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Abstract

Objective

Trophoblast inclusions—cross sections of abnormal trophoblast bilayer infoldings—have
previously been associated with aneuploidy, placenta accreta, and prematurity. This study
was conducted to establish the relationship between trophoblast inclusions and a range of
placental, pregnancy, and birth outcomes in a patient population with high smoking and
alcohol exposure. Specifically, we sought to evaluate the association between the presence
of trophoblast inclusions and 1) three primary birth outcomes: full-term birth, preterm birth,
and stillbirth; 2) gestational age at delivery; and 3) specific placental pathologies.

Methods

Two slides containing chorionic villi were evaluated from 589 placentas that were collected
from Stellenbosch University in Cape Town, South Africa as part of the prospective, multi-
center cohort Safe Passage Study of the Prenatal Alcohol and SIDS and Stillbirth Network.
The subsample included 307 full-term live births, 212 preterm live births, and 70 stillbirths.

Results

We found that the odds of identifying at least one trophoblast inclusion across two slides of
chorionic villi was significantly higher for placentas from preterm compared to term liveborn
deliveries (OR = 1.74; 95% ClI: 1.22, 2.49, p=0.002), with an even greater odds ratio for pla-
centas from stillborn compared to term liveborn deliveries (OR = 4.95; 95% CI: 2.78, 8.80, p
<0.001). Gestational age at delivery was inversely associated with trophoblast inclusion fre-
quency. Trophoblast inclusions were significantly associated with small for gestational age
birthweight, induction of labor, villous edema, placental infarction, and inflammation of the
chorionic plate.
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Conclusions

The novel associations that we report warrant further investigation in order to understand
the complex network of biological mechanisms through which the factors that lead to tropho-
blast inclusions may influence or reflect the trajectory and health of a pregnancy. Ultimately,
this line of research may provide critical insights that could inform both clinical and research
applications.

Introduction

Throughout pregnancy, the placenta serves as the critical interface between mother and fetus.
Instances of abnormal development and functioning of the placenta have been implicated in
maternal and fetal mortality and numerous morbidities including preeclampsia, maternal
hemorrhage, preterm birth, and intrauterine growth restriction [1,2]. Therefore, careful exam-
ination of the human placenta is critical in understanding the etiology of many adverse preg-
nancy outcomes.

Typical placental development involves the fusion of mononuclear cytotrophoblast cells
into the multinucleated syncytiotrophoblast layer [3]. When either the proliferation rate of the
cytotrophoblast becomes excessive, or the fusion rate to form the syncytium decreases, the tro-
phoblasts bilayer bends inwards forming trophoblast invaginations within the chorionic villi
[4,5]. When cut in cross section, these invaginations appear as trophoblast inclusions (TIs),
which have been identified as important indicators of abnormal placental development [6].
Previous studies have reported TIs in 93% of cases of aneuploidy [5] and in 47% of cases of pla-
centa increta and percreta [7]. In addition to the substantial evidence suggesting that TIs may
either be the result or an indicator of an abnormal karyotype, these abnormalities continue to
be reported in placentas from karyotypically normal pregnancies. Importantly, the presence of
TIs in karyotypically normal pregnancies has been associated with adverse birth and develop-
mental outcomes. Specifically, TIs are observed in a greater proportion of placentas from pre-
term births [8] and at a higher frequency in placentas of children with autism and their
siblings [9,10].

To gain deeper insight into the relationship between TIs and pregnancy, birth and placental
pathologies, we performed a rigorous histologic examination on a subset of n = 589 placentas
from the Safe Passage Study (SPS) of the Prenatal Alcohol and SIDS and Stillbirth (PASS) Net-
work [11,12] to assess the association between the presence of TIs and three primary birth out-
comes: full-term birth, preterm birth, and stillbirth—and the relationship between trophoblast
inclusions and gestational age at delivery. Additionally, we aimed to determine whether tro-
phoblast inclusions were associated with specific placental pathologies.

Materials and methods
Study participants

The SPS, a prospective, multicenter cohort study, enrolled n = 10,088 women (12,029 fetuses)
during pregnancy between August 2007-October 2016 across multiple study sites in North
Dakota and South Dakota in the United States, and in Cape Town, South Africa [11,12]. The
data included in this analysis originated solely from Stellenbosch University in Cape Town,
South Africa. All study procedures and analyses included here were reviewed and approved by
the Stellenbosch University Health Research Ethics Committee (project #9317) and the New

PLOS ONE | https://doi.org/10.1371/journal.pone.0264733 March 1, 2022 2/13


https://doi.org/10.1371/journal.pone.0264733

PLOS ONE

Trophoblast inclusions and adverse birth outcomes

York State Psychiatric Institute Institutional Review Board (protocol #5338). Microscopic
examination of the deidentified slides sent for evaluation to the Yale Reproductive and Placen-
tal Research Unit was approved by the Stellenbosch University Ethics Board and the Yale Uni-
versity Human Investigation Committee (protocol #1003006495). Informed written consent
was obtained from all study participants.

Pregnant women were eligible to participate if they 1) were able to provide informed writ-
ten consent; 2) were pregnant with one or two fetuses; 3) were >16 years of age; 4) had a gesta-
tional age (GA) of at least 6 weeks + 0 days and were not at the delivery admission unit; and 5)
were fluent in English or Afrikaans.

To accommodate simultaneous sub-analyses of the data, slides were requested and retrieved
for n = 594 placentas based on one or both of the following criteria: 1) the pregnancy resulted
in a preterm live birth or a stillbirth between 20 weeks + 0 days and 43 weeks GA (n = 282) or
2) the pregnancy resulted in a full-term live birth and the infant subsequently participated in at
least one follow-up assessment between birth and 4 years of age (n = 307). Of the 594 births
included in this sub-analysis, there were 576 singleton pregnancies and 9 sets of twins.

