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BACKGROUND
Neonatal hypoxic–ischemic encephalopathy is an important cause of death as well 
as long-term disability in survivors. Erythropoietin has been hypothesized to have 
neuroprotective effects in infants with hypoxic–ischemic encephalopathy, but its 
effects on neurodevelopmental outcomes when given in conjunction with thera-
peutic hypothermia are unknown.

METHODS
In a multicenter, double-blind, randomized, placebo-controlled trial, we assigned 
501 infants born at 36 weeks or more of gestation with moderate or severe hy-
poxic–ischemic encephalopathy to receive erythropoietin or placebo, in conjunc-
tion with standard therapeutic hypothermia. Erythropoietin (1000 U per kilogram 
of body weight) or saline placebo was administered intravenously within 26 hours 
after birth, as well as at 2, 3, 4, and 7 days of age. The primary outcome was death 
or neurodevelopmental impairment at 22 to 36 months of age. Neurodevelopmen-
tal impairment was defined as cerebral palsy, a Gross Motor Function Classifica-
tion System level of at least 1 (on a scale of 0 [normal] to 5 [most impaired]), or 
a cognitive score of less than 90 (which corresponds to 0.67 SD below the mean, 
with higher scores indicating better performance) on the Bayley Scales of Infant 
and Toddler Development, third edition.

RESULTS
Of 500 infants in the modified intention-to-treat analysis, 257 received erythro-
poietin and 243 received placebo. The incidence of death or neurodevelopmental 
impairment was 52.5% in the erythropoietin group and 49.5% in the placebo 
group (relative risk, 1.03; 95% confidence interval [CI], 0.86 to 1.24; P = 0.74). 
The mean number of serious adverse events per child was higher in the erythro-
poietin group than in the placebo group (0.86 vs. 0.67; relative risk, 1.26; 95% 
CI, 1.01 to 1.57).

CONCLUSIONS
The administration of erythropoietin to newborns undergoing therapeutic hypo-
thermia for hypoxic–ischemic encephalopathy did not result in a lower risk of 
death or neurodevelopmental impairment than placebo and was associated with a 
higher rate of serious adverse events. (Funded by the National Institute of Neuro-
logical Disorders and Stroke; ClinicalTrials.gov number, NCT02811263.)
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Neonatal hypoxic–ischemic enceph-
alopathy refers to neurologic dysfunc-
tion resulting from a reduction of oxy-

gen and blood flow to a fetus’s brain near the 
time of birth and is an important cause of brain 
injury in term and near-term infants. Hypoxic–
ischemic encephalopathy affects more than 
10,000 infants each year in the United States 
(1 to 3 per 1000 births1) and accounts for 22% 
of neonatal deaths worldwide.2 Therapeutic hypo-
thermia is the only neuroprotective therapy that 
improves neurodevelopmental outcomes in large 
trials involving humans; however, up to 40% of 
infants who received this therapy during a 
clinical trial either died or had long-term dis-
abilities, including cerebral palsy and intellectual 
impairment.3

Recombinant human erythropoietin, a cyto-
kine with neuroprotective and neuroregenerative 
effects in preclinical models of neonatal hypoxia–
ischemia,4-9 has been proposed as a potential 
adjuvant therapy for neonatal hypoxic–ischemic 
encephalopathy. In a study involving 24 infants 
with hypoxic–ischemic encephalopathy undergo-
ing therapeutic hypothermia, erythropoietin ad-
ministered intravenously at a dose of 1000 U per 
kilogram of body weight resulted in plasma 
levels that are neuroprotective in animals.10 A 
phase 2 trial involving 50 infants undergoing 
therapeutic hypothermia who were randomly as-
signed to receive five doses of erythropoietin 
(1000 U per kilogram) or placebo suggested less 
injury on neonatal magnetic resonance imaging 
(MRI) of the brain and better motor function at 
1 year of age in the erythropoietin group.11 How-
ever, evidence supporting the use of erythropoie-
tin for neonatal neuroprotection is limited by 
the small size and short follow-up period of 
previous studies.11-13 Thus, we conducted the 
High-Dose Erythropoietin for Asphyxia and En-
cephalopathy (HEAL) trial, a phase 3 double-
blind, randomized, placebo-controlled trial, to 
determine the safety and efficacy of high doses 
of erythropoietin in conjunction with therapeu-
tic hypothermia for neuroprotection in newborn 
infants with hypoxic–ischemic encephalopathy.

