA: 22.1 + 6.6 ™%, n = 14, p < 0.05; FGR+SGA+PE: 30.1 + 5.4

s71, n=3, p<0.05; controls: 18.3 + 5.3 571, n = 124). R2* is known to increase due to

local field inhomogeneities caused by increasing deoxyhemoglobin, the form of hemoglobin
without oxygen (24). In the IPD group, the average R2* patterned higher without statistical
significance as compared to the control group (IPD: 20.6 + 6.3 s™1, n = 23; controls: 18.3 +
5.3s571 n =124, p <0.10). The average top 25% R2* values were significantly increased for
the FGR+SGA group when compared to the control group (FGR+SGA: 31.7 +11.6 s, n=
14; controls: 25.6 + 9.2 s71, n = 124; p < 0.05). The average top 25% R2* values showed a
pattern of increase in both the IPD group and the FGR+SGA+PE subgroup when compared
to the control group (IPD: 29.2 + 10.3 571, n = 23, p < 0.10; FGR+SGA+PE: 49.5 + 7.0 571,
n =3, p <0.10; controls: 25.6+9.2 s™1, n = 124).

At the second MRI timepoint (19 — 24 weeks GA), there was a significant increase

in the average R2* in FGR+SGA+PE subgroup when compared to the control group
(FGR+SGA+PE: 30.3 +19.7 571, n = 3, p < 0.05; vs. controls: 18.5 + 5.0 571, n = 122).
There was a pattern of increase in average R2* in the FGR+SGA subgroup rather than the
IPD group when compared to the control group (FGR+SGA: 20.7 +9.6 51, n=15,p =
0.16; IPD: 19.6 + 7.8 s™1, n = 24, p = 0.36), not reaching statistical significance. There was
a pattern of increase in the average top 25% R2* values in the FGR+SGA subgroup, but
not in the FGR+SGA+PE subgroup, and IPD group when compared to the control group
(FGR+SGA: 28.7 151571, n=15,p=0.10; FGR+SGA+PE: 448 +32.0s1,n=3,p=
0.35; IPD: 27.5 +12.2 571 n =24, p = 0.19; controls: 25.3 + 6.2 51, n = 122), with all three
not reaching statistical significance.

Prediction Modeling Using Multiple Logistic Regression Analyses

Multiple logistic regression analyses were performed for the outcome of developing any
condition of IPD, as well as for the outcome of FGR + SGA, using MRI-assessed placental
volume, MPBF, MhPBF, R2*, and average top 25% R2* combined, to create ROC curves at
MRI timepoints 14 — 16 weeks and 19 — 24 weeks GA (Figure 3).

When the analysis was performed specifically for the outcome of FGR or SGA (n=16), the
area under the curve (AUC) for the ROC curve at the first timepoint of 14 — 16 weeks was
0.81 (p<0.01), and at 19 — 24 weeks the AUC was 0.66 (p=0.04). The PPV of FGR or SGA
at the first and second time points were 0.84 and 0.78, respectively. The NPV of FGR or
SGA at the first and second time points were 0.75 and 0.60, respectively (Table 4).

For the outcome of any condition of IPD, the AUC for the ROC curve was 0.72 (p<0.01) for
the first timepoint, and 0.59 (p=0.22) for the second timepoint. The PPV of IPD at the first
and second time points were 0.68 and 0.55, respectively. The NPV of IPD at the first and
second time points were 0.75 and 0.70, respectively.

As increased BMI is a risk factor for ischemic placental disease [36], we stratified the
control group, IPD group, and IPD subgroups into underweight, normal-weight, overweight,
and obese subgroups. When comparing controls of a BMI subgroup against the same BMI
subgroup of patients with IPD, we continued to see the same patterns in placental volumes,
perfusion, and oxygenation in the IPD patients, at both MRI timepoints, despite the even
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smaller sample sizes in each BMI category. Thus, the BMI of a pregnant subject may not
have affected the perturbed placental features that emerged either due to IPD alone or with
FGR + SGA. Since pre-pregnancy BMI categories presented results no different from each
other, all categories of BMI were combined and presented in the results. Similarly, inclusion
or exclusion of gestational diabetes mellitus (GDM) in controls and the IPD groups did not
affect the overall results due to a similar prevalence in both groups (p=0.8).