Tissue collection, preparation, and examination

Tissue was collected from 28% of the participants as part of an embedded study [11]. Whole pla-
centas were collected at the time of delivery and refrigerated at 4°C until processing, usually the
next working day. After trimming the membranes and umbilical cord, 1-2 cm transverse cuts
were made through the maternal surface. Two blocks of tissue were obtained from cross-sections
of normal parenchyma and placed into a cassette. Placental blocks were fixed in 10% neutral buff-
ered formalin, stored at room temperature, and paraffin wax blocks were prepared. Two hematox-
ylin and eosin stained slides were produced for histological examination of each placenta.

The two de-identified slides from each placenta were evaluated at the Yale Reproductive
and Placental Research Unit. The 1,188 slides were randomized and re-labeled in numeric
order and were blindly read by a placental pathologist (HJK). The pathologist was blind to all
demographic, clinical, prenatal, birth outcome, and developmental outcome data. All slides
were examined to determine the frequency of TIs. Based on previous methods, we determined
the total number of inclusions and calcified inclusions [6,8,10]. Using this same dataset, we
previously identified four TI subtypes and determined that they were highly inter-related [6].
In the present analysis, we separately quantitated the number of each subtype and collapsed
across the four subtypes to calculate the total number of TIs per slide. The average number of
TIs per slide for each placenta was calculated by adding the total number of T1Is per pair of
slides and dividing by 2 (the number of slides from each placenta). The average number of TIs
per slide was then assigned into one of three categories; ‘none’ (average of 0 TIs), ‘mild’ (aver-
age of >0-5 TIs), or ‘marked’ (average of >5 TIs) (Fig 1). In addition, each slide was assessed
for a broad range of placental pathologies. Intra-rater test-retest reliability of 81.5%-94.1% and
an adjusted percent agreement of 99.2%-100% was established [6]. Slides from five placentas
were excluded due to poor fixation, resulting in a final sample of n = 589 placentas (9 twin
pregnancies).

Classification of primary birth outcomes

Pregnancy and birth outcomes were characterized in detail as part of the SPS study [11,12].
Medical records were abstracted and births was categorized into one of three groups: i) full-
term livebirth (FTLB), defined as a live birth at or after 37 weeks GA; ii) preterm livebirth
(PTLB), defined as a live birth before 37 weeks GA; and iii) stillbirth (SB), defined as fetal
death at or after 20 weeks GA.
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Fig 1. Representative villi from none, mild and marked TI categories. A) A slide from a representative case at 23
weeks for which no TIs were identified. B) A slide from representative case at 38 weeks for which no TIs were
identified. C) A slide from a representative case at 34 weeks that was in the ‘mild’ TI category. Four TIs were identified
in this slide (indicated by rectangles) and an additional 3 TIs were identified in the second slide (not shown) from this
case (average 3.5/slide = ‘mild’ category). The villi within the red rectangle are enlarged in panel E which demonstrates
a single TI with central syncytiotrophoblast nuclei (arrow) surrounded by cytotrophoblasts (arrow heads). Intervillous
space (I). D) A slide from a representative case at 24 weeks that was in the ‘marked’ TI category. Nine TIs were
identified in this slide (indicated by rectangles) and an additional 10 TIs were identified in the second slide (not
shown) from this case (average 9.5/slide = ‘marked’ category). The villi within the red rectangle are enlarged in panel F
which demonstrates two TIs in one villus with central syncytiotrophoblast nuclei (arrows) surrounded by
cytotrophoblasts (arrow heads). Intervillous space (I). Panels A-D are all at the same magnification, scale bar = 5 mm.
Panels E and F are at the same magnification, scale bar = 50 uM.

https://doi.org/10.1371/journal.pone.0264733.9001

Classification of birth characteristics and placental pathology

Birth characteristics and measures of placental pathology were determined using data obtained
as part of the original SPS study and through histological examination of the slides. From the
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original study records, we obtained the mode of delivery (vaginal versus cesarean delivery),
labor onset (spontaneous versus induced), GA at delivery (determined by prenatal ultra-
sound), and birth weight relative to GA. Using the trimmed weights for all placentas collected
through the SPS study (n = 1556), we generated growth curves of placental weight for GA at
delivery separately for males and females [13]. Placentas included in the present analysis were
then categorized as being small for GA (< 10™ percentile), appropriate for GA (10"-90" per-
centile), or large for GA (>90™ percentile). As part of our pathologic examination, we
recorded the absence or presence of villous edema (the swelling of chorionic villi with intersti-
tial fluid in the villus core) [14], the absence or presence of any stage of maternal inflammation
(neutrophils) in the chorionic plate (a marker of the maternal inflammatory response follow-
ing an ascending infection) [15], the percentage of infarction (the death of tissue) [16], the
absence or presence of a fetal inflammatory response (neutrophilic migration through the fetal
chorionic plate vessels) [15], increased syncytial knots (evidence of premature maturation of
the placenta), chronic villitis (evidence of a maternal immunologic reaction against the pla-
centa) [17], increased intervillous fibrin, subchorionic plate hematoma, or increased subchor-
ionic plate fibrin (all showing evidence of decreased maternal perfusion of the placenta) [18],
or the absence or presence of meconium laden macrophages in the chorionic plate (evidence
of intrauterine defecation) [19].

Statistical analysis

We used descriptive statistics, mean and standard deviation for continuous variables, count
and percentages for categorical variables to describe the characteristics of the study population
by birth outcome groups. We used logistic regression models to estimate the odds ratio and
95% confidence intervals of presence of TI associated with birth outcomes. Separate models
were fit for each birth outcome. Models were adjusted for maternal age at delivery, education
status, marital status, parity, maternal height, and prenatal depression as potential confound-
ers. A missing indicator method was used in multivariate models when a covariate was miss-
ing. To determine whether the association between TIs and birth outcome was dependent on
GA at delivery, we compared placentas from livebirths to those from stillbirths and performed
a linear regression model that included GA at delivery as a covariate. We used separate Univar-
iate logistic regression models to examine the association of TIs with birth characteristics and
placental pathologies. All analyses were performed in SAS software version 9.4 (SAS Institute,
Cary NC) and Python packages of statsmodels and Matplotlib.

