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A B S T R A C T

Background: In the Preterm Erythropoietin (Epo) NeUroproTection (PENUT) Trial, potential biomarkers of
neurological injury were measured to determine their association with outcomes at two years of age and
whether Epo treatment decreased markers of inflammation in extremely preterm (<28 weeks’ gestation)
infants.
Methods: Plasma Epo was measured (n=391 Epo, n=384 placebo) within 24h after birth (baseline), 30min
after study drug administration (day 7), 30min before study drug (day 9), and on day 14. A subset of infants
(n=113 Epo, n=107 placebo) had interferon-gamma (IFN-g), Interleukin (IL)-6, IL-8, IL-10, Tau, and tumour
necrosis factor-a (TNF-a) levels evaluated at baseline, day 7 and 14. Infants were then evaluated at 2 years
using the Bayley Scales of Infant and Toddler Development, 3rd Edition (BSID-III).
Findings: Elevated baseline Epo was associated with increased risk of death or severe disability (BSID-III
Motor and Cognitive subscales <70 or severe cerebral palsy). No difference in other biomarkers were seen
between treatment groups at any time, though Epo appeared to mitigate the association between elevated
baseline IL-6 and lower BSID-III scores in survivors. Elevated baseline, day 7 and 14 Tau concentrations were
associated with worse BSID-III Cognitive, Motor, and Language skills at two years.
Interpretation: Elevated Epo at baseline and elevated Tau in the first two weeks after birth predict poor out-
comes in infants born extremely preterm. However, no clear prognostic cut-off values are apparent, and fur-
ther work is required before these biomarkers can be widely implemented in clinical practice.
Funding: PENUT was funded by the National Institute of Neurological Disorders and Stroke (U01NS077955
and U01NS077953).
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

More than 10% of infants in the United States are born prema-
turely, [1] and for those born extremely preterm (EP, <28 weeks’ ges-
tation), around 50% will have a poor outcome [2-4]. As no
therapeutics currently exist that specifically target improved neuro-
developmental outcome in preterm infants, neuroprotective thera-
pies for infants born preterm remain an unmet need. In addition,
biomarkers of brain injury in preterm infants are needed to aid prog-
nostication and monitor response to these putative therapies.

Preterm birth is commonly initiated by maternal infection (cho-
rioamnionitis) and is often associated with perinatal insults such as
growth restriction, hypoxia, and ischaemia [5]. Downstream mecha-
nistic processes of injury include both local and systemic inflamma-
tion, oxidative and nitrosative stress, and multiple types of cell death,
with the developing brain naturally primed to activate cellular apo-
ptosis [6,7]. These exposures and downstream injury mechanisms
motivate the exploration of biomarkers of injury that could aid in
patient identification and long-term prognostication. For instance,
the Extremely Low Gestational Age Newborns (ELGAN) study
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Research in context

Evidence before this study

Around 50% of infants born extremely preterm (<28 weeks’
gestation) will experience death or severe long-term disability.
Preterm birth is often associated with infection, growth restric-
tion, hypoxia, and ischaemia, which motivates the exploration
of mechanistic biomarkers of injury that could aid in long-term
patient identification and prognostication. Previously, the
Extremely Low Gestational Age Newborns (ELGAN) study found
that persistent elevation of a number of inflammatory markers
14-28 days after birth was associated with an increased risk of
neurodevelopmental impairment, attention deficit disorders,
and poorer reading, mathematics, and executive function skills.
These included elevated levels of erythropoietin (Epo), a hae-
matopoietic cytokine induced by chronic fetal hypoxia that is
also a putative anti-inflammatory and neuroprotective agent
when administered exogenously in high doses. In the Preterm
Erythropoietin NeUroproTection (PENUT) Trial, extremely pre-
term infants were randomised to receive high dose Epo or pla-
cebo until the subjects were 32-6/7 weeks postmenstrual age.
A secondary aim of the PENUT Trial was to evaluate plasma Epo
concentrations and potential biomarkers of preterm neurologi-
cal injury at baseline (prior to first study drug administration
within 24h of birth) as well as on days 7 and 14. Long-term out-
comes associated with inflammatory biomarkers immediately
and within two weeks after birth had not previously been docu-
mented. The effect of exogenous Epo on inflammatory bio-
markers in human neonates was also not known.

Added value of this study

We show that elevated endogenous Epo at baseline is associ-
ated with a significantly increased risk of death or severe neu-
rodevelopmental impairment. In surviving infants, elevated
circulating levels of Tau at baseline as well as on days 7 and 14
were associated with worse cognitive, motor, and language
skills at two years of age. Exogenous high-dose Epo did not
reduce the burden of inflammatory cytokines in the Epo group,
but Epo did display a potential benefit in infants with high lev-
els of IL-6 at baseline.

Implications of all the available evidence

When considered in conjunction with previous data such as
that from the ELGAN study, elevations in endogenous Epo
throughout the first month after birth are associated with
worse long-term outcomes in extremely preterm infants, likely
due to Epo’s association with chronic hypoxia or inflammation.
Circulating Tau appears to be an important potential prognostic
marker of long-term outcome in survivors. Importantly, despite
the anti-inflammatory effect of Epo seen in preclinical studies,
Epo does not appear to be significantly anti-inflammatory in
preterm human neonates; however, it may have an isolated
benefit in those exposed to insults around birth that result in
increased IL-6.
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examined a number of inflammatory cytokines at 14-28 days after
birth in infants born <28 weeks’ gestation, as well as their relation-
ship with both short- and long-term neurological and neurodevelop-
mental outcomes. They found that infants with persisting levels (top
quartile) of inflammation-associated proteins such as interleukin
(IL)-6, IL-8, tumor necrosis factor (TNF)-a and Intercellular Adhesion
Molecule (ICAM)-1 had an increased risk of white matter lesions on
cranial ultrasound, neurodevelopmental impairment (NDI) at two
years of age, attention deficit disorders, and poorer reading, mathe-
matics, and executive function skills at 10 years of age [8-13].

