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Association Between Early Administration
of High-Dose Erythropoietin in Preterm Infants
and Brain MRI Abnormality at Term-Equivalent Age
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Hans Ulrich Bucher, MD; Petra Susan Hüppi, MD

IMPORTANCE Premature infants are at risk of developing encephalopathy of prematurity,
which is associated with long-term neurodevelopmental delay. Erythropoietin was shown to
be neuroprotective in experimental and retrospective clinical studies.

OBJECTIVE To determine if there is an association between early high-dose recombinant
human erythropoietin treatment in preterm infants and biomarkers of encephalopathy of
prematurity on magnetic resonance imaging (MRI) at term-equivalent age.

DESIGN, SETTING, AND PARTICIPANTS A total of 495 infants were included in a randomized,
double-blind, placebo-controlled study conducted in Switzerland between 2005 and 2012.
In a nonrandomized subset of 165 infants (n=77 erythropoietin; n=88 placebo), brain
abnormalities were evaluated on MRI acquired at term-equivalent age.

INTERVENTIONS Participants were randomly assigned to receive recombinant human
erythropoietin (3000 IU/kg; n=256) or placebo (n=239) intravenously before 3 hours,
at 12 to 18 hours, and at 36 to 42 hours after birth.

MAIN OUTCOMES AND MEASURES The primary outcome of the trial, neurodevelopment at
24 months, has not yet been assessed. The secondary outcome, white matter disease of the
preterm infant, was semiquantitatively assessed from MRI at term-equivalent age based on
an established scoring method. The resulting white matter injury and gray matter injury
scores were categorized as normal or abnormal according to thresholds established in the
literature by correlation with neurodevelopmental outcome.

RESULTS At term-equivalent age, compared with untreated controls, fewer infants treated
with recombinant human erythropoietin had abnormal scores for white matter injury, white
matter signal intensity, periventricular white matter loss, and gray matter injury.

Outcomes

No. (%) With Abnormal Score
Birth Weight–Adjusted

Risk Ratio (95% CI)
Erythropoietin
Group (n=77)

Placebo Group
(n=88)

White matter injury 17 (22) 32 (36) 0.58 (0.35-0.96)

White matter signal intensity 2 (3) 10 (11) 0.20 (0.05-0.90)

Periventricular white
matter loss

14 (18) 29 (33) 0.53 (0.30-0.92)

Gray matter injury 5 (7) 17 (19) 0.34 (0.13-0.89)

CONCLUSIONS AND RELEVANCE In an analysis of secondary outcomes of a randomized clinical
trial of preterm infants, high-dose erythropoietin treatment within 42 hours after birth was
associated with a reduced risk of brain injury on MRI. These findings require assessment in a
randomized trial designed primarily to assess this outcome as well as investigation of the
association with neurodevelopmental outcomes.
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S urvival of premature infants has improved over the past
decades, but at the expense of an increase in the num-
ber of infants affected by long-term developmental

disabilities.1 Recent studies confirm the major neuropatho-
logical substrate to be encephalopathy of prematurity, char-

acterized by white matter
lesions, white matter loss,
and abnormalities in cor-
tical development.2,3 Mag-
netic resonance imaging

(MRI) allows the characterization of specific features of en-
cephalopathy of prematurity, including structural changes of
brain white matter and gray matter.3,4

Pharmacological interventions to improve neurological
outcome in preterm infants are limited.5 Nevertheless,
experimental data have indicated potential targets for
neuroprotection.6 Erythropoietin and its receptor are ex-
pressed in the central nervous system, where erythropoietin
has been shown to exert neuroprotection in animal models.7,8

Because erythropoietin has been routinely used in neo-
natology to treat anemia of prematurity, a few observational
or retrospective studies have reported beneficial effects of the
hematopoietic treatment on long-term neurodevelopmental
outcome.9-11 Moreover, a recent study reported improved cog-
nitive scores at 18 to 22 months in preterm infants treated with
low doses of erythropoietin or darbepoetin in the period up
to 35 gestational weeks.12 In terms of safety, a prospective,
open-label, dose escalation trial demonstrated that high-
dose recombinant erythropoietin given at 24-hour intervals in
the first 3 days of life was well tolerated by premature infants13

and no adverse events were found.14

The current trial investigates the effect of high-dose re-
combinant human erythropoietin specifically for neuropro-
tection in premature infants. This report presents an interme-

diate outcome of the trial, white matter disease,15 evaluated
as white matter injury (WMI) and gray matter injury (GMI) on
MRI at term-equivalent age.