Results

Study sample characteristics

The study sample included n = 307 FTLBs, n = 212 PTLBs, and n = 70 SBs (all of which were
delivered <37 weeks GA). Demographic and clinical characteristics for the overall sample and
each birth outcome group are presented in Table 1. Across the entire sample, the majority of
the pregnancies were multiparous (64.7%) and resulted in a vaginal delivery (86.4%). GA at
delivery ranged from 20.9 to 43.0 weeks with a mean of 36.0 weeks (SD = 4.82). Among preg-
nancies for which sex could be determined, 51.5% were male and 48.5% female. The majority
of women were between 20-34 years of age at the time of delivery (76.2%), self-identified as
“other or mixed race” (99.7%) (not shown), and had completed some high school (69.1%).
About half the sample was married/living with a partner (48.2%). Maternal height was consid-
ered as it is a marker of long-term nutrition [20], and the majority of the women were taller
than 155 cm (63.8%). In the overall sample, 48.0% of women scored in the low risk’ range of
the Edinburg Postpartum Depression Scale.
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Table 1. Demographic and clinical characteristics.

Variable No. (%) or Mean (SD)

Overall (N = 589)

Full-Term (N = 307)

Preterm (N = 212)

Stillbirth (N = 70)

Maternal Education Attainment

Any Primary School 37 (6.3%) 15 (4.9%) 15 (7.1%) 7 (10.0%)

Some High School 407 (69.1%) 207 (67.4%) 151 (71.2%) 49 (70.0%)

Completed High School 113 (19.2%) 67 (21.8%) 34 (16.0%) 12 (17.1%)

Beyond High School 30 (5.1%) 18 (5.9%) 10 (4.7%) 2(2.9%)

Declined or Unknown 2(0.3%) 0 (0%) 2 (0.9%) 0 (0%)
Maternal Employment Status

Employed 418 (71.0%) 98 (31.9%) 57 (26.9%) 16 (22.9%)

Unemployed 171 (29.0%) 209 (68.1%) 155 (73.1%) 54 (77.1%)
Marital Status

Not Married 305 (51.8%) 153 (49.8%) 114 (53.8%) 38 (54.3%)

Married 284 (48.2%) 154 (50.2%) 98 (46.2%) 32 (45.7%)
Maternal Height (cm)

< 145cm 15 (2.5%) 10 (3.3%) 3 (1.4%) 2 (2.9%)

145-149 cm 45 (7.6%) 26 (8.5%) 13 (6.1%) 6 (8.6%)

150-155 cm 153 (26.0%) 68 (22.1%) 64 (30.2%) 21 (30.0%)

>155cm 376 (63.8%) 203 (66.1%) 132 (62.3%) 41 (58.6%)
Maternal Depression (EPDS?)

EPDS Score <13 283 (48.0%) 163 (49.8%) 114 (47.7%) 6(26.1%)

EPDS Score 13-15 72 (12.2%) 41 (12.5%) 28 (11.7%) 3 (13.0%)

EPDS Score >15 200 (34.0%) 115 (35.2%) 77 (32.2%) 8 (34.8%)

Unknown 34 (5.8%) 8 (2.4%) 20 (8.4%) 6(26.1%)
Maternal Age at Delivery

<20 Years 101 (17.1%) 54 (17.6%) 29 (13.7%) 18 (25.7%)

20 to <35 Years 449 (76.2%) 240 (78.2%) 161 (75.9%) 48 (68.6%)

> 35 Years 39 (6.6%) 13 (4.2%) 22 (10.4%) 4(5.7%)
Mode of Delivery

Vaginal 509 (86.4%) 275 (89.6%) 166 (78.3%) 68 (97.1%)

Cesarean 79 (13.4%) 32 (10.4%) 46 (21.7%) 1(1.4%)

Unknown 1(0.02%) 0 (0%) 0(0%) 1(1.4%)
Parity

Primipara 208 (35.3%) 109 (35.5%) 72 (34.0%) 27 (38.6%)

Multipara 381 (64.7%) 198 (64.5%) 140 (66.0%) 43 (61.4%)
Gestational Age at Birth 36.0 (4.82) 39.4(1.12) 33.8 (3.30) 27.8 (4.80)
Sex

Male 299 (50.8%) 150 (48.9%) 113 (53.3%) 36 (51.4%)

Female 282 (47.9%) 157 (51.1%) 99 (46.7%) 26 (37.1%)

Unknown 8 (1.4%) 0 (0%) 0 (0%) 8 (11.4%)

*EPDS: Edinburgh Postnatal Depression Scale.

https://doi.org/10.1371/journal.pone.0264733.t001

Association of TIs across birth outcomes

Of the 589 placentas examined, at least one TI was observed across the two slides from 108
(35%) of the FTLB placentas, in 103 (49%) of the PTLB placentas, and in 51 (73%) of the SB
placentas. Compared to the FTLB placentas, both PTLB placentas and SB placentas were sig-
nificantly more likely to have TIs. Specifically, the odds of identifying one or more TIs in two
slides from PTLB compared to FTLB placentas was 1.74 (95% CI: 1.22, 2.49, p = 0.002), while
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Birth Outcome Adj. OR [95% CI]  P-val.

Preterm (n = 212)

. i
vs. Full-term (n = 307) 1.71 [1.18, 2.49] 0.0049 | -o—
i
i
Stillbirth (n = 70) s d | |
vs. Full-term (n = 307) 4.14 [2.17,7.88) < 0.0001 i f ® i
i
i
Stillbirth (n = 70) - I
= Pretermﬁn:?l?) 2.42 [1.27,4.61) 0.0073 :|—.—1
1 2 3 4 5 6 T 8

Adjusted Odds Ratio

Fig 2. Odds ratios of having TIs in full versus preterm and stillbirth placentas. Forest plot of adjusted odds ratios
for identification of placental trophoblast inclusions across three birth outcomes.

https://doi.org/10.1371/journal.pone.0264733.g002

the odds of SB compared to FTLB placentas was 4.95 (95% CI: 2.78, 8.80, p < 0.001). After
adjusting for maternal age at delivery, education status, marital status, parity, maternal height,
and maternal depression, the adjusted odds ratios for PTLB and SB compared to FTLB pla-
centas were 1.71 (95% CI: 1.18, 2.49, p = 0.005) and 4.14 (95% CI: 2.17, 7.88, p < 0.001),
respectively (Fig 2). To account for the possibility that the association between TIs and birth
outcome was driven by GA at delivery, we performed an additional linear regression to include
GA at delivery as a covariate. This analysis revealed that stillbirths across all GAs at delivery
had an average of 2.59 more TIs per case compared to livebirths (full-term and preterm) across
all GAs at delivery (95% CI: 1.23, 3.95, p = 0.0002).