Me thods

Patients, Trial Design, and Oversight

Details of the trial protocol have been published 
previously.14 Infants were eligible if they met all 
four of the following criteria: birth at 36 weeks 

or more of gestation; one or more signs of peri-
natal depression (including an Apgar score of 
<5 at 10 minutes, cardiorespiratory resuscitation 
received beyond 10 minutes of age, and a pH of 
<7.00 or a base deficit of ≥15 mmol per liter in 
an umbilical-cord or infant arterial or venous 
gas obtained within 60 minutes after birth); 
moderate or severe encephalopathy, according to 
Sarnat criteria, present at 1 to 6 hours of age14 
(Table S1 in the Supplementary Appendix, available 
with the full text of this article at NEJM.org); 
and receipt of passive or active therapeutic hypo-
thermia that was started within 6 hours after 
birth and was continued for 72 hours. Exclusion 
criteria were a birthweight of less than 1800 g, a 
head circumference of less than 30 cm, a genetic 
or congenital condition affecting neurodevelop-
ment, a hematocrit of more than 65.0%, parents 
considering redirection to palliative care, en-
cephalopathy attributed to a postnatal event, a 
guardian of diminished cognitive capacity, a 
surviving twin undergoing therapeutic hypo-
thermia, and anticipation that the child would 
be unavailable for evaluation at 2 years of age.

A central data coordinating center produced 
randomization sequences that were provided to 
the research pharmacy, where a trial binder 
linked all infant identification numbers to their 
randomization assignments. Randomization was 
stratified according to trial site and severity of 
encephalopathy. After parents provided written 
informed consent, infants were randomly as-
signed to receive erythropoietin (Epogen, Am-
gen; 4000 U per milliliter) at a dose of 1000 U 
per kilogram or an equal volume of saline pla-
cebo intravenously before 26 hours of age and at 
2, 3, 4, and 7 days of age. All trial staff were 
unaware of the trial-group assignments except 
the pharmacists at the trial sites and the statisti-
cian at the data coordinating center. The trial 
was approved by the institutional review boards 
at all participating sites and was registered with 
the Food and Drug Administration (FDA) (Inves-
tigational New Drug application 102,138). The 
protocol and statistical analysis plan are avail-
able at NEJM.org. The first, second, fifth, and 
last authors vouch for the accuracy and com-
pleteness of the data and for the fidelity of the 
trial to the protocol.

Primary Outcome

The primary outcome was death or neurodevel-
opmental impairment of any severity at 22 to 36 
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months of age. Neurodevelopmental impairment 
was defined as any of the following: cerebral 
palsy, a Gross Motor Function Classification 
System15 (GMFCS) level of at least 1 (on a scale 
of 0 [normal] to 5 [most impaired]) (Fig. S1), or 
a cognitive score of less than 90 (which corre-
sponds to 0.67 SD below the mean, with higher 
scores indicating better performance) on the 
Bayley Scales of Infant and Toddler Develop-
ment, third edition (BSID-III). Cerebral palsy 
was determined by means of a validated stan-
dardized neurologic examination.16 The GMFCS 
is a simple tool that was used to classify the 
degree of motor impairment in all children re-
gardless of the presence of cerebral palsy. All 
neurologic and BSID-III examiners were cen-
trally trained and certified on an annual basis. 
To capture all severities of neurodevelopmental 
impairment, our primary outcome definition in-
cluded milder degrees of impairment than were 
included in the hypothermia trials.3 Because of 
the coronavirus disease 2019 (Covid-19) pan-
demic, we extended the window for assessment 
of the primary outcome from 22 to 26 months 
to 22 to 36 months of age. This modification 
was instituted on May 8, 2020, and approved by 
the FDA and the institutional review boards at 
all sites.