Erythropoietin (Epo) is a haematopoietic cytokine induced by
chronic fetal hypoxia and/or as part of a broad inflammatory
response, [14,15] and elevated baseline Epo concentrations are asso-
ciated with long-term NDI in extremely preterm infants [16]. How-
ever, high dose Epo has well-described neurotrophic properties and
neuroreparative effects in the brain after experimental injury [17-
19]. In the Preterm Erythropoietin NeUroproTection (PENUT) Trial,
infants 24-0/7 to 27-6/7 weeks’ gestation were randomised to receive
high dose Epo or placebo until the subjects were 32-6/7 weeks post-
menstrual age (PMA). A secondary aim of the PENUT Trial was to
evaluate Epo concentrations and potential biomarkers of preterm
neurological injury at baseline as well as days 7, 9, and 14 after birth.
We hypothesised that: 1) Epo treatment would result in lower circu-
lating pro-inflammatory cytokines and markers of neurological injury
compared to placebo, and 2) elevated Epo at baseline would act as a
biomarker of prolonged in utero hypoxia and be associated with
worse outcomes at 24 months corrected age (CA).

2. METHODS

2.1. Inclusion criteria

Patients enrolled in the PENUT Trial [20] were eligible for this
analysis if they had baseline Epo levels measured. Also included were
a subset of infants from 9 pre-selected PENUT sites who had plasma
biomarkers evaluated at baseline and on days 7 and 14 after birth
(Figure 1). Infants with plasma biomarker measurements were
included if they survived through 36 weeks PMA and had neurodeve-
lopmental testing with a Bayley Scales of Infant Development, 3 rd

edition (BSID-III) between 19 and 33 months (90% were assessed
between 22 and 26 months). Briefly, PENUT subjects were born
between 24-0/7 and 27-6/7 weeks’ gestation and after parental con-
sent, were enrolled at 19 US sites between December 2013 and Sep-
tember 2017. Enrolment and initial treatment with study drug
occurred within 24 h after birth. Baseline samples were obtained
after enrolment, but prior to study drug administration. Subjects
received Epo 1,000 U/kg/dose or placebo intravenously every 48 h for
6 doses, followed by maintenance subcutaneous injections of 400 U/
kg/dose Epo or sham injections three times a week through 32-6/7
weeks PMA. The primary outcome of the PENUT Trial was death or
severe NDI at 22-26 months corrected age (CA).

2.2. Ethics

This study was institutional review board (IRB) approved at all
participating sites; All Childrens Hospital, St. Petersburg, FL (Johns
Hopkins Office of Human Subjects Research Institutional Review
Boards IRB00060341); Beth Israel Deaconess Medical Center, Boston,
MA (Boston Children’s Office of Clinical Investigation IRB-
P00008415); Childrens Hospitals and Clinics of Minnesota, Minneap-
olis, MN (Children’s Hospitals and Clinicals of Minnesota IRB# 1308-
079); Childrens Hospitals and Clinics of Minnesota, St. Paul, MN
(Children’s Hospitals and Clinicals of Minnesota IRB# 1308-079);
Florida Hospital Orlando, Orlando, FL (Florida Hospital Office of
Research Administration IRB-6055); Johns Hopkins University, Balti-
more, MD (Johns Hopkins Office of Human Subjects Research Institu-
tional Review Boards IRB00026419); Methodist Childrens Hospital,
San Antonio, TX (Methodist Healthcare IRB 440455-3); Maria Fareri
Childrens Hospital, Westchester, NY (New York Medical College
Office of Research Administration IRB# 10265); South Miami Hospi-
tal, Miami, FL (Baptist Health South Florida IRB# 15-037); Prentice
Womens Hospital of Northwestern Memorial Hospital, Chicago, IL
(Ann and Robert H Lurie Children’s Hospital of Chicago 2013-1543);
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University of Florida, Gainsville, FL (University of Florida #142-2013);
Childrens Hospital of the University of Illinois (University of Illinois
Chicago Office for the Protection of Research Subjects #2013-0835);
University of Minnesota Childrens Hospital, Minneapolis, MN (Uni-
versity of Minnesota 1308M41201); University of New Mexico, Albu-
querque, NM (University of New Mexico Health Sciences Center
Human Research Protections Office #13-464, Presbyterian Healthcare
Services Institutional Review Board 662482-1); University of Arkan-
sas, Fayetteville, AR (University of Arkansas for Medical Sciences IRB
#202449); Kosair Childrens Hospital, Louisville, KY (Norton Health-
care Office of Research Administration NHORA#13-N0095); Univer-
sity of Utah, Salt Lake City, UT (University of Utah IRB #00063749,
Intermountain Healthcare IRB #1024761); University of Washington,
Seattle, WA (University of Washington Human Subjects Division
STUDY00007467); Wake Forest University, Wake Forest, NC (Wake
Forest University Health Sciences IRB #00023079). All participants’
parents in the PENUT study at all sites provided written informed
consent. Additional protocol details and results of the primary out-
come are published elsewhere [17,20]. With the exception of the
data coordination centre, the site pharmacist, and the individuals
administering the maintenance injections, all personnel in the study
were blinded to treatment groups. This study was registered with
ClinicalTrials.gov (NCT01378273) and the FDA (IND#12656) [17].
2.3. Neurodevelopmental Outcome

Severe NDI was defined as the presence of severe cerebral palsy
(CP) or BSID-III Motor or Cognitive Composite Score < 70. For com-
pleteness, BSID-III outcomes from examinations collected outside the
22-26 month primary outcome window (range 19-33 months) were
included in this analysis. CP was classified as hemiplegia, diplegia, or
quadriplegia, with severity determined by Gross Motor Function
Classification System (GMFCS). A GMFCS level of 2 was defined
as moderate CP, and 3 or greater was defined as severe CP [ 21-24].
Individuals performing the BSID-III assessments and standardised
neurologic exams were centrally certified. To minimise bias, exam-
iners were blinded to the child’s medical history and brain imaging
studies.
2.4. Epo and biomarker analysis