Discussion

IPD adversely affects the short- and long-term health of both the mother and her fetus. MRI
studies in early pregnancy have been shown to be safe for the fetus [37], and have shown
promise in providing insights into the placental structure, perfusion, and oxygenation [38].

In this study, we characterized early-gestational placental changes in terms of placental
volume, perfusion, and oxygenation. It is the first study to combine these three parameters
into a comprehensive model of the developing and thereby changing placenta in early
gestation, in the context of both normal pregnancies, pregnancies affected by IPD overall,
and pregnancies with IPD that developed FGR + SGA. For this discussion, we address the
changes seen across all IPD subjects, and in particular, focused on the IPD subgroup that
presented with FGR + SGA.

In our study, we find that the IPD subgroup ultimately yielding FGR + SGA infants

showed the greatest deviation from the control group in placental volume, perfusion, and
oxygenation. Compared to the control group, placental volumes were significantly smaller,
there was a pattern of lower placental perfusion with reduced high placental perfusion, and
placental oxygenation was significantly decreased at the first MRI time point. While patients
with FGR + SGA had the greatest placental alterations from our control group, comparing
all IPD patients to our control group revealed similar patterns, albeit milder and not always
significant, with placental volumes, perfusion and oxygenation. This is consistent with a
relative failure of the normal vascular expansion that occurs in healthy pregnancy.

Overall, the first MRI at 14 — 16 weeks GA demonstrated more significant changes when
compared to the second MRI. As predicted due to the abnormal vascular development of the
placenta in patients who develop IPD, the pattern of changes at the first time point showed
decreased placental volume, perfusion, and oxygenation in subjects who developed IPD. A
decrease in placental volume and perfusion from the maternal circulation likely led to the
significantly reduced placental oxygenation. This significant decrease in placental perfusion
is not observed at the second time point. However, patients who develop FGR and have

an SGA delivery continue to show significantly reduced placental volumes at the second
time point, and patients who develop FGR, SGA, and preeclampsia have both significantly
reduced placental volumes and oxygenation at the second time point, as well.

These observations are highly suggestive of the possibility of risk stratifying subjects for
closer surveillance monitoring based on earlier gestational MRI biomarkers, rather than later
ones. Additionally, while placental changes seen in the entire IPD group may not have all
shown significance at the first MRI timepoint, the IPD subgroup that ultimately yielded FGR
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+ SGA infants could be risk stratified at 14 — 16 weeks GA based on placental features
even prior to the emergence and detection of FGR by fetal imaging. Such risk stratification
can prove helpful in future studies of testing interventions in addition to undertaking close
surveillance monitoring.

Our findings reflect our understanding of IPD as a chronic reduction in the delivery of
maternal nutrient- and oxygen-rich blood to the placenta via the spiral arteries, which
normally transform during the first trimester of pregnancy [39]. Not all IPD cases
necessarily present with FGR or an SGA infant. In IPD, histological studies of the placenta
after cesarean hysterectomy in women with PE, FGR, or hypertension, have shown a
decreased number of fully-transformed spiral arteries when compared to a placenta from a
normal pregnancy [40]. However, patients who developed FGR also had obstructive vascular
lesions in the decidual and spiral arteries, which often lead to areas of placental ischemia
[40]. Our present early-gestation study validated these subsequent clinical and pathological
findings. Furthermore, the cellular and vascular mechanisms underlying the development of
IPD is an early occurrence during pregnancy; however, FGR secondary to IPD is not seen
until later in gestation, and in some cases ultimately culminating in the birth of an SGA
infant.