Secondary Outcomes

Prespecified secondary outcomes were death; 
cerebral palsy; the GMFCS level; BSID-III cogni-
tive and language scores; a four-level ordinal 
outcome consisting of death, moderate or severe 
neurodevelopmental impairment (i.e., a GMFCS 
level of 1 and cerebral palsy, a GMFCS level of 
≥2, quadriplegic cerebral palsy, or a BSID-III 
cognitive score of <85, corresponding to 1 SD 
below the mean), mild impairment (i.e., impair-
ment not meeting criteria for moderate or severe 
impairment), or no impairment; parental report 
of seizures, vision impairment, and hearing loss; 
and behavioral abnormalities (e.g., aggressive 
behavior) as indicated by an externalizing score 
on the Child Behavior Checklist of 65 or more.17 
We performed MRI of the brain using a harmo-
nized neuroimaging protocol18 at 4 to 6 days 
after birth when possible. The severity of brain 
injury was determined by three independent 
readers with the use of a validated MRI hypoxic–
ischemic encephalopathy scoring system in which 

values ranged from 0 to 144 (higher scores indi-
cate greater injury).11,19

Serious Adverse Events

We recorded the incidence of prespecified seri-
ous adverse events: death, hypertension warrant-
ing medical treatment, a hematocrit of more 
than 65.0%, thrombosis unrelated to central 
catheters that warranted anticoagulation or in-
volved a major vessel, disseminated intravascular 
coagulation with clinical bleeding and warrant-
ing transfusion of blood products, pulmonary 
hypertension warranting inhaled nitric oxide or 
extracorporeal membrane oxygenation, intracra-
nial hemorrhage (defined as intraparenchymal 
or intraventricular blood seen on ultrasonogra-
phy or MRI of the head), cardiopulmonary ar-
rest, and other unexpected life-threatening events. 
We also recorded the incidence of common 
complications of hypoxic–ischemic encephalop-
athy: respiratory, cardiovascular, hematologic, 
renal, and hepatic dysfunction.

Statistical Analysis

Using phase 2 trial data,11 we estimated the 
cumulative incidence of death or neurodevelop-
mental impairment (primary outcome) to be 
49% among children who received placebo. On 
the basis of animal,8 phase 1,10 and phase 2 
data,11 we estimated the cumulative incidence to 
be 31 to 35% among those who received eryth-
ropoietin (relative risk with erythropoietin, 0.65 
to 0.71). Assuming a 90% follow-up rate at 22 to 
26 months, we estimated that 500 infants 
should be enrolled for the trial to have greater 
than 90% power to detect a relative risk differ-
ence of 33%.

Analyses were based on a modified intention-
to-treat approach, in which all the infants who 
underwent randomization and received at least 
one dose of erythropoietin or placebo were in-
cluded. The primary analysis evaluated equality 
of the incidence of death or neurodevelopmental 
impairment across the two groups with the use 
of a likelihood-ratio test based on logistic re-
gression, with adjustment for trial site and se-
verity of encephalopathy (moderate or severe). 
Subgroup-specific treatment effects were com-
puted according to sex and severity of encepha-
lopathy. In sensitivity analyses, we included chil-
dren with outcome assessments performed 
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outside the follow-up window and those whose 
outcomes required adjudication owing to incom-
plete data. For the remaining children with 
missing data on neurodevelopmental outcomes, 
we used the multivariate imputation by chained 
equations (MICE) algorithm in R software20 (10 
imputations) to impute missing data on neuro-
developmental impairment with the use of base-
line and telephone follow-up variables associated 
with missing primary outcome data (see the 
Supplementary Appendix).

Proportional-odds regression models were 
used to compare the ordered categorical second-
ary long-term outcome (death, moderate or se-
vere neurodevelopmental impairment, mild im-
pairment, or no impairment) and the ordered 
MRI-based injury severity between the trial 
groups. We used a Poisson regression model 
with robust standard errors to compare total 
serious adverse events between the groups and 
logistic regression for individual serious adverse 
events, adjusting for the severity of hypoxic–
ischemic encephalopathy and trial site in each 
model. All other secondary outcomes were eval-
uated with the use of adjusted linear (continu-
ous) or logistic (binary) regression models. No 
adjustment was made for the multiplicity of 
secondary outcomes; thus, the 95% confidence 
intervals around these odds ratios and relative 
risks should not be used to infer definitive treat-
ment effects.

