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Placental pathology and neonatal brain MRI in a randomized
trial of erythropoietin for hypoxic–ischemic encephalopathy
Yvonne W. Wu1,2, Amy M. Goodman1, Taeun Chang3,4,5, Sarah B. Mulkey3,4,5, Fernando F. Gonzalez2, Dennis E. Mayock6, Sandra E. Juul6,
Amit M. Mathur7, Krisa Van Meurs8, Robert C. McKinstry9 and Raymond W. Redline10

BACKGROUND: Newborns with hypoxic–ischemic encephalopathy (HIE) may exhibit abnormalities on placental histology. In this
phase II clinical trial ancillary study, we hypothesized that placental abnormalities correlate with MRI brain injury and with response
to treatment.
METHODS: Fifty newborns with moderate/severe encephalopathy who received hypothermia were enrolled in a double-blind,
placebo-controlled trial of erythropoietin for HIE. A study pathologist reviewed all available clinical pathology reports to determine
the presence of chronic abnormalities and acute chorioamnionitis. Neonatal brain MRIs were scored using a validated HIE scoring
system.
RESULTS: Placental abnormalities in 19 of the 35 (54%) patients with available pathology reports included chronic changes (N=
13), acute chorioamnionitis (N= 9), or both (N= 3). MRI subcortical brain injury was less common in infants with a placental
abnormality (26 vs. 69%, P= 0.02). Erythropoietin treatment was associated with a lower global brain injury score (median 2.0 vs.
11.5, P= 0.003) and lower rate of subcortical brain injury (33 vs. 90%, P= 0.01) among patients with no chronic placental
abnormality but not in patients whose placentas harbored a chronic abnormality.
CONCLUSION: Erythropoietin treatment was associated with less brain injury only in patients whose placentas exhibited no chronic
histologic changes. Placentas may provide clues to treatment response in HIE.
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INTRODUCTION
Hypoxic–ischemic encephalopathy (HIE), an important cause of
neonatal encephalopathy (NE) and neonatal brain injury, occurs in
1–3 per 1000 term births1,2 and is responsible for 23% of neonatal
deaths worldwide.3 HIE is typically diagnosed in infants born with
low Apgar scores, cord blood or early neonatal acidemia, need for
prolonged resuscitation, and moderate-to-severe clinical signs of
encephalopathy.4,5 Survivors of HIE are at risk for brain injury and
life-long neurodevelopmental disabilities, such as cerebral palsy
and cognitive impairment.4 The complex causal pathways under-
lying HIE are poorly understood.6 Potential contributing factors
include antenatal conditions such as advanced maternal age,
infertility treatment, intrauterine growth restriction, and maternal
hypertension, as well as intrapartum complications, such as
maternal infection and sentinel events (e.g., placental abruption,
uterine rupture).7–14 A better understanding of the timing and
pathophysiology underlying HIE could inform new strategies to
prevent this condition and could help tailor specific therapies to
subsets of infants with HIE.
Placental gas exchange and nutrient delivery are vital to the

health of the fetus both during fetal development and during the
labor and delivery process. It is reasonable then to suspect that

placental abnormalities may confer susceptibility to HIE and
hypoxic–ischemic brain injury. Several placental findings have
indeed been reported in term infants diagnosed with HIE, NE, or
cerebral palsy, including histologic chorioamnionitis15–17, placen-
tal vascular abnormalities or infarction15,18,19, and chronic villitis of
unknown etiology.20 A recent study of NE was the first to examine
placentas from both case and control deliveries and found that
placental fetal vascular malperfusion imparted a 3-fold increased
risk of encephalopathy (odds ratio (OR) 3.2, 95% confidence
interval (CI) 1.5–6.6).19

Previous treatment trials of HIE have rarely included placental
data. Although hypothermia, the only proven therapy for HIE, may
be less effective in patients with placental findings of chorioam-
nionitis16 or chronic villitis17, there are no available data from
hypothermia clinical trials to either support or refute this
hypothesis.
In the Neonatal Erythropoietin and Therapeutic Hypothermia

Outcomes (NEATO) phase II randomized, double-blind placebo-
controlled trial, we found that high doses of erythropoietin (Epo)
in addition to therapeutic hypothermia resulted in less brain injury
when compared to treatment with hypothermia alone.5 We now
report the placental findings in patients enrolled in the NEATO
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trial. We examine whether placental abnormalities were asso-
ciated with brain injury or 12-month neurodevelopment and
whether response to Epo treatment differed between those with
and without placental abnormalities.