Association between TIs and GA at delivery

Infants with no TIs (‘none’) were delivered between 21.9-42.4 weeks GA, with a median of
38.3 weeks GA and a mean of 37.1 (+3.68) weeks GA at delivery. Infants with ‘mild’ TIs (an
average of >0-5 TIs per slide) were delivered between 20.9-43.0 weeks GA, with a median of
36.6 weeks GA and a mean of 35.0 (+5.44) weeks GA at delivery. Infants with ‘marked’ TIs (an
average of >5 TIs per slide) were delivered between 20.9-40.0 weeks GA, with a median of
32.4 weeks GA and a mean of 30.8 (+£6.63) weeks GA at delivery. To determine if there was a
dose-dependent effect of TIs on GA at delivery, we performed an adjusted linear regression.
Compared to infants with no TIs, infants categorized as having ‘mild’ TIs were delivered 2.1
weeks earlier (p <0.001) (Fig 3). Consistent with a dose-dependent effect, infants categorized
as having ‘marked’ TIs were delivered 6.3 weeks earlier compared to those with no TIs
(p<0.001) and 4.24 weeks earlier than those with ‘mild’ TIs (p<0.001).

Association between T1Is and birth characteristics and placental pathologies

The presence of villous edema, placental infarction, maternal neutrophilic infiltration of the
chorionic plate (plate inflammation), spontaneous labor onset, and neonatal weight that was
small for GA were all associated with a statistically significantly higher odds of observing TIs
(Fig 4). However, subsequent models that included GA at delivery as a potential mediator
revealed that the associations between TIs and villous edema and plate inflammation were no
longer statistically significant (p’s >0.05). TIs were also not statistically significantly associated
with placental weight percentile or any of the other pathologic features examined for this
study, regardless of the inclusion of GA in the models (p’s >0.05).
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Fig 3. Earlier delivery as a function of TI frequency. Whisker plot of the gestational age at delivery compared to
trophoblast inclusion severity category. None (average of 0 T1s per slide), Mild (average of >0-5 TIs per slide), Marked
(average of >5 TIs per slide).

https://doi.org/10.1371/journal.pone.0264733.9003

Discussion
Summary of findings

We report a critical replication and expansion of the previous literature on the role of TIs in
placental, pregnancy, and fetal health in a cohort of women with high smoking and alcohol
intake exposure. Consistent with an earlier finding [8], the odds of identifying at least one TI
across two slides of chorionic villi are significantly higher for placentas from preterm liveborn
deliveries. Extending this observation, we demonstrated an even greater odds ratio for pla-
centas containing TIs from stillbirth deliveries. Moreover, we found a significant dose-depen-
dent effect of TIs on GA at delivery such that GA at delivery was inversely associated with TT
frequency. To account for the possibility that the association between TIs and birth outcome
could be driven solely by GA at delivery, we compared the average number of TIs in placentas
from livebirths and stillbirths while controlling for GA at delivery. This analysis revealed that
stillbirth placentas had significantly more TIs, even after controlling for GA at delivery,

ORs of pregnancy, birth, and placental characteristics

1
1
i
Characteristic N (%) Odds Ratio [95% CI] P-val. |
1
Birth Size :
Appropriate for GA (ref) 549 (94.98) :
Small for GA 29 (5.02) 4.26 [1.79, 10.15]  0.0010 1 4
Placental Infarction :
No Infarction (ref.) 547 (92.87) 1
Infarction 42(7.13) 268[1.38,519] 0.0037 | +——@——i
Villous Edema :
None (ref.) 459 (77.93) ]
Any 130 (22.07) 2.07([1.39,3.07] 0.0003 | +—e—
Labor Onset |
Spontaneous (ref.) 275 (48.33) :
Induced 128 (22.50) 1.81[1.21,2.69]  0.0035 | +—e—
Plate Inflammation 1
None (ref.) 423 (71.82) i
Any 166 (28.18)  1.51 [1.05, 2.16) 0.0254 :’—.—I
1
0 1 2 3 4 5 6 7 8 9 10

Odds Ratio

Fig 4. Association of TIs, birth outcomes, and placental pathologies. Forest plot of unadjusted odds ratios for
identification of placental trophoblast inclusions across pregnancy, birth, and placental pathology findings.

https://doi.org/10.1371/journal.pone.0264733.g004
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suggesting that TTs are not simply a function of GA at delivery, but rather, there is an indepen-
dent biological process underlying the association between stillbirth and TIs. In addition to
the relationships between TIs, birth outcome, and GA at delivery, we also found significant
associations between TIs and a range of pregnancy features including birth weight that was
small for GA, induction of labor, as well as placental pathologies including villous edema, pla-
cental infarction, and inflammation of the chorionic plate. However, subsequent logistic
regression models suggested that GA at delivery mediated the relationship between TIs and
villous edema and plate inflammation, though the degree of mediation could not be deter-
mined due to sample size limitations.