A two-sided significance level of 0.05 was 
used for the prespecified efficacy hypothesis 
test and comparisons of serious adverse events 
between the two groups. A National Institutes 
of Health–assigned data and safety monitoring 
board monitored trial conduct and safety. As 
prespecified in the protocol, after 125, 250, and 
375 infants had been enrolled, the data and 
safety monitoring board compared mortality 
and rates of serious adverse events according to 
trial group using appropriate small-sample 
methods such as Fisher’s exact test. Mortality 
was monitored as a primary safety outcome, 
with the overall significance level controlled 
with the use of O’Brien–Fleming boundaries 
and a significance threshold of 0.031 at the fi-
nal analysis.21 An interim analysis of efficacy or 
futility was not conducted, because most pa-
tients had already undergone randomization at 
the time the primary measure of treatment ef-

ficacy could be assessed. Statistical analyses 
were performed with the use of R software, 
version 4.0.2.

R esult s

Patients

A total of 501 infants underwent randomization 
from January 25, 2017, through October 9, 2019, 
at 17 sites involving 23 hospitals. Because 1 in-
fant who was not receiving therapeutic hypo-
thermia was erroneously enrolled and did not 
receive erythropoietin or placebo, 500 infants 
were included in the modified intention-to-treat 
analysis: 257 in the erythropoietin group and 
243 in the placebo group (Fig. 1). The severity 
of encephalopathy was moderate in 387 infants 
(77.4%) and severe in 113 (22.6%). The evalua-
tion of efficacy at 22 to 36 months of age in-
cluded 240 children (93.4%) in the erythropoie-
tin group and 222 (91.4%) in the placebo group. 
Primary outcome assessments conducted after 
26 months of age were evenly balanced between 
the erythropoietin group (26.1%) and the place-
bo group (25.3%). A total of 74 children were 
assessed at 27 to 30 months of age, and 31 were 
assessed at 31 to 36 months of age.

The baseline characteristics of mothers and 
infants and any complications related to preg-
nancy and delivery are shown in Tables 1 and S2. 
The percentage of infants who received all five 
doses of erythropoietin or placebo did not differ 
substantially according to trial group (87.9% in 
the erythropoietin group and 92.2% in the pla-
cebo group). The median age at which infants 
reached the target temperature was also similar 
in the erythropoietin group (4.4 hours) and the 
placebo group (4.3 hours).

Primary Outcome

Death or neurodevelopmental impairment at 22 
to 36 months of age occurred in 126 of 240 chil-
dren (52.5%) in the erythropoietin group and in 
110 of 222 children (49.5%) in the placebo group 
(relative risk, 1.03; 95% confidence interval [CI], 
0.86 to 1.24; P = 0.74) (Fig. 2). Death occurred in 
37 of 257 children (14.4%) and in 28 of 243 chil-
dren (11.5%), respectively (relative risk, 1.24; 
95% CI, 0.78 to 1.99), and neurodevelopmental 
impairment occurred in 89 of 203 children 
(43.8%) and in 82 of 194 children (42.3%), re-
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spectively (relative risk, 0.97; 95% CI, 0.77 to 
1.23). There was no material modification of 
treatment effect according to sex, severity of 
encephalopathy, or age at first dose of erythro-
poietin or placebo. There was no meaningful 
treatment effect observed in sensitivity analyses 
of the primary outcome when we excluded chil-
dren who were assessed after 26 months of age 
(105 children) or who later received a diagnosis 

of a genetic condition or congenital anomaly 
that could affect neurodevelopment (20 children). 
The effect of erythropoietin was essentially un-
changed (relative risk, 1.06; 95% CI, 0.89 to 
1.27) when outcome results were included that 
were collected outside the trial window (4 chil-
dren), adjudicated (14 children), or multiply im-
puted (20 children) owing to the child being lost 
to follow-up.

Figure 1. Trial Enrollment and Follow-up.

HIE denotes hypoxic–ischemic encephalopathy.