SUBJECTS AND METHODS
Subjects
Detailed methods of the NEATO trial (NCT 01913340) have been
previously published.5 Briefly, 50 newborns with moderate/severe
HIE were randomized at 7 tertiary care centers to receive either
Epo 1000 U/kg intravenously or an equal volume of normal saline
on days 1, 2, 3, 5, and 7. All subjects met 4 inclusion criteria: (1)
≥36 weeks gestation; (2) perinatal depression defined as at least 1
of the following: 10-min Apgar score <5; need for on-going
resuscitation at 10min; or cord or neonatal acidosis (i.e., pH <7.00
or base deficit ≥15) within 1 h of birth; (3) moderate/severe
encephalopathy based on Sarnat examination; and (4) hypother-
mia initiated by 6 h of age. Exclusion criteria included congenital
anomalies, suspected genetic syndrome, birth weight <1800 g,
head circumference <5% for gestational age, and redirection of
care being considered because of moribund condition.
Demographics and complications of labor and delivery were

ascertained prospectively at the time of neonatal hospitalization.
Clinical chorioamnionitis was defined as a diagnosis of chorioam-
nionitis assigned by a treating physician based on clinical
symptoms alone. A sentinel event was defined as the presence
of a prolapsed cord, placental abruption, uterine rupture, or
shoulder dystocia. Baseline plasma Epo levels were measured in
blood samples taken within 24 h of age, prior to administration of
study drug. Birth weight and head circumference <10% and >90%
were determined based on population norms for gestational age
and sex.

Placental analysis
Placental pathologic examination occurred at the birth hospitals
as part of routine clinical care. All placental pathology reports were
retrieved and reviewed centrally by a study pathologist (R.W.R.)
who was blinded to treatment allocation and to brain magnetic
resonance imaging (MRI) findings. Chronic placental abnormalities
were defined as any of the following: (1) maternal vascular
malperfusion (i.e., villous infarct, accelerated villous maturation,
increased syncytial knots); (2) fetal vascular malperfusion (i.e., focal
avascular villi and/or thrombus in fetal vessel); or (3) villitis of
unknown etiology. Acute placental abnormalities were defined by
the presence of a neutrophilic maternal and/or fetal inflammatory
response in the chorionic plate, membranes, or major fetal vessels
(i.e., histologic chorioamnionitis). Placental weight and fetopla-
cental ratio were categorized as low (<10%) or high (>90%) based
on population normative tables.21

Neuroimaging
Patients received a brain MRI between 4 and 7 days of age as part
of routine clinical care. Two independent reviewers (R.C.M. and A.
M.M.) who were blinded to treatment allocation and placental
histology scored the severity and location of brain injury using a
validated HIE scoring system22,23, with discrepancies resolved by
consensus. A global brain injury score (range 0–138) was assigned
by summing the injury severity seen on T1, T2, and diffusion-
weighted sequences within 8 brain regions: caudate, putamen/
globus pallidus, thalamus, posterior limb of internal capsule, white
matter, cortex, brainstem, and cerebellum. Subcortical brain injury
was defined as injury to the caudate, putamen, globus pallidus,
thalamus, or posterior limb of the internal capsule.
At 12 months of age, motor and cognitive functions were

assessed using the Warner Initial Developmental Evaluation of
Adaptive and Functional Skills (WIDEA)24 parental questionnaire and
the Alberta Infant Motor Scale (AIMS)25 evaluation. We evaluated

associations between placental abnormalities, MRI, and other clinical
characteristics using χ2, Fisher’s exact, t test, or Wilcoxon rank-sum
test as appropriate, with a two-tailed significance level of P < 0.05.
We did not perform multivariable analyses due to small sample size.
Institutional review board approval was obtained at all hospitals that
participated in the NEATO trial.