In a previous study, we did not find an association between TIs and clinical evidence of pre-
eclampsia, gestational diabetes, or hypertension [10]. However, here, we report significantly
increased odds ratios for observing T1s in placentas with infarction, villous edema, and migra-
tion of maternal neutrophils through the chorionic plate, though these associations may be
partially confounded by GA at delivery. Placenta infarction, the death of placental parenchyma
most often due to a decrease in maternal perfusion of the placenta, was also associated with the
presence of TIs. The connection between maternal perfusion of the placenta and TIs is not
obvious. However, placental infarction is often seen in placentas of intrauterine fetal demise.
Therefore, this should be examined in future studies. Villous edema is associated with fetal car-
diovascular failure, chorioamnionitis, and fetal blood loss [14,21-24]. The association between
TIs and villous edema may be due to pathophysiologic changes associated with TIs (such as
congestive heart failure secondary to an intrinsic cardiopulmonary defect) or may be indica-
tive of shared factors that both contribute to the development of TIs and that may trigger sec-
ondary changes in the pregnancy, such as premature opening of the cervix, which in turn leads
to an ascending intraamniotic fluid infection and resultant villous edema [25]. The latter possi-
bility would also explain the association of TIs with chorionic plate inflammation, a marker of
the maternal inflammatory response following an ascending infection [26]. Importantly, we
found that the relationships between TIs and villous edema and plate inflammation were not
statistically significant after including GA at delivery in the model. It remains unclear whether
this finding can be attributed to insufficient statistical power due to sample size and study
design limitations or to the inter-relatedness of TIs, GA, and these pathologic findings. To
fully address the challenge of disentangling these inter-related factors, it would be necessary to
compare our cohort to a cohort of placentas derived from healthy, unaffected pregnancies
across the same range of gestational ages that we examined.

That none of the other placental pathologic features were associated with TIs, regardless of
the inclusion of GA at delivery as a covariate, suggests that the etiology of TIs is independent
of the majority of pathologic processes that can impact the placenta. This is consistent with
our overarching hypothesis that T1s are a biological marker of genetic and/or developmental
abnormality and is consistent with the many studies that have identified TIs in both aneuploid
[27-30] and euploid loss placentas [31-35]. As participants of the SPS had a high prevalence of
smoking and drinking alcohol during pregnancy, it is also possible that perturbations in the
prenatal environment may play a role in the development of TIs.

Our analysis has established an association between TIs and several clinically-relevant out-
come measures including preterm birth, stillbirth, small birth weight for gestational age, and
specific placental pathologies. Both prematurity and stillbirth are associated with an increased
odds ratio of identifying T1s, providing insight into a potential biological process underlying
these adverse birth outcomes. Further, this is the first analysis to directly evaluate the relation-
ship between the quantity of TIs and gestational age at delivery. We found that placentas
deemed most severe with regards to TT frequency were delivered at a significantly earlier GA
than those with no or mild TI frequencies. Given both genetic and in-utero factors that may

PLOS ONE | https://doi.org/10.1371/journal.pone.0264733 March 1, 2022 9/13


https://doi.org/10.1371/journal.pone.0264733

PLOS ONE

Trophoblast inclusions and adverse birth outcomes

contribute to the incidence of TTs, this relationship may inform clinical management of subse-
quent pregnancies that are preceded by those in which TIs have been identified.

The associations reported here support the biological plausibility that TIs may indicate dys-
function and/or may play an important role in shaping pregnancy and fetal development. Our
data indicate that greater TI severity is associated with lower GA at delivery. However, the
observed increased prevalence of TIs in placentas delivered earlier in gestation does not neces-
sitate the same prevalence of TIs in normal undelivered placentas at these same early gesta-
tional ages. Earlier literature [7,27-30,36] and our previous studies [4,8-10] clearly associate
the presence of TIs with adverse developmental and pregnancy outcomes, which may repre-
sent underlying genetic and environmental pathways. The abnormal nature of TIs has been
further supported by a study of placentas obtained at early GAs following elective termina-
tions, which found that TIs were present in only 2.8% of the placentas [37].

Given the robust relationships between TIs and the pregnancy, placental, and birth out-
comes that we analyzed, future research aimed at understanding the biological mechanisms
underlying such outcomes should consider including TIs in the mechanistic pathway. Addi-
tionally, further research is needed to determine potential environmental and health-related
factors (e.g. tobacco and ethanol exposure), or even placental pathologies that may account for
the greater-than-expected proportion of full-term placentas with at least one TI (35% versus
previously reported prevalence of 2-8% [7,9,10] noted in the highly exposed cohort we exam-
ined for these studies.

Strengths and limitations

The main strength of our study was the relatively large sample size which was specifically col-
lected for research purposes, rather than relying on information obtained solely for clinical
purposes. Therefore, we were able to generate a very detailed and deeply-phenotyped dataset
that allowed us to include many potential confounding variables. In a prior publication on the
same dataset, we established very high test-retest reliability of the pathologist’s TI counts [6].
This dataset also allowed for replication in a non-US and predominantly non-white study sam-
ple. Finally, the sample included an ample representation of placentas from full-term live
births, preterm live births, and stillbirths. However, this distribution of cases was by chance,
not design—therefore, a potential limitation to our study.

Our initial sample selection was blind to all information regarding the pregnancy and birth
outcomes, with the exception of GA at delivery regardless of whether the infant was liveborn or
not. Thus, it was not until unblinding of the birth outcomes that we discovered how many still-
births had been captured in our subsample. Similarly, the sample was not randomly selected
based on birth outcome, but rather, was generated based on the specific inclusion criteria previ-
ously described. This selection process may have involved unintended bias in sample selection.
To address these limitations, it would be beneficial to conduct a prospective analysis of TIs with
long-term birth and developmental follow-up. An additional limitation is that we did not have
full access to the gross examination of the placenta and rather, were restricted to analyses of two
randomly selected slides. This limitation may have impacted our ability to characterize specific
features such as the number and location of placental infarcts. Further, genetic analyses were
not performed on placentas included in these analyses, and therefore, our data cannot address
the biological linkage between genetics, including mosaicism, and the development of TTs. A
final limitation of this study is that all slides were reviewed by a single pathologist at one institu-
tion, however, it is notable that the pathologist had very high test-re-test reliability [6].