501 Underwent randomization

500 Received a trial intervention (modified
intention-to-treat population)

387 Had moderate HIE
113 Had severe HIE

1300 Infants born at ≥36 wk of gestation
who received and maintained hypothermia

were assessed for eligibility

799 Did not undergo randomization
477 Were excluded

237 Had mild HIE
58 Did not have perinatal depression
57 Had birth or genetic exclusion
42 Had redirection of care
45 Were unlikely to be followed
38 Had other exclusion

322 Were eligible, but consent was not given

257 Were assigned to and received
erythropoietin

198 Had moderate HIE
59 Had severe HIE

243 Were assigned to and received
placebo

189 Had moderate HIE
54 Had severe HIE

17 (6.6%) Were excluded
11 Were lost to follow-up
4 Had incomplete examina-

tion (adjudicated)
2 Did not have examination

completed within
trial window

21 (8.6%) Were excluded
8 Were lost to follow-up
1 Was withdrawn

10 Had incomplete examina-
tion (adjudicated)

2 Did not have examination
completed within
trial window

1 Did not receive a trial intervention owing
to not meeting the inclusion criteria

240 (93.4%) Were included in the analysis
at 24–36 mo of age

37 Died before examination
203 Underwent examination

222 (91.4%) Were included in the analysis
at 24–36 mo of age

28 Died before examination
194 Underwent examination
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Table 1. Maternal, Pregnancy, and Infant Characteristics at Baseline.*

Characteristic
Erythropoietin 

(N = 257)
Placebo 
(N = 243)

Maternal characteristics

Race — no. (%)†

White 183 (71.2) 173 (71.2)

Black 28 (10.9) 38 (15.6)

Asian 18 (7.0) 15 (6.2)

Other 28 (10.9) 17 (7.0)

Hispanic ethnic group — no. (%)† 63 (24.5) 59 (24.3)

Age — yr 29.6±6.3 30.0±6.6

Education, high school or less — no. (%) 102 (39.7) 83 (34.2)

Parity of 1, including trial infant — no. (%) 145 (56.4) 141 (58.0)

Pregnancy and delivery complications — no. (%)

Maternal chorioamnionitis or fever 45 (17.5) 32 (13.2)

Maternal preeclampsia or eclampsia 22 (8.6) 23 (9.5)

Gestational diabetes 33 (12.8) 25 (10.3)

Maternal obesity: body‑mass index >30‡ 47 (18.3) 42 (17.3)

Sentinel event§ 71 (27.6) 72 (29.6)

Shoulder dystocia 14 (5.4) 18 (7.4)

Placental abruption 40 (15.6) 31 (12.8)

Prolapsed cord 10 (3.9) 13 (5.3)

Uterine rupture 13 (5.1) 11 (4.5)

Cesarean section delivery 170 (66.1) 159 (65.4)

Outborn delivery 214 (83.3) 201 (82.7)

Infant characteristics

Female sex — no. (%) 122 (47.5) 103 (42.4)

Birth weight — g 3332±572 3414±614

Gestational age — wk 39.1±1.4 39.2±1.5

Median 5‑min Apgar score (IQR) 3 (2–5) 3 (2–5)

Median 10‑min Apgar score (IQR) 5 (3–7) 5 (3.8–6)

Continued resuscitation at 10 min — no. (%)¶ 243 (94.6) 217 (89.3)

Lowest pH‖ 6.95±0.17 6.91±0.17

Worst base deficit‖ 18.0±6.0 18.5±6.8

Severe encephalopathy — no. (%)** 59 (23.0) 54 (22.2)

Median age at randomization — hr (IQR) 14 (10–19) 14 (10−20)

Age at first treatment — hr 17.6±5.5 17.6±5.5

*  Plus–minus values are means ±SD. IQR denotes interquartile range.
†  Race and ethnic group were reported by the mother or father.
‡  The body‑mass index is the weight in kilograms divided by the square of the height in meters.
§  A sentinel event was defined as shoulder dystocia, placental abruption, prolapsed cord, or uterine rupture.
¶  Ongoing resuscitation with chest compressions, mechanical ventilation, or both was warranted at 10 minutes of age.
‖  Shown is the lowest pH or worst base deficit among cord arterial, cord venous, and arterial blood gas samples ob‑

tained before 60 minutes of age.
**  Severe encephalopathy was defined according to Sarnat criteria (Table S1 in the Supplementary Appendix).
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 Secondary Outcomes