Methods
Patients and Outcomes
This study reports on a subset of patients enrolled in a ran-
domized, double-blind, placebo-controlled trial testing high-
dose recombinant human erythropoietin for the neuroprotec-
tion of premature infants (Figure 1). The study was conducted
in Switzerland by the Swiss EPO Neuroprotection Trial Group
between 2005 and 2012, in 3 university hospitals (Basel, Ge-
neva, and Zurich) and 2 district hospitals (Aarau and Chur) and
included all eligible infants born from 26 weeks to 31 weeks
and 6 days of gestation. Exclusion criteria were presence of a
genetically defined syndrome, severe congenital malforma-
tion adversely affecting life expectancy, or abnormality known
to affect neurodevelopment. The primary outcome of the trial,
neurodevelopmental outcome at 2 years of age, has not yet
been reported. This study reports an intermediate outcome,
white matter disease, evaluated as WMI and GMI on MRI at
term-equivalent age. The study was conducted at 2 of the 5 hos-
pitals; 3 hospitals did not have MRI scanners. The Swiss drug
surveillance unit and the local ethical committees approved
the protocol (Supplement 1), and written informed consent was
obtained from parents or guardians.

Randomization and Neuroprotective Intervention
Randomization lists for block randomization with variable
block length were created by an independent statistician for
each participating center and provided only to the pharmacy
involved in production of the medication. Study medication

Figure 1. Participant Flow in the Study of Erythropoietin in Preterm Infants

495 Preterm infants randomizeda

20 Excludedb

14 Did not meet inclusion
criteria

6 Met exclusion criteria

14 Excludedb

7 Did not meet inclusion
criteria

7 Met exclusion criteria

77 Included in analysis
159 Excluded from analysis

153 Did not undergo MRI
6 Had poor-quality images

88 Included in analysis
137 Excluded from analysis

133 Did not undergo MRI
4 Had poor-quality images

83 Underwent MRI
153 Did not undergo MRI

85 At a center without MRI scanner
56 Parental refusal
12 Died

92 Underwent MRI
133 Did not undergo MRI

73 At a center without MRI scanner
48 Parental refusal
12 Died

236 Received treatment
225 Received complete treatment
11 Received incomplete treatment

225 Received treatment
215 Received complete treatment
10 Received incomplete treatment

256 Randomized to receive recombinant
human erythropoietin

239 Randomized to receive placebo
MRI indicates magnetic resonance
imaging.
a Information about screening prior to

randomization is not available.
b Following randomization, which

occurred before 3 hours of life,
exclusion criteria or nonadherence
to inclusion criteria (due to errors in
reporting of gestational age) were
discovered in some infants; thus,
they were excluded after
randomization. Inclusion criteria:
gestational age at birth between
26 weeks and 31 weeks, 6 days of
gestation. Exclusion criteria:
presence of a genetically defined
syndrome, severe congenital
malformation adversely affecting
life expectancy, or abnormality
known to affect neurodevelopment.