RESULTS
Forty-seven of the 50 (94%) enrolled infants were born at an
outlying hospital prior to being transferred to 1 of the 7 study
sites. Thirty-five of the 50 (70%) patients had a placenta that
underwent pathologic examination. Patients with no placental
examination were more likely to be delivered via spontaneous
unassisted vaginal delivery, when compared to patients whose
placentas underwent pathologic evaluation (53% vs. 17%, P=
0.01). Severity of encephalopathy, degree of acidosis, and other
clinical features were similar between patients who did and did
not undergo placental examination (Table 1).
Histologic abnormalities were reported in 19 of the 35 (54%)

placental specimens. Chronic abnormalities were the most
common finding (N= 13, 37%), including maternal vascular
malperfusion (N= 12, 34%), villitis of unknown etiology (N= 4,
11%), and fetal vascular malperfusion (N= 2, 6%). Four (11%)
placentas had >1 of these findings, including 1 placenta that
exhibited all 3 types of chronic abnormalities. Histologic
chorioamnionitis was reported in 9 (26%) placentas. Three (9%)
patients exhibited both chronic abnormalities and histologic
chorioamnionitis. Among nine mothers with histologic chorioam-
nionitis, only one received a clinical diagnosis of chorioamnionitis.
Conversely, of the three mothers who received a clinical diagnosis
of chorioamnionitis, only one had histologic evidence of placental
inflammation.
The patients with a placental histologic abnormality of either

chronic or acute nature had a lower mean head circumference
than those with a normal placental exam (34.0 vs. 35.1 cm, P=
0.03). The presence of a chronic placental abnormality was
associated with a smaller head circumference (mean 33.7 vs. 34.9,
P= 0.02), lower birth weight (mean 3037 vs. 3458 g, P= 0.02), and
a trend toward lower placental weight (mean 445 vs. 521 g, P=
0.07). Pre-eclampsia was also more common in patients with a
chronic placental abnormality (23% vs. 0%, P= 0.04). Fetoplacen-
tal ratio did not differ between patients with and without a
chronic placental abnormality (Table 2).
Neonatal brain MRI was performed in all 35 subjects with

available placental pathology at a mean age of 5.1 days (SD 2.4).
Global brain injury scores ranged from 0 to 70 (median 4,
interquartile range [IQR], 0 to 11) and did not differ between
infants with and without placental abnormalities (median 4, IQR
0–12 vs. 6, IQR 2–11, P= 0.51). Subcortical brain injury was less
common in those with any placental abnormality than in patients
with a normal placenta (26% vs. 69%, P= 0.02, Table 3).
Subcortical brain injury was also less common in patients with a
chronic placental abnormality (23% vs. 59%, P= 0.08), though
numbers were small and did not reach statistical significance. No
differences in global or regional brain injury were observed
between patients with and without histologic chorioamnionitis.
The 10 patients who were born following a sentinel event had a

higher risk of subcortical brain injury than those without this
intrapartum complication (80% vs. 32%, P= 0.02). Chronic
placental abnormalities were equally common in patients with
and without exposure to a sentinel event (50% vs. 56%, P= 0.99).
None of the six patients whose placentas showed only acute
histologic chorioamnionitis were exposed to a sentinel
event. Of the three mothers diagnosed with pre-eclampsia, two
suffered a placental abruption sentinel event, and all three were
found to have maternal vascular malperfusion on placental
histology.
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Abnormalities on gross examination included meconium
staining (N= 8) and membranous insertion of the umbilical cord
(N= 2). Mean placental weight did not differ between patients
with and without histologic abnormalities (473 vs. 515 g, P= 0.32)
and was not associated with MRI findings. Fetoplacental ratio
>90th percentile (12%) and <10th percentile (12%) similarly did
not correlate with either histologic or MRI findings. Baseline
plasma Epo levels (U/L) did not differ significantly between
subjects with and without placental histologic findings (median 27
IQR 0.3–72 vs. 25 IQR 0.3–102, P= 0.81) nor between those with
and without chronic placental abnormalities (median 11 IQR
0.3–33 vs. 29 IQR 0.3–113, P= 0.12). At 12 months of age, patients

with and without placental histologic abnormalities showed no
difference in neurodevelopmental outcomes as measured by the
AIMS or WIDEA (Table 3).
In the parent NEATO trial, we found that patients with HIE who

received Epo demonstrated lower global brain injury scores and
less subcortical brain injury.5 When stratified by placental
histology, we found that Epo treatment was associated with
lower global brain injury score (median 2.0 vs. 11.5, P= 0.003) and
a lower rate of subcortical brain injury (33% vs. 90%, P= 0.01) only
among the 22 patients who had no chronic abnormality on
placental examination (Fig. 1). In contrast, among the 13 patients
whose placentas harbored a chronic abnormality, Epo imparted