The results for the four-level ordinal outcome 
measure (i.e., death, moderate or severe neuro-
developmental impairment, mild impairment, or 
no impairment) did not differ materially accord-
ing to trial group (odds ratio, 1.05; 95% CI, 0.73 
to 1.51). The percentage of children with a high 
externalizing behavior score (≥65) was 7.2% in 
the erythropoietin group and 1.5% in the pla-
cebo group (relative risk, 4.86; 95% CI, 1.46 to 
16.17). Other secondary outcomes were similar 
across the two trial groups (Table 2). A total of 
473 infants (94.6%) received a brain MRI at a 
median age of 4.9 days (interquartile range, 4.5 
to 5.8). There were no appreciable between-
group differences in brain-injury score on MRI, 
the severity of brain injury, or the pattern of 
brain injury (Table 2).

 Adverse Events

The percentage of children who had any single 
type of serious adverse event did not differ sub-
stantially according to trial group (Fig. 3). How-
ever, the mean number of serious adverse events 
per child was higher in the erythropoietin group 
than in the placebo group (0.86 vs. 0.67; relative 
risk, 1.26; 95% CI, 1.01 to 1.57), as was the per-
centage of children with at least one serious 
adverse event (53.3% vs. 43.6%; relative risk, 

1.21; 95% CI, 1.00 to 1.45). The incidence of 
other common complications of hypoxic–ische-
mic encephalopathy was not substantially higher 
among children who received erythropoietin. 
Among infants surviving to discharge, the per-
centage with abnormal neurologic examination 
at discharge was similar in the two groups. The 
median length of stay was 14 days (interquartile 
range, 10 to 23) in the erythropoietin group and 
13 days (interquartile range, 9 to 22.5) in the 
placebo group.

 Discussion

We found that multiple high doses of erythro-
poietin given with therapeutic hypothermia to 
term and near-term newborn infants with mod-
erate or severe hypoxic–ischemic encephalopathy 
did not significantly affect the incidence of 
death or neurodevelopmental impairment at 2 to 
3 years of age. Furthermore, infants who re-
ceived erythropoietin were more likely to have at 
least one serious adverse event and had a greater 
number of serious adverse events than those 
who received placebo. These findings contrast 
with those of small trials in which erythropoie-
tin appeared both safe and effective.10,11 In some 
countries, 13 to 27% of recently surveyed hospi-
tals are using erythropoietin to treat hypoxic–

Figure 2. Forest Plot of Death or Any Neurodevelopmental Impairment, with Stratification According to Sex and the Severity of Encepha-
lopathy.

A cognitive score of less than 90 on the Bayley Scales of Infant and Toddler Development, third edition (BSID‑III), corresponds to 0.67 
SD below the mean, with higher scores indicating better performance. Gross Motor Function Classification System (GMFCS) levels 
range from 0 (normal) to 5 (most impaired).15
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Table 2. Secondary Outcomes and Neonatal Brain MRI Findings.

Outcome Erythropoietin Placebo
Group Comparison 

(95% CI)

Secondary outcomes

Ordinal secondary outcome — no./total no. (%) 1.05 (0.73 to 1.51)*

No neurodevelopmental impairment 114/240 (47.5) 112/222 (50.5)

Mild neurodevelopmental impairment 26/240 (10.8) 23/222 (10.4)

Moderate or severe neurodevelopmental impairment 63/240 (26.2) 59/222 (26.6)

BSID‑III cognitive score of <85† 55/200 (27.5) 56/193 (29.0)

Moderate or severe cerebral palsy 20/201 (10.0) 19/193 (9.8)

GMFCS level of ≥2‡ 15/203 (7.4) 13/194 (6.7)

Death 37/240 (15.4) 28/222 (12.6)

Death or moderate or severe neurodevelopmental impairment  
— no./total no. (%)

