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A meta-analysis update of randomized controlled trials investigating recombinant human
erythropoietin suggests improved neurodevelopmental outcome in preterm infants. There
was substantial heterogeneity, which could be ascribed to a single trial. Exclusion of this
trial featuring a high risk of bias abolished heterogeneity and any effects of recombinant
human erythropoietin treatment.
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INTRODUCTION

Recombinant human erythropoietin (thEPO) is considered a neuroprotective or neurorestorative
drug for the premature brain, because it has been experimentally shown to prevent or to mitigate
white matter injury. thEPO reduces the need for red blood cell transfusions in preterm infants, but
only few randomized controlled trials (RCTs) have addressed neurodevelopmental outcomes. Our
previous meta-analysis (2017) showed a beneficial effect of prophylactic rhEPO on cognitive scores
at 18-24 months’ corrected age (1). The recent publication of a large multicenter RCT, Preterm
Erythropoietin Neuroprotection Trial (PENUT), raises the question as to the robustness of this
finding (2).

METHODS

Following the original methodology (1), we aimed to identify all RCTs investigating the
effects of prophylactic thEPO in preterm infants vs. no treatment or placebo and reporting
neurodevelopmental outcomes. The literature search, study selection, and data extraction followed
the standard search methods of the Cochrane Collaboration (3). The database search was updated
on October 11, 2020 (see Supplementary Information A for details). Two authors (H.F. and C.D.)
independently searched the databases MEDLINE, Embase, and CENTRAL and used additional
information (cross-referencing of previous reviews and trials, expert information, information
about ongoing trials of the International Clinical Trials Registry Platform (4) to identify and select
studies and extracted the data). The included studies were independently assessed by two study
authors (H.F. and N.R.) using the Cochrane risk-of-bias tool for RCTs. Any discrepancies were
resolved by a third author (C.B. or C.D.). For all pre-specified outcomes, funnel plots were used to
assess for publication bias (3).

The primary outcome was the number of infants with a Mental Development Index
(MDI) <70 on the Bayley Scales of Infant Development, second edition (BSID-II), or a
composite cognitive score <85 on BSID-III. Equivalence of these cognitive outcome measures
was accepted, as a study showed that a composite cognitive score <85 (BSID-III) predicted
an MDI <70 (BSID-II) with an overall agreement of 97.3% (5). Secondary outcomes
included the number of infants with a Psychomotor Development Index <70 (BSID-II),
cerebral palsy, any neurodevelopmental impairment, and a planned subgroup analysis of
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TABLE 1 | Characteristics of included studies.

References Year n Gestational age, Time point of Intervention Recruitment
birth weight intervention
Ohls et al. (7) 2004 102 <329/;, <1,000g 24-96h of age rhEPO 400 IU/kg IV or SC, 3 times per week 1997-1998
until 35 9/ weeks’ postmenstrual age
Ohls et al. (8) 2014 532 any GA, © 500-1,250g <48h of age rhEPO 400 IU/kg SC, 3 times per week until 35 2006-2010
0/, weeks’ postmenstrual age
Natalucci et al. (9) 2016 365 26 9/7 to 31 6/7, any <3hof age rhEPO 3,000 IU/kg IV at <3, 12-18, and 2005-2012
BW 36-42h of age
Song et al. (10) 2016 613 <32 9/7, any BW <72h of age rhEPO 500 IU/kg IV every other day for 2 weeks 2009-2013
Peltoniemi et al. (6) 2017 35 24 9/7 t0 30 9/7, 1st day of life rhEPO 250 IU/kg IV daily from days 1 to 6 1998-2000
700-1,5009
Juul et al. (2) 2020 628 24 9/; t0 27 6/7, any <24h of age rhEPO 1,000 IU/kg IV every 48 h for 6 doses, 2013-2016
BW followed by 400 IU SC 3 times per week until

32 6/7 weeks’ postmenstrual age

BW, birth weight, GA, gestational age; rhEPO, recombinant human erythropoietin; IU, international units; IV, intravenously; SC, subcutaneously.
aThis study had three groups: rhEPO (n = 29) vs. placebo (n = 24) vs. darbepoetin (n = 27). The darbepoetin group was not included in the meta-analysis.
PMedian (interquartile range) GA of included infants: 28 (26-29) weeks; study entry criteria: preterm infants with a birth weight of 500-1,250 g.

MDI <70 (BSID-II) or composite cognitive score <85 (BSID-III)
in infants of <28 weeks’ gestational age.

To include PENUT, the timeframe was extended to 18-26
months’ corrected age (previously 18-24 months). Moreover,
we added (1) a sensitivity analysis that excluded the data from
RCTs with a high risk of bias in one or more domains of the
Cochrane risk-of-bias assessment tool; (2) exploratory analyses
that investigated the effects of prophylactic thEPO on mortality,
on a combined outcome of death or MDI <70 or composite
cognitive score <85 and on a combined outcome of death or any
neurodevelopmental impairment; and (3) exploratory analyses
that investigated the effect of high-dose rhEPO (>1,000 iU/kg
per dose) vs. low- to moderate-dose rhEPO (<1,000 iU/kg per
dose) on neurodevelopmental outcome measures. A level of
statistical significance of p < 0.05 was accepted when testing for
subgroup differences.