Table 2. Clinical characteristics in patients with and without chronic placental histologic abnormalities

Chronic placental abnormality, N= 13 No chronic placental abnormality, N= 22 P value

Maternal

Age ≥35 years 2 (15%) 7 (32%) 0.43

Clinical chorioamnionitis 0 (0%) 3 (14%) 0.28

Pre-eclampsia 3 (23%) 0 (0%) 0.04

Sentinel event 5 (38%) 5 (23%) 0.44

Infant

Female infant 7 (54%) 9 (41%) 0.46

Gestational age, weeks, mean (SD) 38.3 (1.6) 38.7 (1.8) 0.48

Birth weight, g, mean (SD)a 3037 (315) 3458 (566) 0.02

Head circumference, cm (SD)a 33.7 (1.5) 34.9 (1.4) 0.02

Severe encephalopathy 2 (15%) 5 (23%) 0.69

Placenta

Placental weight, g, mean (SD) 444.8 (100.2) 520.5 (118.3) 0.07

Fetoplacental ratio, mean (SD) 7.0 (1.2) 7.0 (1.2) 0.92

Baseline Epo level, U/L, median (IQR) 11 (0.3–33) 29 (0.3–113) 0.12

Epo erythropoietin, IQR interquartile range
aAmong the 35 study patients, 11% had birth weight <10%; 17% had birth weight >90%; 9% had head circumference <10%; and 20% had head circumference
>90%. Small and large birth weight and head circumference as defined in this way was not significantly associated with chronic placental abnormality, though
numbers were small

Table 1. Clinical characteristics of patients with and without placental pathology reports

All subjects, N= 50 Placenta, N= 35 No placenta, N= 15 P value

Female 24 (48%) 16 (46%) 8 (53%) 0.62

Birth weight, g, mean (SD) 3393 (581) 3301 (525) 3607 (665) 0.09

Gestational age, weeks, mean (SD) 38.7 (1.7) 38.6 (1.7) 39.1 (1.7) 0.29

Head circumference (cm) (SD) 34.6 (1.5) 34.5 (1.5) 35.0 (1.4) 0.22

Severe encephalopathy 9 (18%) 7 (20%) 2 (13%) 0.71

5min Apgar 0.51

0–3 25 (52%) 19 (54%) 6 (46%)

4–6 20 (42%) 13 (37%) 7 (54%)

7–10 3 (6%) 3 (9%) 0 (0%)

Lowest pH, mean (SD) 6.95 (0.18) 6.95 (0.21) 6.94 (0.12) 0.87

Chest compressions 19 (38%) 13 (37%) 6 (40%) 0.85

Delivery mode 0.06

Spontaneous vaginal 14 (28%) 6 (17%) 8 (53%)

Vacuum or forceps 3 (6%) 3 (9%) 0 (0%)

Cesarean—elective 1 (2%) 1 (3%) 0 (0%)

Cesarean (urgent/emergent) 32 (64%) 25 (71%) 7 (47%)

Clinical chorioamnionitis 7 (14%) 3 (9%) 4 (27%) 0.18

Sentinel event 15 (30%) 10 (29%) 5 (33%) 0.75
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no apparent benefit on either global brain injury score (median 4.5
vs. 4.0, P= 0.50) or the frequency of subcortical brain injury (17%

vs. 29%, P= 0.99).
We further examined the relationship between chronic

placental abnormalities and brain injury within the two treatment
groups. In the placebo group, subcortical brain injury was less
common in patients with chronic placental abnormalities than
those without such findings (29% vs. 90%, P= 0.04). Among
patients who received Epo, the rate of subcortical brain injury was
similar in those with and without chronic placental findings (17%
vs. 33%, P= 0.62).