GMI gray matter injury

MRI magnetic resonance imaging

WMI white matter injury
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was randomly assigned to each patient number in a 1:1 allo-
cation, using a computer-based random-number generator.
Erythropoietin or an equivalent volume of normal saline pla-
cebo was administered intravenously before 3 hours of age, at
12 to 18 hours, and at 36 to 42 hours after birth. A single dose
consisted of 25 μg (3000 IU) of recombinant human erythro-
poietin per kilogram of body weight dissolved in 1 mL of ster-
ile water. The treatment protocol was established based on a
previously published safety trial.14

Procedures
Magnetic resonance imaging was performed at term-
equivalent age without sedation. Noise was attenuated with
earplugs (attenuation: 24 dB; Earsoft; Aearo) and Minimuffs
(attenuation: 7 dB; Natus). T1-weighted and T2-weighted high-
resolution images were acquired on two 3T magnetic reso-
nance systems: an HDxt MRI scanner (GE Medical Systems) in
Zurich and a TrioTim system (Siemens Medical Solutions) in
Geneva. Acquisition parameters were set to obtain compat-
ible images in terms of quality and contrast (eAppendix in
Supplement 2).

Brain MRI at term-equivalent age was used to evaluate the
presence and degree of white matter disease, including GMI
and WMI, and punctate white matter lesions. White matter and
gray matter abnormalities in brain MRI were scored based on
the system of Woodward et al.16 The WMI score was obtained
by adding the subscores of white matter signal abnormality (the
so-called diffuse excessive high signal intensity), periventricu-
lar white matter volume loss, presence of cystic abnormali-
ties, ventricular dilatation, and thinning of corpus callosum
(Figure 2). The GMI score was obtained by adding the sub-
scores of cortical abnormalities, quality of gyral maturation,
and size of subarachnoid space. In the work of Woodward et
al,16 each of these subscores was evaluated according to a
3-point scale, with 1 = normal, 2 = mild abnormality, and 3 =
moderate to severe abnormality. Recent studies demon-

strated that mild diffuse excessive high signal intensity on MRI
at term-equivalent age is a developmental phenomenon not
related to negative neurodevelopmental outcome17,18; thus, it
was considered normal and scored as 1 in this analysis (in-
stead of 2 in the original score). The original scoring of
Woodward et al16 was used for all the other subscores. Thus,
the range of possible scores for the WMI score was from 5 to
15 and for the GMI score was from 3 to 9.

No minimal clinically important differences were de-
fined in the work of Woodward et al.16,19 In the literature, these
scores are usually interpreted using a threshold established by
correlation with neurodevelopmental outcome at 2,16 4, and
6 years of age.19 According to Woodward et al, we categorized
the WMI score as normal (≤6) or abnormal (>6). In the work of
Woodward et al, the GMI score was considered normal at 5 or
lower. However, neurodevelopmental outcome scores were
quite low in the infants who were considered normal.16 There-
fore, we considered the GMI score to be normal at 4 or lower
and abnormal at higher than 4. All WMI and GMI subscores
were considered abnormal when greater than 1.

The presence of punctate white matter lesions was also as-
sessed, as these lesions are known to be associated with al-
terations in later neurodevelopment.17,20 Images were catego-
rized as having no punctate lesions (score of 0), 6 or fewer (score
of 1), or more than 6 punctate lesions (score of 2), as de-
scribed by De Bruïne et al.17

A single investigator (R.H.L.) scored all scans, and 20 scans
were rerated by a second experienced investigator (C.H.).
Agreement between investigators was good for WMI (intra-
class correlation coefficient, 0.75; 95% CI, 0.44-0.90) and mod-
erate for GMI (κ = 0.51; 95% CI, 0.23-0.79). The main investi-
gator rerated 20 scans within an interval of several months and
intrarater agreement was excellent for WMI (intraclass corre-
lation coefficient, 0.95; 95% CI, 0.86-0.98) and good for GMI
(κ = 0.75; 95% CI, 0.49-1). Raters were blind to infants’ peri-
natal history and treatment group.