In addition to the ability to risk-stratify subjects in early gestation, we explored the ability
to predict both IPD and the subgroup of IPD with FGR or SGA. Our predictive modeling
analysis showed that MRI-obtained values of placental volume, perfusion, and oxygenation,
are able to predict the outcome of FGR + SGA particularly in early gestation, well before
it manifests itself clinically during the late second and third trimesters. We see a similar
potential predictive ability when evaluating all IPD subjects, although to a lesser extent.
Most importantly, we find that the changes seen early in gestation at 14 — 16 weeks are the
more highly predictive changes that herald the development of FGR + SGA. FGR + SGA
carry significant adverse short-term health effects in the neonate, but the sequelae continue
into childhood, manifesting as neurodevelopmental delay [5, 6], metabolic disorders [8—
10], insulin resistance and type 2 diabetes [11], and cardiovascular disorders [12, 13].

The lifelong health implications across multiple systems for an infant born FGR + SGA
set the individual for developing chronic non-communicable diseases with adverse effects
on the quality of life. It is encouraging to be able to predict this eventuality prior to

its occurrence during gestation, which may allow for testing earlier interventions towards
improving outcomes.

Despite a similar size to the FGR +SGA cohort, we did not find significant differences

in the subset with PE, unless there was also FGR + SGA. This may reflect the different
clinical manifestations of IPD and in particular, preeclampsia (PE). Early-onset PE is highly
associated with FGR and release of increased angiogenic markers, such as PIGF, whereas
late-onset PE is rarely associated with FGR/SGA [41]. This has led to the proposal that there
are 2 forms of PE, caused by differing degrees of impaired trophoblastic invasion. In the
early form of PE, there is evidence that placental volume is reduced from as early as 12
weeks’ GA, with premature onset of aberrant blood flow through the maternal spiral arteries
into the central portions of the placenta. This dysfunctional establishment of maternal
circulation may be a source of extreme oxidative stress, causing diverse outcomes from
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miscarriage to preeclampsia, the latter in particular when reduced villous development does
not lead to pregnancy loss [42]. The majority of the PE cohort in this investigation had
late-onset PE, which likely reflected a milder degree of oxidative stress during placental
development.

In this study, MRI parameters showed increased deoxygenation (top 25% of the R* which
represents the highest levels of deoxyhemoglobin) in early pregnancy with FGR/SGA,
consistent with reductions of high maternal blood flow (MhPBF). These differences may
represent failure of maternal vascular expansion that likely pre-dates MRI evaluation at 14—
16 weeks. Maternal blood flow and oxygenation were found to normalize at 19-24 weeks
despite persistent decreased placental volume in these IPD with FGR+SGA pregnancies.
Further investigation is needed to understand the way physiologic or pharmacologic
adaptation to reduced blood flow may prevent the initiation of a pathological cascade
leading to IPD.

The findings of our study are consistent with previous studies that have used MRI to
evaluate placental function in IPD. Deloison et al. in 2021, using contrast-enhanced MRI in
patients being evaluated for termination of pregnancy, showed a decrease in placental blood
flow in pregnancies complicated by FGR, with MRI images performed from a rather wide
range of 16 — 34 weeks’ gestation [43]. Ho et. al in 2020 similarly showed that placental
oxygenation, by means of T2*, was decreased in preeclamptic patients (one criterion for

an IPD diagnosis) when compared to a gestation-matched control cohort, with MRI images
performed in the second trimester and at delivery [44]. Unlike these two prior studies, our
present investigation focused on an early gestation window using a combination of multiple
MRI parameters.

In a previous study by our group [35], we found that women who developed gestational
diabetes (GDM) patterned towards lower values of placental perfusion and higher values

of placental volume. However, we analyzed our data without excluding GDM patients

from both groups and found that the results were no different when comparing volume,
perfusion, and oxygenation values between all controls and all patients who developed IPD.
When comparing our present MRI studies to prior 3D ultrasound investigations (37, 38),
we were able to capture placenta volumetric, perfusion (blood flow) and deoxygenation
measurements with significant resolution early in pregnancy, while the previous ultrasound
studies were able to assess the volume while employing chorionic measurements as
surrogates rather than actually assessing placental blood flow. Despite these significant
differences, it is reassuring at least with respect to placental volumes that the first imaging
study was more predictive than the second study in both our MRI and the prior ultrasound
study. Although, our ROC, PPV and NPV were far higher and more sensitive than with those
reported previously by ultrasound measurements (37, 38).