Plasma Epo concentrations were measured in both groups within
the first 24 h after birth before study drug administration (baseline),
30 minutes after study drug administration on day 7 (peak Epo con-
centration) and 30 minutes before study drug on day 9 (trough Epo
concentration). On day 14, a random blood sample was drawn after
the child had transitioned to subcutaneous dosing (Figure 1). Blood
samples (0¢5 mL in EDTA tubes) were spun down at the clinical site at
1,000 x g for 10 minutes, plasma separated, and stored at -70°C until
shipping on dry ice to the University of Washington. After thawing,
plasma biomarker concentrations from baseline and days 7 and 14
after birth were measured using Meso Scale Discovery (MSD) electro-
chemiluminescence-based assays. Brain-specific Tau levels were
quantified using the MSD V-PLEX Human Total Tau assay (Meso Scale
Discovery, Rockville, MD). Inflammatory cytokines (IFN-g , TNFa, IL-6,
IL-8, IL-10) were determined with the Meso Scale Discovery V-PLEX
Proinflammatory Panel 1 (Meso Scale Discovery, Rockville, MD). Epo
was measured with the Human Epo Base Kit (Meso Scale Discovery,
Rockville, MD). For a few samples, Epo levels were determined using
the Meso Scale Discovery U-Plex assay since the Human EPO Base Kit
was no longer available. Details of assay characteristics are summa-
rized in Supplemental Table 1. All samples were assayed in duplicate,
and the duplicate measurements were averaged. All assays were per-
formed according to the manufacturer’s recommended protocol.
2.5. Statistical analysis

Simple descriptive statistics were used to describe the character-
istics of the Epo cohort as well as the biomarker sub-cohort. Due to
skewness in the Epo and biomarker measurements, these data were
log-transformed, using the natural log, in all statistical analyses and
medians and interquartile ranges were used to characterise the dis-
tributions by treatment group. For statistical inference, we utilized
generalised estimating equations (GEE) with robust standard errors
to appropriately account for potential correlation of biomarkers or
outcomes for same-birth siblings [25]. Each respective GEE model
adjusted for gestational age at birth and treatment assignment as
fixed factors associated with the original study design. Biomarker lev-
els at each follow-up time point were analysed using separate GEE
models. Statistical significance was evaluated using a Wald’s test, and
this and all other statistical tests were declared significant if p < 0¢05.

The primary outcome measure of death or severe NDI was tabu-
lated by baseline Epo quartile and analysed with a GEE model appro-
priate for binary data. The Motor, Cognitive, and Language composite
summary scores of the BSID-III examination were evaluated with
separate GEE models for evidence of association with each (log-trans-
formed) baseline plasma marker. In a second model, we assessed the
evidence for treatment effect modification of the association between
BSID-III scores and each marker by also including a statistical interac-
tion term between treatment assignment and the marker. Finally, we
sought to examine whether multiple biomarkers or linear combina-
tions of biomarkers (mean or difference) at baseline, day 7 or day 14
predicted BSID-III scores at age two using a stepwise-AIC (Akaike
Information Criteria) variable selection procedure in a multivariable
linear regression model. Although we used a “working indepen-
dence” AIC procedure due to the relatively small number of multiples,
we followed this with GEE to estimate valid standard errors. All sta-
tistical analyses were conducted using the R statistical package (ver-
sion 3¢6¢1) [26].
2.6. Role of the funding source

The PENUT Trial was funded by the National Institute of Neurolog-
ical Disorders and Stroke (NINDS). The funding body had no active
role in study design, data collection, data analyses, interpretation, or
writing of this report.
3. RESULTS

3.1. Demographics and data collection

Baseline Epo concentrations were available from 775/936 (82¢8%)
of infants in the PENUT Trial (n=391 Epo treated, n=384 placebo
treated). Maternal and neonatal demographics were similar in the
cohort that had Epo measurements done and the biomarker sub-
group (Table 1). Epo concentrations on days 7, 9, and 14 were avail-
able from n=360, n=184, and n=198 infants in the Epo group, and
n=346, n=155, and n=179 infants in the placebo group, respectively
(Figure 1). Biomarker data was available from n=113 infants in the
Epo group and n=107 infants in the placebo group at baseline and
day 7, with n=99 and n=98 samples available on day 14 (Figure 1).
Median (IQR) age in hours at time of baseline biomarker measure-
ment � taken immediately prior to first study drug dose administra-
tion � was 20 hours (15-23 hours) in both the Epo and biomarker
cohorts. Overall outcomes including mortality and presence of severe
NDI were available for n=676 (n=332 Epo treated, n=334 placebo
treated) infants with baseline Epo values, and n=185 (n=92 Epo
treated, n=93 placebo treated) infants with biomarker data. Develop-
mental outcomes at 22-26 months CA were available for n=579
(n=278 Epo treated, n=301 placebo treated) infants with Epo data,



Table 1
Baseline characteristics by biomarker cohort.