RESULTS

The update identified 164 additional records, of which
11 were assessed as full text (Supplementary Figure 1):
Six RCTs were excluded because they did not report
neurodevelopmental outcomes, and three reported behavioral
measures or results of imaging studies at 3.5-6 years (see
Supplementary Information B for details). Two more
RCTs (2, 6) were included (Tablel). Study details and
the complete risk-of-bias assessment are available online
(Supplementary Table 1).

Meta-analysis of the five trials that reported MDI <70 (BSID
II) or composite cognitive score <85 (BSID-III) at 18-26 months’
corrected age showed a risk reduction from 20 to 14% associated

Abbreviations: BSD-II, Bayley Scales of Infant Development, second edition;
BSD-III, Bayley Scales of Infant Development, third edition; MDI, Mental
Development Index; PENUT, Preterm Erythropoietin Neuroprotection Trial;
RBC, red blood cell; RCT, randomized controlled trial; thEPO, recombinant
human erythropoietin.

with prophylactic rhEPO (odds ratio 0.61, p = 0.03, Figure 1A),
corresponding to a number needed to treat of 17. rhEPO had
no significant effect on any secondary outcome. Forest plots for
outcomes with new data are shown in Figures 1B-D.

The methodological quality of the included RCTs was mostly
high, with low or sometimes unclear risk of bias in most domains
(Supplementary Table 1). Only one study (10) was categorized
as “high risk of bias” in two domains (blinding of participants
and personnel and selective reporting). After exclusion of this
study, the statistically significant effect of rhEPO on the primary
outcome of MDI <70 or a composite cognitive score <85
disappeared (Supplementary Figure 2), as did all indicators of
heterogeneity in this analysis (t2 = 0, x2 < df, I* = 0%).

Exploratory analyses showed no effect of thEPO on mortality,
on the combined outcome of death or MDI <70 or a composite
cognitive score <85 or on the combined outcome of death
or neurodevelopmental impairment (Supplementary Figure 3).
The exploratory subgroup analyses showed a beneficial effect
of thEPO on MDI <70 or a composite cognitive score <85
and a borderline beneficial effect on any neurodevelopmental
impairment, only in the subgroup of trials that applied low-
to moderate-dose thEPO (Supplementary Figures 4A,D). The
tests for subgroup differences showed no differences in the
effects of high-dose vs. low- to moderate-dose thEPO on any
neurodevelopmental outcome (Supplementary Figure 4). The
assessment of the funnel plots did not reveal major asymmetries
(Supplementary Figure 5).

DISCUSSION

This update continues to indicate a benefit of prophylactic thEPO
by lowering the number of very preterm infants with an MDI of
<70 or composite cognitive score of <85 (Figure 1A). However,
no effect on MDI <70 or a composite cognitive score <85
could be ascertained in the subgroup of infants born below 28
weeks’ gestational age, possibly due to the small number of study
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A MDI <70 (BSID Il) or composite cognitive score <85 (BSID llI)

(B), on cerebral palsy (C), and on any neurodevelopmental impairment (D). M-H, Mantel-Haenszel.