This paper provides foundational associative information regarding the potential role of
TIs in a range of placental, pregnancy, and birth processes. The novel associations that we

PLOS ONE | https://doi.org/10.1371/journal.pone.0264733 March 1, 2022 10/13


https://doi.org/10.1371/journal.pone.0264733

PLOS ONE

Trophoblast inclusions and adverse birth outcomes

report warrant further investigation in order to understand the complex network of biological
mechanisms through which TIs may influence the trajectory and health of a pregnancy. Ulti-
mately, this line of research may provide critical insight that will inform both clinical and
research applications.

Acknowledgments

We wish to thank Handre Carstens of the Division of Anatomical Pathology of Stellenbosch
University for preparing the slides and the families who generously participated in this
research.

Author Contributions

Conceptualization: Morgan R. Firestein, Harvey J. Kliman, Hein J. Odendaal, William P.
Fifer.

Data curation: Morgan R. Firestein, Harvey J. Kliman, LucyT. Brink, Kristin M. Milano,
Hein J. Odendaal, William P. Fifer.

Formal analysis: Morgan R. Firestein, Harvey J. Kliman, Hein J. Odendaal, William P. Fifer.

Funding acquisition: Morgan R. Firestein, Harvey J. Kliman, Hein J. Odendaal, William P.
Fifer.

Investigation: Morgan R. Firestein, Harvey J. Kliman, Katherine M. Hofmann, Hein J. Oden-
daal, William P. Fifer.

Methodology: Morgan R. Firestein, Harvey J. Kliman, Ayesha Sania, Lucy T. Brink, Parker H.
Holzer, Hein J. Odendaal, William P. Fifer.

Project administration: Lucy T. Brink, Nicolo Pini, Lauren C. Shuffrey, Hein J. Odendaal,
William P. Fifer.

Resources: Morgan R. Firestein, Harvey J. Kliman, Hein J. Odendaal, William P. Fifer.
Software: Ayesha Sania, Parker H. Holzer.
Supervision: Morgan R. Firestein, Harvey J. Kliman, Hein J. Odendaal, William P. Fifer.

Validation: Morgan R. Firestein, Harvey J. Kliman, Lucy T. Brink, Hein J. Odendaal, William
P. Fifer.

Visualization: Morgan R. Firestein, Harvey J. Kliman, Parker H. Holzer.
Writing - original draft: Morgan R. Firestein.

Writing - review & editing: Morgan R. Firestein, Harvey J. Kliman, Ayesha Sania, Lucy T.
Brink, Parker H. Holzer, Nicolo Pini, Lauren C. Shuffrey, Hein J. Odendaal, William P.
Fifer.

References

1. Brosens|, Pijnenborg R, Vercruysse L, Romero R. The “Great Obstetrical Syndromes” are associated
with disorders of deep placentation. Am J Obstet Gynecol. 2011 Mar 1; 204(3):193-201. https://doi.org/
10.1016/j.2jog.2010.08.009 PMID: 21094932

2. Turco MY, Moffett A. Development of the human placenta. Development [Internet]. 2019 Nov 27 [cited
2021 Aug 11]; 146(22). Available from: https://doi.org/10.1242/dev.163428 PMID: 31776138

3. Kliman HJ, Nestler JE, Sermasi E, Sanger JM, Strauss JF. Purification, characterization, and in vitro dif-
ferentiation of cytotrophoblasts from human term placentae. Endocrinology. 1986 Apr; 118(4):1567-82.
https://doi.org/10.1210/endo-118-4-1567 PMID: 3512258

PLOS ONE | https://doi.org/10.1371/journal.pone.0264733 March 1, 2022 11/13


https://doi.org/10.1016/j.ajog.2010.08.009
https://doi.org/10.1016/j.ajog.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21094932
https://doi.org/10.1242/dev.163428
http://www.ncbi.nlm.nih.gov/pubmed/31776138
https://doi.org/10.1210/endo-118-4-1567
http://www.ncbi.nlm.nih.gov/pubmed/3512258
https://doi.org/10.1371/journal.pone.0264733

PLOS ONE

Trophoblast inclusions and adverse birth outcomes

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Kliman HJ, Segel L. The placenta may predict the baby. J Theor Biol. 2003 Nov 7; 225(1):143-5.
https://doi.org/10.1016/s0022-5193(03)00248-0 PMID: 14559066

Rejniak KA, Kliman HJ, Fauci LJ. A computational model of the mechanics of growth of the villous tro-
phoblast bilayer. Bull Math Biol. 2004 Mar; 66(2):199-232. https://doi.org/10.1016/j.bulm.2003.06.001
PMID: 14871565

Kliman HJ, Firestein MR, Hofmann KM, Milano KM, Holzer PH, Brink LT, et al. Trophoblast inclusions in
the human placenta: Identification, characterization, quantification, and interrelations of subtypes. Pla-
centa. 2021 Jan 1; 103:172—6. https://doi.org/10.1016/j.placenta.2020.10.014 PMID: 33152642

Adler E, Madankumar R, Rosner M, Reznik SE. Increased placental trophoblast inclusions in placenta
accreta. Placenta. 2014 Dec; 35(12):1075-8. https://doi.org/10.1016/j.placenta.2014.09.014 PMID:
25305693

Firestein MR, Abellar R, Myers MM, Welch MG. Increased trophoblast inclusions in placentas from pre-
maturely born infants: A potential marker of risk for preterm neurodevelopmental outcomes. Placenta.
2017 Dec; 60:61-3. https://doi.org/10.1016/j.placenta.2017.10.006 PMID: 29208241

Anderson GM, Jacobs-Stannard A, Chawarska K, Volkmar FR, Kliman HJ. Placental trophoblast inclu-
sions in autism spectrum disorder. Biol Psychiatry. 2007 Feb 15; 61(4):487-91. https://doi.org/10.1016/
j.biopsych.2006.03.068 PMID: 16806106

Walker CK, Anderson KW, Milano KM, Ye S, Tancredi DJ, Pessah IN, et al. Trophoblast inclusions are
significantly increased in the placentas of children in families at risk for autism. Biol Psychiatry. 2013
Aug 1; 74(3):204—11. https://doi.org/10.1016/j.biopsych.2013.03.006 PMID: 23623455