Other ultrasound studies have focused on the uterine artery dimensions and blood flow
measurements spanning from 20 weeks to 40 weeks gestation [45], while a separate
study focused on these measurements during late first trimester until 28 weeks gestation
[46]. While the values they obtained were in keeping with additional studies by other
groups [47, 48], comparison between differing modalities of imaging can prove to be
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challenging. Despite differences between ultrasound measurements of uterine artery blood
flow (expressed as ml/min), and the pCASL MRI measured placental perfusion (MPBF and
MhPBF) that accounts for only the maternal source of perfusion as in this present study (ml/
100g/min), some comparisons can be drawn when placental weights at particular gestational
ages [49] are featured into the calculations to derive the uterine artery blood flow per unit
weight of the placenta, as was done with pCASL MRI imaging investigations.

More importantly, the predictive value of uterine artery blood flow measurement by
ultrasound when compared to the predictive capabilities seen by early gestation MRI in

our present study, the earlier time point of 14-16 weeks gestation revealed more robust
prediction of the FGR+SGA sub-group of IPD than Uterine artery blood flow by ultrasound
at this same gestation (33). When compared to mid-second trimester uterine artery Doppler
and blood flow studies conducted previously [50], the predictive value of the MRI
parameters during the same gestation was comparable, however the MRI during the earlier
time point of 14-16 weeks in the present study performed far better. These observations
and comparisons generate confidence that earlier MRI measurements of placental volume,
perfusion and oxygenation at 14-16 weeks or even earlier in gestation may warrant further
study. These MRI biomarkers may serve as a screening tool in certain stratified populations
towards predicting the subsequent development of IPD with or without FGR/SGA.

Our study has strength in its prospective design. In addition, our subjects are representative
of the general population as they were not selected based on any high-risk obstetrical factors
or past medical history. The similarities between previously reported studies [45-50] and our
present study are expected due to the pathophysiology of IPD; however, our MRI images
were obtained earlier in gestation when compared to previous studies, and we show that
placental changes are already apparent at much earlier timepoints. The later time point
failing to show similar changes may reflect a vascular adaptation that occurs to overcome the
ischemic insult experienced much earlier in gestation, or reflect complex pathophysiology
related to aberrancy of blood flow through the spiral arteries during early gestation.

Our study has several limitations. First, the sample sizes for our IPD group and its subgroups
are relatively small, reflecting the incidence of IPD in the general population. In addition,
because of the small sample size, we safe guarded against the predictive model risking
overfitting, by also employing a more parsimonious model (e.g., one with just the 3
individually strongest predictors), and found that the model performed nearly as well for
FGR+SGA (0.79 v. 0.81), suggesting that our results do not entirely reflect the concern of
overfitting.

Despite the relatively small sample sizes, however, our study was well-powered and we
saw a consistent pattern in the changes in placental structure and function. In addition,

our results are not separated by race or socioeconomic factors due to the limited sample
sizes. We were also unable to conduct sub-group analyses of early onset versus late onset
PE and/or FGR/SGA within the small sample size. Future multi-center prospective clinical
trials involving other centers may increase the obstetric and pediatric confidence in the
observations made in this study. A larger study would enhance the sample size of IPD with
and without FGR and SGA, and further validate our present proof of concept, which will
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have far-reaching implications affecting maternal health subsequent to the pregnancy and
the entire life course of the offspring. Finally, current methods of stratifying patients by

risk of developing adverse pregnancy outcomes include taking into account the patient’s
medical history, pregnancy history, and ultrasound Doppler studies, which are easier and less
costly than an MRI study. However, our study shows the feasibility of MRI studies in the
prediction of IPD, warranting further exploration of its utility, by itself or concurrent with
ultrasound imaging.