100/239 (41.8) 86/220 (39.1) 1.04 (0.84 to 1.31)§

BSID‑III cognitive score¶ 89.1±15.7 89.5±17.5 0.2 (−2.9 to 3.2)‖

BSID‑III language score¶ 87.9±20.4 86.7±20.8 1.8 (−2.0 to 5.7)‖

Score for externalizing problems on Childhood Behavior Checklist  
of ≥65 — no./total no. (%)**

15/207 (7.2) 3/201 (1.5) 4.86 (1.46 to 16.17)††

Taking antiseizure medication according to parental report  
— no./total no. (%)

12/211 (5.7) 12/204 (5.9) 0.96 (0.44 to 2.10)††

Vision problems according to parental report — no./total no. (%) 19/211 (9.0) 20/203 (9.9) 0.91 (0.50 to 1.66)‖

Hearing problems according to parental report — no./total no. (%) 10/211 (4.7) 13/203 (6.4) 0.74 (0.33 to 1.64)‖

Neonatal brain MRI findings

Median brain‑injury score (IQR)‡‡ 8 (2 to 26) 7 (2 to 20) 1 (−2 to 4) ††

Severity of brain injury — no. (%)§§ 1.10 (0.78 to 1.53)*

None 49/242 (20.2) 51/231 (22.1)

Mild 91/242 (37.6) 86/231 (37.2)

Moderate 46/242 (19.0) 51/231 (22.1)

Severe 56/242 (23.1) 43/231 (18.6)

Pattern of brain injury¶¶

Central gray or posterior limb of internal capsule 96/242 (39.7) 78/231 (33.8) 1.17 (0.92 to 1.48)††

Peripheral watershed 57/242 (23.6) 61/231 (26.4) 0.88 (0.64 to 1.22)††

Other 23/242 (9.5) 32/231 (13.9) 0.70 (0.42 to 1.16)††

*  Shown is the odds ratio estimated with a proportional‑odds regression model, with adjustment for trial group, severity of encephalopathy, 
and recruitment site.

†  A score of less than 85 on the Bayley Scales of Infant and Toddler Development, third edition (BSID‑III), corresponds to 1 SD below the 
mean, with higher scores indicating better performance.

‡  Gross Motor Function Classification System (GMFCS) levels range from 0 (normal) to 5 (most impaired).
§  Shown is the bootstrapped difference in medians.
¶  BSID‑III cognitive scores (available for 200 children in the erythropoietin group and 192 in the placebo group) and language scores (avail‑

able for 198 and 188 children, respectively) are continuous scores with a norm‑based mean of 100; lower scores indicate greater impairment.
‖  Shown is the adjusted difference in means estimated with linear regression.
**  Scores for externalizing problems on the Child Behavior Checklist above 65 (i.e., >95th percentile) are indicative of borderline clinically 

significant behavior abnormalities.
††  Shown is the relative risk estimated with a generalized linear model, with adjustment for trial group, severity of encephalopathy, and re‑

cruitment site.
‡‡  Scores range from 0 to 138, with higher scores indicating greater injury. Data were available for 242 children in the erythropoietin group 

and 231 in the placebo group.
§§  The severity of brain injury on MRI was categorized by means of the global injury score as follows: none, score of 0; mild, score of 1 to 11; 

moderate, score of 12 to 32; and severe, score of 33 to 138.19

¶¶  Patterns of brain injury on MRI were not mutually exclusive.
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ischemic encephalopathy in infants, with or 
without hypothermia.22,23 The lack of benefit 
observed in our large randomized, placebo-
controlled trial calls into question the practice of 
giving multiple high doses of erythropoietin to 
infants undergoing therapeutic hypothermia for 
hypoxic–ischemic encephalopathy.

In the absence of hypothermia, erythropoie-
tin has been shown to improve histologic and 
functional outcomes in a wide range of animal 
models of neonatal hypoxic–ischemic brain in-
jury.24 However, preclinical studies evaluating 

the effect of erythropoietin in the context of 
hypothermia have had mixed results, with some 
benefit shown in nonhuman primates but little 
to no benefit in rodents, piglets, or sheep.8,25-30

Because both hypothermia and erythropoietin 
may initiate similar neuroprotective pathways 
during the acute phase of hypoxic–ischemic in-
jury,29 including reduction of apoptotic, inflam-
matory, and excitotoxic injury, the use of hypo-
thermia in our trial may have reduced any 
potential for additional benefit from erythropoi-
etin. Other possible explanations for our nega-

Figure 3. Adverse Events and Serious Adverse Events.