Epo cohort Biomarker subgroup

N 775 220
Maternal demographics, n (%)
Age, mean (SD) 29.0 (6.3) 29.0 (6.3)
Hispanic 170 (22%) 74 (34%)
Race

White 505 (65%) 148 (67%)
Black 199 (26%) 55 (25%)
Other 71 (9.2%) 17 (7.7%)

Education*
High School or less 260 (34%) 79 (36%)
Some college 227 (29%) 57 (26%)
College degree or greater 192 (25%) 56 (25%)

Neonatal data at enrollment, n (%)
Complications �maternal indica-

tions for delivery
118 (15%) 32 (15%)

Complications � risk of infectiony 564 (73%) 167 (76%)
Complications � pregnancy induced

hypertension
61 (7.9%) 19 (8.6%)

Chorioamnionitis 97 (13%) 36 (16%)
Prenatal steroids 694 (90%) 206 (94%)
Prenatal magnesium sulphate 620 (80%) 176 (80%)
Delivery complicationsz 127 (16%) 28 (13%)
Caesarean delivery 550 (71%) 147 (67%)
Delayed cord clampingx 266 (47%) 100 (59%)
Female, n (%) 410 (53%) 111 (50%)
Gestational age, n (%)

24w 196 (25%) 45 (20%)
25w 210 (27%) 51 (23%)
26w 172 (22%) 61 (28%)
27w 197 (25%) 63 (29%)
Mean (SD) 25.9 (1.2) 26.0 (1.1)

Multiple gestation, n (%) 214 (28%) 58 (26%)
Infant weight (grams), mean (SD) 799 (186) 830 (180)
Weight < 10th percentile, n (%) 120 (16%) 32 (15%)
Occipital front circumference <10th

percentile, n (%)
129 (17%) 43 (20%)

Apgar score at 5 minutes, median
(25th, 75th percentile)

7 (5, 8) 7 (6, 8)

Apgar score at 5 minutes < 5, n (%) 165 (21%) 35 (16 %)
Intracranial haemorrhage prior to 1st

dose
165 (21%) 47 (21%)

Age at first dose, median (25th, 75th

percentile) hours
20.4 (14.8, 23.3) 20.1 (14.9, 23.1)

* Education unknown or not reported for 96 (12%) and 28 (13%) in the Epo cohort
and biomarker subgroup respectively.

y Defined as the presence of pyrexia, chorioamnionitis, prolonged rupture, antibi-
otics, or pre-term labor.

z Defined as the presence of one or more of the following complications during
delivery: prolapsed cord, true knot, tear or rupture of cord, placental abruption,
twin-twin transfusion, feto-maternal bleeding, ruptured uterus, or traumatic instru-
ment delivery.

x Unknown for n=212 and n=51 participants and percentages reflect denomina-
tors of n=563 and n=169 in the Epo and placebo groups respectively.

4 T.R. Wood et al. / EBioMedicine 72 (2021) 103605
and n=183 (n=90 Epo treated, n=93 placebo treated) infants with bio-
marker data.

3.2. Epo concentrations over time by treatment group

At baseline, median Epo concentration was 7.0 mU/mL (IQR: 3¢9-
21¢4, range: 0¢1-9,892 mU/mL) in the Epo group, and 7¢6 mU/ml
(IQR: 3¢4�20¢5, range: 0¢2-1,436 mU/mL) in the placebo group
(p=0¢022, GEE linear model; Figure 2). Peak (day 7) Epo values were
significantly higher in the Epo group (median: 2,907 mU/mL, IQR:
1,731-6,998 mU/mL, range: 1¢5-12,120 mU/mL) than in the placebo
group (median: 2¢2 mU/mL, IQR:1¢1-4¢8 mU/mL, range: 0¢1-8,144;
p<0¢001, GEE linear model). Trough (day 9) Epo levels were also sig-
nificantly higher in the Epo group (median: 15¢3 mU/mL, IQR: 7¢4-
28¢9 mU/mL, range: 0¢8-9,887 mU/mL) than in the placebo group
(median: 5¢1 mU/mL, IQR: 1¢7-8¢9 mU/mL, range: 0¢1-48 mU/mL;
p<0¢001, GEE linear model). After transition to maintenance Epo
(400 mU/kg administered subcutaneously), on day 14, random Epo
concentrations remained significantly elevated in the Epo group
(median: 25¢0 mU/mL, IQR: 9¢6-66¢5 mU/mL, range: 0¢3-397 mU/mL)
compared to the placebo group (median:4.6, IQR: 2¢1-8¢6 mU/mL,
range: 0¢1-129 mU/mL; p<0¢001, GEE linear model). On day 7, one
sample in the placebo group and 15 samples in the Epo group were
outside of the expected range for that group (Figure 2). Similarly, on
day 9, two samples in the Epo group were above the range expected
for an Epo trough measurement.

3.3. Biomarker concentrations over time by treatment group

Baseline plasma concentrations of IL-6, IL-8, IL-10, TNF-a, IFN-g ,
and Tau were similar in both groups (Figure 3). IL-6 tended to
decrease over time, and IFN-g tended to increase over time; however,
there was no difference in any marker at any timepoint between the
two groups.

3.4. Baseline Epo concentration and neurodevelopmental outcome at
two years corrected age

Of the infants for whom baseline Epo concentrations were avail-
able, 54 (16¢3%) died and 29 (8¢7%) had severe NDI in the Epo group,
and 43 (12¢5%) died and 38 (11¢1%) had severe NDI in the placebo
group. No significant association between baseline Epo levels and
BSID-III Cognitive, Motor, or Language scores was seen at two years
CA in either group (Figure 4). In all infants, median (IQR) baseline Epo
in those with a good outcome was 7¢0 mU/mL (3¢5-16¢5, mU/mL),
which was significantly lower than in infants that died or had severe
NDI (10¢3 mU/mL; 4¢4-44¢4 mU/mL; p=0¢01, GEE linear model;
Figure 5A). When separated by Epo quartile at baseline, 21%, 22%,
15%, and 38% of infants experienced death or severe NDI in the first,
second, third, and fourth quartiles, respectively, with risk of death
and severe NDI significantly lower in all quartiles relative to the
fourth quartile (Figure 5B).

3.5. Baseline biomarker concentrations and death or severe NDI at 22-
26 months corrected age

As no differences were seen between treatment groups in any of
the biomarkers at any time point, data from the two groups were
combined for assessment of the dichotomous death or severe NDI
outcome. In infants who died or survived with severe NDI, baseline
levels of IL-6, Tau, IL-8, TNF-a, IL-10, and IFN-g were all higher com-
pared to infants who survived without severe NDI (Figure 6), though
none of the differences reached statistical significance. When sepa-
rated by quartiles, the trend between baseline IL-8 levels and risk of
death or severe NDI was significantly different between the treat-
ment groups (Supplemental Table 2).