Dukes KA, Burd L, Elliott AJ, Fifer WP, Folkerth RD, Hankins GDV, et al. The safe passage study:
design, methods, recruitment, and follow-up approach. Paediatr Perinat Epidemiol. 2014 Sep; 28
(5):455-65. https://doi.org/10.1111/ppe.12136 PMID: 25131605

Elliott AJ, Kinney HC, Haynes RL, Dempers JD, Wright C, Fifer WP, et al. Concurrent prenatal drinking
and smoking increases risk for SIDS: Safe Passage Study report. EClinicalMedicine [Internet]. 2020
Feb 1 [cited 2021 Apr 2]; 19. Available from: https://www.thelancet.com/journals/eclinm/article/
PI1S2589-5370(19)30256-1/abstract. https://doi.org/10.1016/j.eclinm.2019.100247 PMID: 32140668

Arleo EK, Troiano RN, da Silva R, Greenbaum D, Kliman HJ. Utilizing two-dimensional ultrasound to
develop normative curves for estimated placental volume. Am J Perinatol. 2014 Sep; 31(8):683-8.
https://doi.org/10.1055/s-0033-1357265 PMID: 24108663

Naeye RL, Maisels MJ, Lorenz RP, Botti JJ. The clinical significance of placental villous edema. Pediat-
rics. 1983 Apr; 71(4):588-94. PMID: 6682216

Lau J, Magee F, Qiu Z, Houbé J, Von Dadelszen P, Lee SK. Chorioamnionitis with a fetal inflammatory
response is associated with higher neonatal mortality, morbidity, and resource use than chorioamnioni-
tis displaying a maternal inflammatory response only. Am J Obstet Gynecol. 2005 Sep; 193(3 Pt
1):708-13.

Gibbins KJ, Silver RM, Pinar H, Reddy UM, Parker CB, Thorsten V, et al. Stillbirth, hypertensive disor-

ders of pregnancy, and placental pathology. Placenta. 2016 Jul; 43:61-8. https://doi.org/10.1016/j.
placenta.2016.04.020 PMID: 27324101

Yusuf K, Kliman HJ. The fetus, not the mother, elicits maternal immunologic rejection: lessons from dis-
cordant dizygotic twin placentas. J Perinat Med. 2008; 36(4):291-6. https://doi.org/10.1515/JPM.2008.
054 PMID: 18598117

Bukowski R, Hansen NI, Pinar H, Willinger M, Reddy UM, Parker CB, et al. Altered fetal growth, placen-
tal abnormalities, and stillbirth. PloS One. 2017; 12(8):e0182874. https://doi.org/10.1371/journal.pone.
0182874 PMID: 28820889

Funai EF, Labowsky AT, Drewes CE, Kliman HJ. Timing of fetal meconium absorption by amnionic
macrophages. Am J Perinatol. 2009 Jan; 26(1):93-7. https://doi.org/10.1055/s-0028-1103028 PMID:
19031358

Perkins JM, Subramanian SV, Davey Smith G, Ozaltin E. Adult height, nutrition, and population health.
Nutr Rev. 2016 Mar; 74(3):149-65. https://doi.org/10.1093/nutrit/nuv105 PMID: 26928678

llagan NB, Elias EG, Liang KC, Kazzi G, Piligian J, Khatib G. Perinatal and neonatal significance of bac-
teria-related placental villous edema. Acta Obstet Gynecol Scand. 1990; 69(4):287-90. https://doi.org/
10.3109/00016349009036148 PMID: 2244458

Kovalovszki L, Villanyi E, Benkd G. Placental villous edema: a possible cause of antenatal hypoxia.
Acta Paediatr Hung. 1990; 30(2):209-15. PMID: 2248799

Avagliano L, Locatelli A, Danti L, Felis S, Mecacci F, Bulfamante GP. Placental histology in clinically
unexpected severe fetal acidemia at term. Early Hum Dev. 2015 May; 91(5):339—43. https://doi.org/10.
1016/j.earlhumdev.2015.03.004 PMID: 25875757

PLOS ONE | https://doi.org/10.1371/journal.pone.0264733 March 1, 2022 12/13


https://doi.org/10.1016/s0022-5193%2803%2900248-0
http://www.ncbi.nlm.nih.gov/pubmed/14559066
https://doi.org/10.1016/j.bulm.2003.06.001
http://www.ncbi.nlm.nih.gov/pubmed/14871565
https://doi.org/10.1016/j.placenta.2020.10.014
http://www.ncbi.nlm.nih.gov/pubmed/33152642
https://doi.org/10.1016/j.placenta.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25305693
https://doi.org/10.1016/j.placenta.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29208241
https://doi.org/10.1016/j.biopsych.2006.03.068
https://doi.org/10.1016/j.biopsych.2006.03.068
http://www.ncbi.nlm.nih.gov/pubmed/16806106
https://doi.org/10.1016/j.biopsych.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23623455
https://doi.org/10.1111/ppe.12136
http://www.ncbi.nlm.nih.gov/pubmed/25131605
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(19)30256-1/abstract
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(19)30256-1/abstract
https://doi.org/10.1016/j.eclinm.2019.100247
http://www.ncbi.nlm.nih.gov/pubmed/32140668
https://doi.org/10.1055/s-0033-1357265
http://www.ncbi.nlm.nih.gov/pubmed/24108663
http://www.ncbi.nlm.nih.gov/pubmed/6682216
https://doi.org/10.1016/j.placenta.2016.04.020
https://doi.org/10.1016/j.placenta.2016.04.020
http://www.ncbi.nlm.nih.gov/pubmed/27324101
https://doi.org/10.1515/JPM.2008.054
https://doi.org/10.1515/JPM.2008.054
http://www.ncbi.nlm.nih.gov/pubmed/18598117
https://doi.org/10.1371/journal.pone.0182874
https://doi.org/10.1371/journal.pone.0182874
http://www.ncbi.nlm.nih.gov/pubmed/28820889
https://doi.org/10.1055/s-0028-1103028
http://www.ncbi.nlm.nih.gov/pubmed/19031358
https://doi.org/10.1093/nutrit/nuv105
http://www.ncbi.nlm.nih.gov/pubmed/26928678
https://doi.org/10.3109/00016349009036148
https://doi.org/10.3109/00016349009036148
http://www.ncbi.nlm.nih.gov/pubmed/2244458
http://www.ncbi.nlm.nih.gov/pubmed/2248799
https://doi.org/10.1016/j.earlhumdev.2015.03.004
https://doi.org/10.1016/j.earlhumdev.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25875757
https://doi.org/10.1371/journal.pone.0264733