In conclusion, pregnant women who develop IPD showed alterations in non-invasively
MRI-assessed values of placental volume, perfusion, and oxygenation, as early as 14 weeks
gestational age. The placental changes are seen across all clinical manifestations of IPD

and are most significant in patients with IPD who develop FGR + SGA. Furthermore,

we show these changes may be more predictive of the development of FGR + SGA. Our
prospective study combines many of the capabilities of MRI in the evaluation of placental
structure and function and expands the potential utility of MRI in early gestation towards the
prediction of IPD, particularly when associated with FGR + SGA, and in the future, perhaps
other adverse pregnancy outcomes. While currently no known interventions exist that are
capable of reversing FGR, the results of our present investigation may provide a window of
opportunity to study interventions prior to the emergence of IPD with FGR + SGA, setting
the framework for future amelioration, if not reversal, of these conditions. Such amelioration
strategies have the potential of improving the quality of life for the mother post-pregnancy
and that of the offspring throughout the life course.
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Highlights

Free-breathing 3D MRI non-invasively measures placental perfusion and
oxygenation

Early gestation MRI biomarkers of the placenta are predictive of IPD with
FGR+SGA

IPD with FGR+SGA is heralded by reduced placental volume, perfusion and
oxygenation
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First timepoint
(14 - 16 weeks GA)

3 Subjects
without first MRI

178 Subjects with
MRI scan

199 Subj
Recruited 18 Not Included in
Analysis:

D&C/fetal demise: 6
Lost to follow up: 3
No MRIs performed: 9

181 Subj

For Analysis

30 IPD
Analyzed | | Analyzed

Figure 1.
Subject recruitment flowchart

|

Second timepoint
(19 - 24 weeks GA)

168 Subjects with
MRI scan

Jr_%

149 28IPD

Controls
Analyzed Analyzed

13 Subjects without
second MRI

D&C = dilatation and curettage; MRI = magnetic resonance imaging; GA = gestational age;
IPD refers to the ischemic placental disease group patients
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hPBF = 442.7

ml/100g/min

hPBF = 103.9
% ml/100g/min

Figure 2.
Representative MRI Images of placental perfusion and oxygenation showing the clear visual

difference in placental perfusion and oxygenation as obtained by MRI. Placental perfusion
of a control patient at 16 0/7 weeks gestation (A, top left) has more areas of higher
placental perfusion, as well as clear areas of high placental perfusion, when compared to

a patient with ischemic placental disease manifesting as fetal growth restriction at 16 3/7
weeks gestation (FGR, C, bottom left), which shows low perfusion throughout the placenta.
Placental oxygenation of the same control patient (B, top right), is increased, as evidenced
by lower values of R2*, when compared to the same patient with FGR (D, bottom right).
Higher R2* values indicate an increased amount of deoxygenated hemoglobin.
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Fetal Growth Restriction or Small for Gestational Age Birth
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Figure 3.
Receiver operating curves for the prediction of fetal growth restriction or small for

gestational age delivery, and ischemic placental disease overall. Numbers within the curves
are the area under the curve: A) AUC=0.81 (p <.01), B) AUC=0.66 (p = 0.04), C)
AUC=0.7231 (p<0.01), D) AUC= 0.593 (p=0.22).
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Placental Volume, Perfusion, and Oxygenation at 14 — 16 weeks GA
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Placental volume, perfusion, and oxygenation at 14 — 16 weeks gestational age (GA) and 19

— 24 weeks GA.

IPD: Ischemic placental disease group; FGR+SGA: fetal growth restriction and small for

gestational age subgroup.

FGR+SGA+PE: Fetal growth restriction, small for gestational age, and preeclampsia

subgroup. * = p < 0.05.

Placenta. Author manuscript; available in PMC 2024 May 13.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Leeetal.