3.6. Baseline biomarker concentrations and BSID-III outcomes at 22-26
months corrected age

No association between baseline IL-8, IL-10, TNF-a, or IFN-g and
Cognitive, Motor, or Language BSID-III scores was seen at 22-26
months CA in either treatment group (Supplemental Figure 1). Log
baseline Tau concentration was negatively associated with BSID-III
Cognitive, Motor, and Language scores at two years CA, with no dif-
ference in association by treatment group (Figure 7). Overall (com-
bined) beta, which is the average change (with 95% CI) in BSID-III
subscale score for each unit increase in log biomarker concentration,
for baseline Tau was -3¢67 (-6¢50, -0¢83, p=0¢01, GEE linear model)
for Cognitive, -3¢90 (-7¢11, -0¢68, p=0¢02, GEE linear model) for
Motor, and -4¢94 (-8¢17, -1¢71, p<0¢01, GEE linear model) for Lan-
guage. By comparison, overall log baseline IL-6 was not significantly
associated with BSID-III subscale outcomes; however, a significant



Figure 1. Treatment, sample collection, and measurement protocol. Diagram depicting when samples were taken in relation to dosing of study drug in both the entire cohort
(Epo measurements) and the biomarker subgroup, as well as the number of infants at each time point for which samples were available for analysis.

Figure 2. Serum Epo concentration over time by treatment group. Box plots (median, IQR) with all data points overlaid, depicting Epo levels in both treatment groups for the first
14 days of the PENUT study. Numbers above each box indicate median and IQR Epo levels in each group at each time point, with p-value for the difference based on a GEE linear
model adjusting for gestational age. Epo levels were significantly greater in the Epo group compared to the placebo group.
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difference between the slope of the line in the Epo and Placebo
groups was seen (Figure 7). In general, increasing baseline IL-6 levels
were associated with decreasing BSID-III subscale scores in survivors
from the placebo group, which was significant for the Motor subscale
(beta = -1¢93; -3¢12, -0¢73). This association was mitigated in the Epo
group, with significant differences in the slope of the line for both the
Cognitive (p=0¢02, GEE linear model) and Motor (p=0¢01, GEE linear
model) scores. In infants with documented exposure to chorioamnio-
nitis, median (IQR) IL-6 was 7¢7 pg/mL (3¢7-28¢7 pg/mL, n=36) com-
pared to 13¢7 pg/mL (4¢7-68¢6 pg/mL, n=184) in those without



Figure 3. Serum biomarker concentrations over time by treatment group. Box plots (median, IQR) with all data points overlaid, depicting IL-6, Tau, IL-8, TNF-a, IL-10, and IFN-g
levels in both the Epo and placebo group of the biomarker cohort at baseline, and day 7 and 14 after birth. There was no difference in any biomarker level at any time point between
the two groups based on GEE linear models adjusting for gestational age.
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chorioamnionitis, which was not significantly different (p=0¢06, GEE
linear model). A multivariable stepwise-AIC model including all base-
line biomarker levels is shown in Supplemental Table 3 (Model 1).
The final model included IL-6, IL-10, Tau, and IFN-g for predicting
BSID-III Cognitive; IL-10, Tau, and IFN-g for Motor; and Tau only for
Language. Of these, only IL-6 and Tau predicting Cognitive score, and
Tau predicting Language score, reached individual statistical signifi-
cance.



Figure 4. BSID III scores at age 2 by baseline Epo. Linear regression of log Epo concentration at baseline and BSID-III Cognitive, Motor, and Language scores in survivors at two
years of age. P-values are for evidence of an overall trend (groups combined) or for a difference in slope between the two groups (interaction term in GEE linear model). Baseline
Epo levels were not associated with any of the BSID-III subscales in either treatment group.
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3.7. Day 7-14 Epo concentration and outcome at two years corrected
age

Epo levels on day 7, day 9, and day 14 of treatment were not asso-
ciated with a greater risk of death or severe NDI in either treatment
group (Supplemental Table 2). Multivariable stepwise-AIC models
including baseline biomarker level, average biomarker level across
days 0-14, and change in biomarker level from day 0 to day 7 or day
14 also did not result in any significant associations between Epo lev-
els and the BSID-III subscales (Supplemental Table 3).

3.8. Day 0-7 biomarker concentrations and multivariate models to
predict outcomes at two years corrected age

When separated into quartiles as individual predictors and
adjusted for treatment group (Supplemental Table 2), day 7 IL-10
was significantly and positively associated with increased risk of
death or severe NDI (p=0¢003, GEE linear model), and the association
between day 7 IL-8 and risk of death or severe NDI was different
based on treatment group (p<0.0001, GEE linear model). A multivari-
able stepwise-AIC model predicting BSD-III subscale scores using
baseline and day 7 biomarker levels is shown in Supplemental Table
3 (Model 2). Higher average levels of log IL-10 concentration across
day 0 and day 7 were significantly associated with lower Cognitive
and Motor scores. Higher average levels of log Tau concentration
across baseline and day 7 were significantly associated with lower
scores in all BSID-III subscales. When examining dynamic changes in
biomarker concentrations between baseline and day 7, increases in
log IL-6 concentration were significantly associated with lower scores
across all BSID-III subscale scores. Conversely, increases in log TNF-a
concentration were associated with increases in Cognitive and Motor
scores.