PLOS ONE

Trophoblast inclusions and adverse birth outcomes

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lewis NE, Marszalek L, Ernst LM. Placental Pathologic Features in Fetomaternal Hemorrhage
Detected By Flow Cytometry. Pediatr Dev Pathol Off J Soc Pediatr Pathol Paediatr Pathol Soc. 2017
Apr; 20(2):142-51. https://doi.org/10.1177/1093526616687652 PMID: 28326960

Lee SM, Lee KA, Kim SM, Park C-W, Yoon BH. The risk of intra-amniotic infection, inflammation and
histologic chorioamnionitis in term pregnant women with intact membranes and labor. Placenta. 2011
Jul; 32(7):516-21. https://doi.org/10.1016/j.placenta.2011.03.012 PMID: 21565402

Strunk T, Campbell C, Burgner D, Charles A, French N, Sharp M, et al. Histological chorioamnionitis
and developmental outcomes in very preterm infants. J Perinatol Off J Calif Perinat Assoc. 2019 Feb;
39(2):321-30. https://doi.org/10.1038/s41372-018-0288-3 PMID: 30518803

Szulman AE, Philippe E, Boué JG, Boué A. Human triploidy: association with partial hydatidiform moles
and nonmolar conceptuses. Hum Pathol. 1981 Nov; 12(11):1016—-21. https://doi.org/10.1016/s0046-
8177(81)80259-6 PMID: 7319489

Szulman AE, Surti U. The syndromes of partial and complete molar gestation. Clin Obstet Gynecol.
1984 Mar; 27(1):172-80. https://doi.org/10.1097/00003081-198403000-00024 PMID: 6705309

Szulman AE. Trophoblastic disease: clinical pathology of hydatidiform moles. Obstet Gynecol Clin
North Am. 1988 Sep; 15(3):443-56. PMID: 3067170

Novak R, Agamanolis D, Dasu S, Igel H, Platt M, Robinson H, et al. Histologic analysis of placental tis-
sue in first trimester abortions. Pediatr Pathol. 1988; 8(5):477-82. https://doi.org/10.3109/
15513818809022303 PMID: 3226999

Philippe E, Boué JG. [Placenta and chromosome aberrations in spontaneous abortion]. Presse Med.
1970 Mar 21; 78(14):641-6. PMID: 5440102

Boue JG, Boue A. Increased frequency of chromosomal anomalies in abortions after induced ovulation.
Lancet Lond Engl. 1973 Mar 24; 1(7804):679-80. https://doi.org/10.1016/s0140-6736(73)92261-7
PMID: 4121900

Conran RM, Hitchcock CL, Popek EJ, Norris HJ, Griffin JL, Geissel A, et al. Diagnostic considerations
in molar gestations. Hum Pathol. 1993 Jan; 24(1):41-8. https://doi.org/10.1016/0046-8177(93)90061-k
PMID: 8418014

Rushton DI. Examination of products of conception from previable human pregnancies. J Clin Pathol.
1981 Aug; 34(8):819-35. https://doi.org/10.1136/jcp.34.8.819 PMID: 7024313

Vejerslev LO, Sunde L, Hansen BF, Larsen JK, Christensen IJ, Larsen G. Hydatidiform mole and fetus
with normal karyotype: support of a separate entity. Obstet Gynecol. 1991 Jun; 77(6):868-74. PMID:
2030859

Philippe E, Boué JG. [The placenta in lethal chromosome aberrations]. Ann Anat Pathol (Paris). 1969
Sep; 14(3):249-66.

Kliman HJ, McSweet JC, Franco A, Ying X, Zhao Y, Stetten G. Trophoblast inclusions are rare in elec-
tive terminations and normal deliveries, but common in cases with karyotypic abnormalities. Fertil Steril.
2003 Sep 1; 80:88.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264733 March 1, 2022 13/13


https://doi.org/10.1177/1093526616687652
http://www.ncbi.nlm.nih.gov/pubmed/28326960
https://doi.org/10.1016/j.placenta.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21565402
https://doi.org/10.1038/s41372-018-0288-3
http://www.ncbi.nlm.nih.gov/pubmed/30518803
https://doi.org/10.1016/s0046-8177%2881%2980259-6
https://doi.org/10.1016/s0046-8177%2881%2980259-6
http://www.ncbi.nlm.nih.gov/pubmed/7319489
https://doi.org/10.1097/00003081-198403000-00024
http://www.ncbi.nlm.nih.gov/pubmed/6705309
http://www.ncbi.nlm.nih.gov/pubmed/3067170
https://doi.org/10.3109/15513818809022303
https://doi.org/10.3109/15513818809022303
http://www.ncbi.nlm.nih.gov/pubmed/3226999
http://www.ncbi.nlm.nih.gov/pubmed/5440102
https://doi.org/10.1016/s0140-6736%2873%2992261-7
http://www.ncbi.nlm.nih.gov/pubmed/4121900
https://doi.org/10.1016/0046-8177%2893%2990061-k
http://www.ncbi.nlm.nih.gov/pubmed/8418014
https://doi.org/10.1136/jcp.34.8.819
http://www.ncbi.nlm.nih.gov/pubmed/7024313
http://www.ncbi.nlm.nih.gov/pubmed/2030859
https://doi.org/10.1371/journal.pone.0264733