Table 1.
Self-reported maternal demographics

Control IPD (all) FGR+SGA

N 151 30 16

Mean age at consent (years) 344+35 32055
33.7+43

p - value 0.39 0.14

GA at First MRI timepoint (weeks) 16.0+1.1 155+1.1
156+1.0

p - value 0.09 0.53

GA at Second MRI timepoint (weeks) 209+0.9 20.4+0.9
20.8+1.3

p - value 0.42 0.24
Hispanic: 30 Hispanic: 5 Hispanic: 3
White: 72 White: 14 White: 11

Race Asian: 41 Asian: 8 Asian: 2
Black: 7 Black: 4 Black: 0
Native American: 1 | Native American: 0 | Native American: 0
Control IPD (all) FGR+SGA

Parity Multipara- 79 Multipara- 13 Multipara- 6

Nulipara - 72 Nulipara -17 Nulipara- 10

Multiparity with a history of IPD (n=9) 3/9 (33%) 1/9 (11%)
6/9 (67%)

p - value 0.1 0.55

BMI at consent (kg/m 2) 246+5.1 226+28
244+45

p - value 0.86 0.10
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IPD = ischemic placental disease; FGR+SGA = fetal growth restriction and small for gestational age; GA = gestational age; MRI = magnetic
resonance imaging; BMI = body mass index; First MRI timepoint at 14 — 16 weeks GA; Second MRI timepoint at 19 — 24 weeks GA. P-values are
compared to the control group for the respective variable. Data are shown as mean + standard deviation.
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Table 2.

Clinical Characteristics of FGR + SGA Pregnancies

Page 23

Gestational Newborn Birth Birth Outcomes
age at birth Sex weight weight %
(Wk) gm (*)
Assignment Antenatal Postnatal
1 40w2d Female 3118 23% FGR FGR: AC< 5% at 33 wks Placental wt
385gm (<10%),
Hypothermia
2 39wld Female 2720 11% FGR FGR: EFW <10% at 38 wks, Placental wt
Induction of labor for FGR. 332gm (<10%),
Hypoglycemia
3 38w2d Female 2930 33% FGR FGR: EFW <10% at 32wks. Multiple
placental thrombi,
Hypoglycemia
4 37wld Female 2268 % FGR + SGA PE | FGR: EFW<10% at 29 NICU Admission,
weeks. Induction of labor for | Hypothermia
FGR. Severe preeclampsia
5 37w2d Male 2170 3% FGR + SGA FGR: EFW<10% at 28 Placental wt 319gm
weeks. Induction of labor for | (<10%)
FGR.
6 40w3d Male 3040 9% SGA Maternal anemia
7 31wed Female 1135 8% FGR + SGA PE | FGR: AC<5% at 28 wks, NICU Admission,
Severe preeclampsia at RDS
29w3d, C/S for fetal distress.
8 37whd Female 2353 7% SGA Placental wt 308gm
(<10%)
9 41w0d Female 2820 5% SGA Placental wt 343gm
(<10%)
10 37w3d Female 2185 5% FGR + SGA PE | FGR: AC<5% at 33 wks, NICU Admission
Severe preeclampsia at
37w2d, C/S for fetal distress.
11 37wéd Male 2790 11% FGR FGR: AC<6% at 34 wks,
Gestational HTN.
12 39w3d Female 2690 8% FGR + SGA FGR: AC<4% at 37wks,
Induction of labor for FGR.
13 39w2d Male 2900 12% FGR FGR: AC<5% at 39wks
14 38w3d Male 2620 8% SGA Placental wt 310gm
(<10%)
15 38w0d Female 2515 5% FGR + SGA FGR: EFW<10% at 34wks,
Induction of labor for FGR.
16 41w2d Male 3232 9% SGA Placental wt 366gm
(<10%)

FGR+SGA = fetal growth restriction and small for gestational age; GA = gestational age; wk = week; d = days; AC = abdominal circumference.PE
= Preeclampsia.

*
Birth weight %centile by sex-specific Fenton population curves [34].
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