3.9. Day 0-14 biomarker concentrations and multivariate models to
predict outcomes at two years corrected age

When separated into quartiles as individual predictors and
adjusted for treatment group, no individual marker level at day 14
was associated with death or severe NDI (Supplemental Table 2). A
multivariable stepwise-AIC model predicting BSD-III subscale scores
using baseline, day 7, and day 14 biomarker levels is shown in
Supplemental Table 3 (Model 3). When log biomarker concentrations
were averaged across baseline and days 7 and 14, higher IL-10 was
significantly associated with lower Motor scores, and higher Tau was
significantly associated with lower Language scores. When examin-
ing dynamic changes in biomarker concentrations between baseline
and day 14, greater increases in log IL-6 concentration were associ-
ated with significantly lower Cognitive and Motor scores. Greater
increases in log IL-10 and TNF-a concentrations were associated with
a significant increase in Cognitive score.

4. DISCUSSION

Here we present a secondary analysis from the PENUT Trial, a
multicentre, placebo-controlled, randomised trial of the use of Epo in
EP infants, which provides the opportunity to further explore the
hypotheses that 1) elevated Epo at baseline would act as a biomarker
of prolonged in utero hypoxia and be associated with worse outcome
at 24 months CA, and 2) exogenous supraphysiological Epo treatment
would result in lower circulating pro-inflammatory cytokines and
markers of neurological injury compared to placebo. We found that
elevated baseline Epo was significantly associated with increased risk
of poor outcome (death or severe NDI), but contrary to our hypothe-
sis, it was not associated with a decrease in circulating cytokines at
any time point. Though Epo treatment did not affect final outcome in
the PENUT Trial, [20] based on results from the biomarker subgroup
it may have mitigated the detrimental effects of certain acute inflam-
matory insults that resulted in elevated IL-6.

Longitudinal Epo measurements were used to assess the effects of
exogenous Epo administration on circulating Epo levels. Though
median baseline endogenous Epo was significantly higher in the Epo
group, this difference (7¢6 mU/mL vs 7¢0 mU/mL) is unlikely to be
clinically meaningful. However, Epo levels in the treatment group
were well below the expected range of 10,000-15,000 mU/mL previ-
ously seen after an intravenous dose of 1,000 U/kg in preterm infants
[17,27]. In fact, only 11 (3¢1%) infants in the Epo group achieved a
peak Epo level >10,000 mU/mL on day 7. The reason for this discrep-
ancy is not known, though it may be partly due to the fact that the
Phase I/II trial measured Epo levels via enzyme-linked immunosor-
bent assay (ELISA), [27] whereas the PENUT Trial used MSD. As Epo is
a glycoprotein that has multiple analogues and glycans, not all of
which can be determined by antibody-based methods, this may also



Figure 5. Baseline serum Epo levels by death or severe NDI at age 2 and death or severe NDI by Epo quartile. Upper panel: box plot depicting baseline Epo levels by long-term
outcome with median and IQR Epo levels at baseline. In infants who died or survived with severe NDI, Epo at baseline was significantly higher (GEE linear model). Lower panel:
comparison of odds of death or severe NDI by quartiles of baseline Epo. Infants who were in the top quartile of Epo at baseline had significantly greater risk of death or severe NDI
compared to each other quartile (GEE logistic regression model).
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explain some of the discrepancy. Importantly, however, as quartiles
of day 7 Epo levels in the Epo group were not associated with later
outcomes, it is unlikely that lower than expected circulating Epo lev-
els in the PENUT Trial explain the lack of overall therapeutic benefit.
On day nine of treatment, Epo levels did decrease as expected to a
trough level, but this remained significantly greater than the level
seen in the placebo group (median 15¢3 vs 5¢1 mU/mL). This suggests
that, at least during the early high-dose phase (1,000 U/kg every 48h)
of Epo administration, a small amount of Epo was still present at the
time of the next dose. Repeat Epo measurements also confirmed that



Figure 6. Baseline serum biomarker levels by death or severe NDI at two years. Box plots depicting baseline median and IQR Epo levels at baseline of IL-6, Tau, IL-8, TNF-a, IL-10,
and IFN-g levels by long-term outcome. Infants who died or survived with severe NDI did not have significantly different baseline biomarker levels compared to those who survived
without severe NDI (GEE linear model).
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the large majority of infants were treated and tested as per the study
protocol, though 18 outlier measurements were identified across
days 7 and 9. In the placebo group, one infant had Epo levels similar
to the Epo group on day 7, which may have been due to accidental
Epo administration. In the Epo group, 15 infants had Epo levels lower
than expected on day 7 (peak levels), and two infants had higher
than expected levels on day 9 (trough levels). These are most likely
due to accidental measurement of trough levels on day 7 and peak



Figure 7. BSID III composite scores at two years of age by baseline Tau and IL-6. Linear regressions of log Tau (upper panels) and IL-6 (lower panels) concentration at baseline and
BSID-III Cognitive, Motor, and Language scores in survivors at two years of age. P-values are for evidence of an overall trend (groups combined) or for a difference in slope between
the two groups (GEE linear model interaction term between the biomarker and treatment). Overall, Tau was significantly and negatively associated with all three BSID-III subscales
in survivors at two years of age. By comparison, baseline IL-6 was negatively associated with both Cognitive and Motor scores in the placebo group only, with an apparent reversal
of the association in infants treated with Epo.
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levels on day 9 and are not expected to alter the results of our analy-
sis.