Study or rhEPO Placebo Odds Ratio Odds Ratio
Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Ohls 2004 14 45 16 45 16.1% 0.82[0.34, 1.97] ——
Ohls 2014 3 29 6 24 7.3% 0.35[0.08, 1.57] —
Natalucci 2016 12 191 15 174 18.3% 0.71[0.32, 1.56] —
Song 2016 19 309 49 304 25.4% 0.34[0.20, 0.59] —a—
Juul 2020 77 311 87 314 32.9% 0.86 [0.60, 1.23] -
Total 125 885 173 861 100.0% 0.61 [0.39, 0.96] <o
Heterogeneity: Tau? = 0.13; Chi = 8.49, df = 4 (P = 0.08); I = 53% 0.01 0.1 1 10 100
Test for overall effect: Z=2.16 (P = 0.03) Favors rhEPO Favors placebo
B MDI <70 (BSID Il) or composite cognitive score <85 (BSID Ill) in infants <28 weeks’ gestational age
Study or rhEPO Placebo Odds Ratio Odds Ratio
Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Ohls 2004 No stratified data available Not estimable
Ohls 2014 No stratified data available Not estimable
Natalucci 2016 1 48 4 44 2.4% 0.21[0.02, 1.98] —
Song 2016 4 12 6 13 4.5% 0.58 [0.12, 2.95] —
Juul 2020 77 311 87 314 93.1% 0.86 [0.60, 1.23]
Total 82 371 97 371 100.0% 0.82[0.58, 1.15]
I } 1 } {
Heterogeneity: Tau? = 0.00; Chi? = 1.64, df = 2 (P = 0.44); I> = 0% 0.01 0.1 1 10 100
Test for overall effect: Z=1.16 (P = 0.25) Favors rhEPO Favors placebo
C Cerebral palsy
Study or rhEPO Placebo Odds Ratio Odds Ratio
Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Ohls 2004 9 48 9 51 19.1% 1.08 [0.39, 2.99] —
Ohls 2014 0 29 5 24 3.5% 0.06 [0.00, 1.15]«
Natalucci 2016 8 191 8 174 19.5% 0.91[0.33, 2.47] — =
Song 2016 7 309 16 304 22.1% 0.42[0.17, 1.03] —
Peltoniemi 2017 6 19 2 16 8.5%  3.23[0.55, 18.96] B Em—
Juul 2020 13 311 18 315 27.3% 0.72[0.35, 1.50] —a—
Total 43 907 58 884  100.0% 0.75[0.43, 1.33] t
Heterogeneity: Tau? = 0.17; Chi? = 7.73, df = 5 (P = 0.17); I = 35% 001 041 1 10 100
Test for overall effect: Z = 0.98 (P = 0.33) Favors rhEPO Favors placebo
D Any neurodevelopmental impairment
Study or rhEPO Placebo Odds Ratio Odds Ratio
Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
Ohls 2004 21 48 23 51 18.0% 0.95[0.43, 2.09] L
Ohls 2014 4 29 10 24 10.6% 0.22[0.06, 0.85] —_—
Natalucci 2016 27 191 26 174 21.9% 0.94 [0.52, 1.68]
Song 2016 22 309 57 304 23.0% 0.33[0.20, 0.56] —m—
Juul 2020 118 312 120 314 26.5% 0.98[0.71, 1.36]
Total 192 889 236 867 100.0% 0.64 [0.37, 1.11] <P
Heterogeneity: Tau? = 0.26; Chi? = 16.20, df = 4 (P = 0.003); I = 75% 0.01 0.1 1 10 100
Test for overall effect: Z =1.59 (P = 0.11) Favors rhEPO Favors placebo

FIGURE 1 | Effects of rhEPO on neurodevelopment at 18-26 months’ corrected age. Forest plots show the effects on the number of infants with an MDI <70
(BSID-Il) or a composite cognitive score <85 (BSID-Il) in all infants (primary outcome, (A) and in infants <28 '/; weeks’ gestational age (planned subgroup analysis,
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patients in this subgroup (Figure 1B). There were no beneficial
effects on any secondary outcomes. While significantly improved
neurodevelopment at the age of 3.5 to 4 years has been reported
in one RCT (11), prophylactic high-dose rhEPO had no effect on
cognitive scores at 5 years of age in a large Swiss RCT (12).

The results of the present meta-analysis may have
been influenced by publication bias, because most rhEPO
RCTs identified in the literature search did not report
neurodevelopmental follow-up data. In this setting, the
funnel plots were not conspicuous but had a low power to detect
publication bias, because a maximum number of 6 RCTs were
included in the meta-analysis update (Supplementary Figure 5).
Moreover, the uncertainty as to the effects of rhEPO is fostered
by the moderate to substantial heterogeneity of the RCTs
included in our meta-analysis (I*> = 53%, Figure 1A; I> =
75%, Figure 1D). Statistical heterogeneity and the presumed
effect of thEPO on MDI <70 or a composite cognitive score
<85 disappeared after exclusion of a single study (10) featuring
increased risk of bias (Supplementary Figure 2A). Discrepancies
with the main analysis (Figure 1A) may not necessarily result
from bias in the excluded RCT but could reside in differences
in the study protocol, in the healthcare environment, or in the
population studied.

Looking at the differences between the study protocols,
it becomes obvious that quite different dosing regimens
of rhEPO were applied (Tablel), depending upon the
concept of using rhEPO with the primary intention of
neuroprotection/neurorepair vs. prevention of anemia of
prematurity or even a combined approach. Admittedly, a
subgroup analysis on dosing effects remains very limited due
to the heterogeneity of the study protocols. In an exploratory
analysis, we compared neurodevelopmental outcomes in
RCTs with early high-dose thEPO (>1,000 iU/kg per dose)
intended for neuroprotection/neurorepair in accordance
with experimental data on the transport of rhEPO across the
blood-brain barrier (13) vs. low- to moderate-dose rhEPO
(<1,000 iU/kg per dose) intended for the prevention of red
blood cell (RBC) transfusions. Although the beneficial effect
of thEPO on MDI <70 or a composite cognitive score <85
was preserved in the subgroup meta-analysis of trials that
applied low- to moderate-dose rhEPO, the tests for subgroup
differences indicated no statistically significant subgroup effect
for any outcome (Supplementary Figure 4). Alternatively, the
power of this analysis to detect subgroup differences may have
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