DISCUSSION
Among patients undergoing hypothermia for moderate-to-severe
HIE who were enrolled in a phase II clinical trial, over half exhibited
histologic abnormalities on placental examination. The presence
of placental abnormalities was associated with a lower rate of

subcortical brain injury on neonatal MRI. Furthermore, the
response to Epo treatment varied by the presence of placental
abnormalities; Epo treatment was associated with less injury on
neonatal brain MRI but only in patients whose placentas did not
exhibit a chronic histologic change.
Previous studies of newborns with HIE have reported incon-

sistent relationships between placental histology and brain MRI.
Histologic chorioamnionitis has been associated with an increased
risk of MRI brain injury in some16 but not all HIE cohorts.20,26

Chronic villitis was not present in any of the 23 infants with HIE14,
yet in a larger study of 95 patients, chronic villitis was described in
23% of patients with HIE and was associated with a 12.7-fold
increased risk of basal ganglia injury.20

In our HIE cohort, histologic chorioamnionitis and chronic villitis
were neither common nor associated with brain injury. Instead, we
found a trend towards chronic placental abnormalities being
associated with a reduced likelihood of subcortical brain injury.
One possible explanation is that placental insufficiency resulting
from chronic placental abnormalities leads to the prolonged and
partial type of hypoxic insult that is typically associated with a
watershed pattern of injury.27 However, the frequency of white
matter injury was similar in our patients with and without
placental abnormalities. Another hypothesis invokes the concept
of ischemic pre-conditioning.28 Animal studies suggest that prior
episodes of hypoxia can attenuate injury from subsequent
hypoxic–ischemic insults. Thus chronic hypoxia due to placental
insufficiency could play a neuroprotective role against
hypoxic–ischemic brain injury. Indeed, in some patient reports,
low placental weight indicative of potential chronic placental
insufficiency has been associated with lower rates of basal ganglia
injury after HIE.16,20 However, we were unable to confirm an
association between low placental weight and brain injury.
Furthermore, Epo levels were not elevated in our patients with
chronic placental abnormalities, as might have been expected if
ischemic pre-conditioning had resulted from increased fetal
hypoxia-inducible factor-1 production.29 Thus the potential role
of ischemic pre-conditioning in our patients remains speculative.
Epo is a cytokine that demonstrates potent neuroprotective

effects in animal models of HIE, including acute anti-inflammatory
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Fig. 1 Frequency of subcortical brain injury in 35 patients with
hypoxic–ischemic encephalopathy who received erythropoietin vs.
placebo, stratified by the presence of chronic placental abnormality

Table 3. Outcomes following moderate/severe HIE in subjects with and without placental histologic abnormalities

Abnormal placenta,
(N= 19)

Normal placenta,
(N= 16)

P value

Death 1 (5%) 2 (13%) 0.58

Neonatal brain MRI

Global injury score, median (IQR) 4 (0–12) 6 (2–11) 0.51

White matter injury 10 (53%) 10 (63%) 0.56

Subcortical injury 5 (26%) 11 (69%) 0.02

Cortical injury 7 (37%) 4 (25%) 0.49

Brainstem injury 2 (11%) 2 (13%) 0.99

Cerebellar injury 0 (0%) 2 (13%) 0.20

12-month outcomes

Alberta Infant Motor Scales 49.8 (13.5) 48.5 (13.3) 0.80

WIDEA

Total score, mean (SD) 122.3 (21.2) 112.6 (26.3) 0.27

Self-care 36.8 (6.5) 33.3 (6.5) 0.15

Mobility 26.4 (5.4) 26.1 (8.1) 0.89

Communication 28.9 (6.7) 26.6 (8.4) 0.40

Social 30.2 (7.5) 26.7 (7.8) 0.21

HIE hypoxic–ischemic encephalopathy, IQR interquartile range, MRI magnetic resonance imaging, WIDEA Warner Initial Developmental Evaluation of Adaptive
and Functional Skills
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and anti-excitotoxic effects.30 In rodent models, Epo increases
neurogenesis in injured basal ganglia and cortex31,32, indicating a
regenerative effect that occurs days to weeks after
hypoxic–ischemic injury. In a rodent model of neonatal ischemia,
Epo preserved brain volume and improved sensorimotor function
even when the initiation of treatment was delayed until 7 days
after injury.33