Elevated fetal endogenous Epo levels have been associated with a
variety of high-risk fetal conditions, including maternal diabetes,
fetal distress in Rh-immunised pregnancies, and intrauterine hypoxia
[28-32]. Measurements of Epo in amniotic fluid have also been asso-
ciated with biomarkers of oxidative and nitrosative stress [33]. As
upregulation of Epo production is part of the coordinated response to
hypoxia, and Epo requires several hours of hypoxia before levels
increase, [14] circulating Epo at baseline is thought to reflect the
degree of significant hypoxia in utero, which is likely to vary signifi-
cantly between patients. In agreement with this, we found that base-
line Epo levels in both groups were highly-variable across several
orders of magnitude. When combining baseline data from both
groups, being in the top quartile of Epo (>20¢9 mU/mL) was associ-
ated with an approximately two-fold increase in risk of death or
severe NDI compared to the other quartiles. In survivors, however,
baseline Epo was not significantly associated with any of the BSID-III
subscales as a continuous outcome variable. Epo levels on day 7-14 in
the placebo group were also not predictive of later outcome. In con-
trast, the ELGAN study demonstrated that infants born <28 weeks’
gestation whose endogenous Epo was in the top quartile on day 14
had a significantly increased risk of NDI and microcephaly at two
years of age. 16 Part of the discrepancy may be the larger sample size
of the ELGAN study, or additional evidence to support the idea that
circulating biomarkers of long-term outcome in neonates generally
have heterogeneous utility across sites and studies. From the PENUT
cohort, our data suggest that significantly elevated Epo at baseline is
a potentially useful proxy of prolonged intra-uterine hypoxia and a
biomarker of significant injury, but it is not able to predict more sub-
tle differences in developmental outcome among survivors. If avail-
able early on in the clinical course, measurement of Epo levels
shortly after birth remains a promising potential addition to the
prognostic toolkit.

In contrast to baseline Epo levels, which were partially predictive
of outcome, none of the cytokines measured were significantly asso-
ciated with either dichotomous poor outcome or continuous BSID-III
subscales at two years of age. Circulating levels of the microtubule-
associated protein Tau at baseline were negatively associated with all
three BSID-III subscales at two years of age in infants who survived;
however, Tau was not significantly greater in those who died or had
severe NDI compared to those that did not, and also did not predict
death or severe NDI when infants were separated by quartiles of Tau
levels. In multivariable models, Tau remained one of the strongest
predictors of BSID-III subscales both at baseline as well as when per-
sistently elevated for 7-14 days after birth. Tau proteins, produced by
alternative splicing from the microtubule-associated protein tau
(MAPT) gene, are abundant in the central nervous system due to their
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role in stabilising the axonal cytoskeleton [34,35]. Measurement of
circulating total Tau protein levels has been suggested as a prognostic
marker in adult acute brain injuries and neurodegenerative condi-
tions including Alzheimer’s disease and traumatic brain injury,
[36,37] as well as being a promising biomarker of outcome after hyp-
oxic-ischemic encaphalopathy in term neonates [38]. Despite the
expanding body of evidence in other neurological conditions, less is
curently known about tau as a prognostic marker in EP infants,
though preclinical studies suggest that exposing the developing
rodent brain to inflammatory and other noxious stimuli results in
altered tau expression and associated behavioural and pathologcial
changes later in life [39-41]. In humans, tau pathology has been
described even earlier in the brain than previously thought, and
remains a critical aspect of the biochemical cascades associated with
Alzheimer’s disease [42]. Overall, the data presented in this manu-
script as well as multiple other lines of evidence suggest that mea-
surement of Tau in EP infants may provide some useful prognostic
information for infants who survive and could be particularly impor-
tant when examining whether EP infants are at greater risk of neuro-
degenerative disease as adults, as appears to be the case for many
chronic health conditions [43-46]. Though we are unable to provide
specific prognostic cut-offs with the available data, we remain cau-
tiously optimistic of the future utility of Tau as a biomarker in this
group.

When the inflammatory biomarkers were compared over time,
one notable finding was that levels of IFN-g , IL-6, L-8, IL-10, and TNF-
a, as well as Tau, did not differ between the groups at any time point.
This is in contrast to the preclinical literature, in which Epo has been
shown to significantly decrease circulating cytokines following brain
injury when administered in doses equivalent to those used in the
PENUT Trial. For instance, after unilateral hypoxia-ischemia (HI) in
postnatal day (P) 7 rat pups (late preterm equivalent), Epo suppresses
the post-injury increase in IL-1b which is associated with significant
neuroprotection [47]. In a similar model in the P10 mouse, post-HI
increases in expression of a number of pro-inflammatory cytokines
are seen, including IL-1b and IL-6, which are largely normalised by
Epo treatment [48]. The dose and timing of Epo may also play a criti-
cal role in the outcomes seen, with the important caveats that i) not
all the preclinical data has found a neuroprotective effect of Epo in
the developing brain, and ii) most preclinical studies involve a single
injurious event rather than the confluence of heterogeneous factors
associated with preterm brain injury [49]. Indeed, the difference
between expected and measured outcomes may be due to a different
magnitude of anti-inflammatory effect of Epo in extremely preterm
human infants, a population that is difficult to model in the labora-
tory [50,51]. Epo may also have a greater effect on cytokines not mea-
sured in the Epo cohort such as IL-1b. However, as Epo did not
provide significant neuroprotection in the PENUT cohort, any effect
of Epo on the levels of inflammatory cytokines or other pathways,
such as the production of neurotrophic factors, [52] is unlikely to
have been clinically significant.

Though Epo did not appear to be uniformly anti-inflammatory in
the PENUT cohort, one potential exception to this is in surviving
infants with significantly elevated IL-6 at baseline, in whom Epo
treatment was associated with a reversal in the negative association
between IL-6 and the Cognitive and Motor BSID-III subscales at
2 years of age. In multivariable models, IL-6 remained significantly
associated with BSID-III subscales, particularly when increases in IL-6
were seen between baseline and day 7 or 14. As IL-6 is a primary
driver of the acute phase response and has a reported half-life in the
range of 10 minutes to 1-2 hours, increases in IL-6 at baseline
are likely to indicate either chorioamnionitis or early neonatal sepsis,
[53-57] though in the PENUT biomarker cohort evidence of cho-
rioamnionitis was not associated with increased levels of IL-6 at base-
line. Hansen-Pupp et al. previously found that elevated IL-6 in the
cord blood of very preterm (<32 weeks’ gestational age) was
associated with increased risk of neurodevelopmental impairment at
2 years [58]. The ELGAN study found that early elevation of IL-6
(defined as within the first 14 days after birth) was not associated
with Differential Ability Scales (DAS) intelligence quotient at 10 years,
but was associated with increased odds of moderate or severe
impairment after latent profile analysis to classify children into sub-
groups based on similarities in their outcome profiles [59]. In particu-
lar, having 4+ early elevations of proteins from a group of nine
inflammatory biomarkers was particularly predictive of outcome in
this study [59]. This again highlights the fact that multiple bio-
markers are likely to be necessary for accurate long-term prediction,
with no particular combination having been assessed in multiple
studies. Despite this, considering the interaction between Epo treat-
ment and IL-6 levels at baseline, it may yet be the case that Epo is a
useful neuroprotective agent for a certain subset of extremely pre-
term infants who have experienced an acute inflammatory insult
around the time of birth, with further investigation of this interaction
warranted.