Intracranial hemorrhage was defined as intraparenchymal or intraventricular blood seen on ultrasonography or MRI of the head. Cardiac 
compromise was defined as an elevated troponin level or decreased cardiac function on echocardiography. Thrombocytopenia was de‑
fined as a platelet count of less than 100,000 per cubic millimeter. Neutropenia was defined as an absolute neutrophil count of less than 
1500 per cubic millimeter. Acute kidney injury was defined as a plasma creatinine level of more than 1.5 times the baseline level. Acute 
liver injury was defined as a serum aspartate aminotransferase level of more than 200 U per liter or a serum alanine aminotransferase 
level of more than 100 U per liter.
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tive findings include toxic effects of erythropoi-
etin administration early in the injury cascade 
when combined with therapeutic hypothermia; 
suboptimal dosage or timing of administration, 
because later doses may be most effective31,32; 
and differences in injury mechanisms between 
preclinical models of hypoxic–ischemic enceph-
alopathy and human hypoxic–ischemic encepha-
lopathy.

The present results contrast with those of 
previous studies involving neonates receiving 
multiple high doses of erythropoietin that sug-
gested that this treatment is safe.10,11,33 The 
causes underlying the present results are un-
clear; no single type of serious adverse event was 
substantially more common in the erythropoie-
tin group than in the placebo group, including 
recognized adverse effects of long-term use of 
erythropoietin in adults, such as hypertension, 
thrombosis, and polycythemia. A trial involving 
adults with ischemic stroke showed more deaths 
among those who received high doses of eryth-
ropoietin but was also unable to attribute this 
finding to a single mechanism.34 Additional 
safety data from an ongoing clinical trial testing 
high-dose erythropoietin and therapeutic hypo-
thermia (PAEAN; ClinicalTrials.gov number, 
NCT03079167) may further inform safety con-
cerns raised in our trial. We also unexpectedly 
observed a higher incidence of behavioral abnor-
malities at 2 years of age among children in the 
erythropoietin group than among those in the 
placebo group, but our findings were not ad-
justed for multiplicity of testing. We found no 
appreciable between-group differences in findings 
on MRI of the brain or functional outcomes.

In preclinical models, erythropoietin improves 
regeneration of brain tissue after the acute phase 
of hypoxic–ischemic injury by enhancing neuro-
genesis, oligodendrogenesis, and angiogenesis7,35 
and by stimulating growth factors including 
brain-derived neurotrophic factor.36 These de-
layed cytoprotective effects may explain why 
erythropoietin appears to be neuroprotective in 
rodents even when treatment is not started until 
3 to 7 days after focal ischemic stroke.31,32 Stud-

ies are under way to examine whether delayed 
erythropoietin treatment confers benefit to term 
infants with arterial ischemic stroke37 and to 
premature infants with intraventricular brain 
hemorrhage.38

Our trial has limitations. We are unable to 
address the usefulness of erythropoietin in the 
absence of therapeutic hypothermia, such as in 
low- and middle-income countries where hypo-
thermia is unavailable or ineffective,39 or in in-
fants with milder forms of hypoxic–ischemic 
encephalopathy.40 Some children were evaluated 
in a delayed fashion owing to the Covid-19 pan-
demic; however, this is unlikely to have altered 
our findings because the BSID-III is normed 
through an age of 42 months and the neuro-
logic examination and GMFCS are valid at both 
2 and 3 years of age. Finally, our patient sample 
is representative of infants with hypoxic–ische-
mic encephalopathy in the United States (Table 
S3), but our findings are generalizable only to 
the population of infants with hypoxic–ischemic 
encephalopathy in this country.

In our trial, multiple high doses of erythro-
poietin administered during the first week of 
age to newborns undergoing therapeutic hypo-
thermia for moderate or severe hypoxic–ische-
mic encephalopathy did not result in a lower risk 
of death or neurodevelopmental impairment 
than placebo.
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