We found that Epo treatment was associated with less MRI
brain injury but not in patients whose placentas harbored a
chronic histologic abnormality. There are several potential
explanations for this finding. First, it is possible that Epo exerts
less neuroprotection in patients who have been exposed to
chronic placental disease and an older onset of injury, despite
animal data supporting a delayed regenerative effect of this
therapy. Alternatively, since presence of a chronic placental
abnormality was associated with reduced subcortical brain
injury even among patients who received placebo, it is possible
that long-standing placental abnormalities afford a baseline
degree of neuroprotection against hypoxic–ischemic brain
injury, such that patients will suffer minimal injury after
receiving hypothermia treatment alone. Finally, our findings
may have resulted from confounding and selection bias due to
several important study limitations.
First, the small size of this study limits the conclusions that can

be drawn. Only 70% of patients enrolled in the NEATO trial had a
placental pathology report available, though this percentage is
similar to that reported in previous HIE cohorts (56–84%).19,20

Given the small size, we were unable to perform multivariate
analyses. We relied exclusively on clinical pathology reports since
placental tissue was not available for direct examination, and most
placental reports were generated at outlying birth hospitals by
pathologists without specific training in placental pathology, using
sampling methods and terminology that were not standardized.
Of note, our finding that the presence of a chronic placental
abnormality was associated with lower birth weight and head
circumference suggests that clinical pathology reports can none-
theless produce meaningful findings in research settings.34 The
clinical neuroimaging studies were not performed in a standard
fashion across sites. Finally, this study pertains only to patients
who meet clinical criteria for HIE and not to patients with all
causes of NE.35 The clinical criteria for HIE are non-specific, the
differential diagnosis of HIE and NE is large, and the multiple
antenatal risk factors for both HIE and NE6,36 are beyond the scope
of this study.
We enrolled only patients with HIE and no comparison group;

thus the underlying etiologies of HIE cannot be evaluated in our
study. Recent reports suggest that placental vascular or inflam-
matory lesions are present in the majority of healthy term
deliveries (66–78%).37,38 Three studies19,37,38 that described
placental lesions in healthy term infants, including 2 studies19,38

that classified histologic findings using published consensus
criteria39, found the following frequencies of histologic findings:
villitis of unknown etiology (10–13%), maternal vascular malperfu-
sion (13–19%), fetal vascular malperfusion (10–14%), and acute
chorioamnionitis with or without funisitis (10–36%). When early
cases of chorioamnionitis, i.e., early acute subchorionitis, were
excluded as indicated by the Amsterdam consensus criteria39, the
rate of histologic chorioamnionitis with or without funisitis in
healthy controls was 10–23%.38,39

Although we are unable to determine causes of HIE in our
patients, our findings do suggest that multiple insults occurring at
varying times may contribute to the pathogenesis of HIE.6,15 For
instance, 3 of the 13 (23%) patients with chronic placental
abnormalities also had signs of histologic chorioamnionitis and
therefore exhibited both chronic and acute placental lesions.
Furthermore, half of our patients exposed to an acute clinical
sentinel event also demonstrated underlying placental abnorm-
alities that were chronic in nature. Almost one third of our patients

were exposed to an acute sentinel event; this is a similar
proportion (36%) to that described in a recent population-based
HIE cohort.13 Therefore, subdividing patients into those exposed
to an acute sentinel event, acute placental lesion, chronic
placental lesion, or a combination of these factors may allow
future studies of HIE to better elucidate underlying risk factors and
pathogenetic mechanisms.
Despite the limitations of this study, our findings suggest that

placental examination can provide important clues to underlying
etiology and treatment response. Ideally, when a newborn with
HIE is transported to a tertiary care hospital for hypothermia
treatment, the placenta should be transported with the patient
and be examined by an experienced perinatal pathologist using
published consensus criteria.39 However, there are many barriers
to obtaining routine placental examinations: placentas are often
discarded, there is a paucity of trained placental pathologists, and
placental tissue is considered by some insurance companies to
belong to the mother, making the placental examination an
uncovered medical expense when incurred at a hospital outside of
the birth hospital.
In summary, placental data may provide clues to etiology and

response to treatment; therefore, placentas should be submitted
for examination as standard practice in all HIE trials. In this phase II
trial of Epo treatment for HIE, we found that placental
abnormalities were associated with a lower risk of subcortical
brain injury and that response to Epo treatment was attenuated in
patients who harbored a chronic placental abnormality. However,
given the small size of this study, these findings require further
confirmation. On-going phase III trials40 may provide additional
insights into the relationship between placental abnormalities,
MRI brain injury, and response to neuroprotective therapies in
patients with HIE.
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