With respect to primary outcome, the overall absence of any
strong predictive value of inflammatory cytokines at any time point
in the PENUT cohort confirms the difficulty of predicting composite
yet divergent outcomes (e.g. death or survival with disability) using a
small grouping of circulating biomarkers. Similar to the findings of
the ELGAN study, these biomarkers appear to have a slightly better
ability to predict outcomes in survivors [8-13]. Importantly, the
ELGAN study showed that a number of neurotrophic factors were
also associated with mitigation of some of the risks associated with
elevated pro-inflammatory cytokines in extremely preterm infants,
[12] with a large-scale systems biology approach including both epi-
genomic and metabolomic approaches perhaps required to truly
apply biomarkers to the accurate prediction of outcomes in preterm
neonates [60]. However, it is also important to highlight that the
ELGAN study measured biomarker levels from dried whole blood
spots collected on filter paper. Dried blood spots may not accurately
represent circulating plasma levels of a number of biomarkers of neu-
rological injury, [61] and the difference in collection methods could
explain some of the differences seen between the ELGAN and PENUT
cohorts.

This study does have several limitations. As we used Epo as a bio-
marker of injury in a trial of Epo neuroprotection, it is important to
separate endogenous Epo as a biomarker of a pathological process
from exogenous Epo at supraphysiological levels provided as a thera-
peutic agent. For instance, the upper end of the interquartile range of
Epo at baseline in both groups was »20 mU/mL, whereas the median
level in the Epo group on day 7 was two orders of magnitude greater
(»3,000 mU/mL). The biomarker subgroup of the PENUT study was
recruited to examine serum biomarkers and MRI neuroimaging bio-
markers in the same subgroup of infants that underwent MRI at 36
weeks. Therefore, we must acknowledge that the strength of the
overall group randomisation in the PENUT trial was potentially lost
in this subgroup and that power calculations performed to determine
the size of the subgroup were based on estimated MRI rather than
serum biomarker endpoints. Future work will examine whether
serum and neuroimaging biomarkers improve prediction of 2-year
outcome when used in combination. Assessment of long-term out-
come prediction was therefore a secondary consideration in the bio-
marker group, and as such, the biomarkers measured encompass
only a small fraction of the potential downstream mechanistic path-
ways that might be involved in determining neurodevelopmental
outcomes in EP infants. This includes a number of anti-inflammatory
cytokines and trophic growth factors examined in the ELGAN study,
as well an increasing array of potential urinary and circulating bio-
markers, particularly those produced in response to oxidative stress
and lipid peroxidation [33,59,62]. We also acknowledge that devel-
opmental changes in regulation of the assessed biomarkers are an
important confounder if directly comparing measured cytokine levels
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between gestational ages in EP infants, and for this reason gestational
age was used as a covariate in all models examining the association
between a given biomarker at a given timepoint and long-term out-
come. In line with the study goals, we only examined associations
between biomarkers and outcomes and did not examine infant or
other factors associated with elevations of individual biomarkers,
largely due to the complex time-varying nature of many of these
potential factors such as occurrence of sepsis. For instance, a recent
study has described sex-dependent alterations in pro-inflammatory
cytokines in response to transfusions in preterm infants [63]. While
the Epo group did require fewer transfusions, [64] the effect of trans-
fusions or other variables on biomarker levels is beyond the scope of
this study examining their potential for outcome prediction. The tim-
ing of biomarker level measurement was determined by timing of
study drug � with baseline measurements immediately prior to the
first dose being administered and day 7 and 9 measurements timed
to determine peak and trough Epo levels, respectively. Though the
timing of baseline measurements was variable relative to the time
from birth and other associated exposures, the »8-hour baseline
measurement window relative to birth more accurately mimics real-
world clinical scenarios, which increases the translatability of the
results. With respect to intra-uterine exposures in particular, cord
blood sampling for potential biomarkers remains an important area
that was not explored in the PENUT trial [65-69]. Our study was also
not powered to examine multiple combinations of biomarkers at
multiple timepoints and their associations with long-term outcomes,
and we were unable to compare the prognostic accuracy of individual
biomarkers against other tools such as the Score for Neonatal Acute
Physiology (SNAP-II) and SNAP-Perinatal Extension-II (SNAPPE-II)
scores as not all the necessary markers were routinely available [70].
However, a more holistic and systematic approach to primary and
neurodevelopmental outcome prediction including a range of bio-
marker and clinical data from the PENUT cohort will be part of
planned future work from this dataset.

Overall, our data suggest that significantly elevated baseline Epo
may provide a biomarker of long-term poor outcome in infants born
<28 weeks’ GA. Increased level of Tau at baseline and 7-14 days after
birth were also predictive of worse neurodevelopment of survivors at
two years of age. Epo levels in the treatment group were lower than
expected based on initial pilot studies. Regardless of individual Epo
level, there was little observable effect of Epo on circulating cytokines
over the first two weeks after birth or on long-term outcomes, which
is in agreement with the overall lack of neuroprotection by Epo in the
PENUT cohort.
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