Figure 2. Examples of T2-Weighted Brain MRI Images for Different WMI Scores

Normal with mild hyperintense signal 
in white matter and mild ventricular 
dilatation

Moderate white matter signal 
abnormality, mild ventricular 
dilatation, and mild periventricular 
white matter loss

Severe white matter abnormalities, 
white matter loss, and ventricular 
dilatation with thinning of corpus 
collosum

Normal

WMI score 5 (GA 39 wk and 3 d)a WMI score 6 (GA 41 wk and 1 d)a WMI score 8 (GA 43 wk and 6 d)a WMI score 14 (GA 44 wk and 6 d)a

A B DC

Coronal slices of T2-weighted magnetic resonance imaging (MRI) of 4 different infants and their associated white matter injury (WMI) scores. Gestational age at
birth: A, 28 weeks and 4 days; B, 31 weeks and 4 days; C, 30 weeks and 3 days; D, 28 weeks and 6 days.
a Gestational age at time of MRI.
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Statistical Analysis
The main objective of the present study was to compare WMI,
GMI, and punctate white matter lesion scores between the ran-
domized recombinant human erythropoietin and placebo
groups. Because sample sizes were moderate, we first veri-
fied if there were substantial differences between the groups
in terms of clinical characteristics and neonatal morbidities.

Semiquantitative WMI and GMI scores were first compared
between groups using a linear regression model. Then, to fa-
cilitate clinical interpretation, these 2 scores, their composing
subscores, and the punctate white matter lesion score were cat-
egorized as normal/abnormal according to the clinically relevant
cutoffs presented above and were compared between groups
using the χ2 test or the Fisher exact test as appropriate.

Because birth weight is a well-known confounder and was
different between the 2 groups, we used multivariable regres-
sion models (linear regression for continuous scores; log-
binomial regression when categorized as normal/abnormal) to
adjust for the treatment effect.

A post hoc sensitivity analysis was performed by exclud-
ing infants whose treatment adherence with the protocol could
not be verified or who received a small dose of recombinant hu-
man erythropoietin at 1 month of life or later to treat anemia.

Because we did not test the general null hypothesis that
all null hypotheses are true simultaneously, we did not cor-
rect for multiple comparisons.

We used R software version 2.15.2 (http://www.R-project
.org) for all analyses. Statistical significance was assessed at
the 2-sided P<.05 level for all analyses.

Results
Study Participants
Of the 495 infants randomized in the trial (n=256 to recombi-
nant human erythropoietin; n=239 to placebo), 34 were ex-
cluded because of subsequent discovery of exclusion criteria

(such as genetic syndromes) or nonadherence to inclusion cri-
teria (due to errors in the reporting of gestational age). Be-
cause only 2 of 5 hospitals had MRI scanners available, and
some parents refused the MRI, of the 461 infants remaining in
the trial, 175 had an MRI, of which the scans of 10 infants were
of insufficient quality for the analyses (Figure 1). Therefore,
the analysis was performed on 165 infants with good-quality
MRI scans (n=77 in the recombinant human erythropoietin
group and n=88 in the placebo group).

At the time of the analysis, only deaths at term-equivalent
age were registered for the 461 eligible infants in the trial; there
was no statistically significant difference in deaths between the
recombinant human erythropoietin group (12/236 [5.1%]) and
the placebo group (12/225 [5.3%]; P>.99). Moreover, owing to the
trial design, no deaths at term-equivalent age were observed for
the 175 infants who had an MRI.

No statistically significant differences in birth weight, ges-
tational age, or clinical characteristics were found between the
175 infants with MRI at term-equivalent age and the 286 in-
fants included in the trial who did not have an MRI (eTable 1
in Supplement 2). There were differences between the 165 in-
fants with MRIs included and the 10 infants excluded for low
image quality, with those excluded having a lower gesta-
tional age and higher incidence of bronchopulmonary dyspla-
sia and retinopathy of prematurity (eTable 2 in Supplement 2).

Table 1 summarizes the clinical data of the 165 infants ana-
lyzed in this study. Birth weight was slightly higher in infants
who received recombinant human erythropoietin than in con-
trols. Continuous positive airway pressure, postnatal ste-
roids, and required number of days of mechanical ventilation
were similar between groups. Other perinatal morbidities such
as sepsis and retinopathy of prematurity were similar be-
tween groups. Magnetic resonance imaging was performed at
a median gestational age of 40 weeks and 5 days (interquar-
tile range, 39 weeks and 5 days to 42 weeks and 3 days; range,
35 weeks and 5 days to 44 weeks and 6 days), with no signifi-
cant differences between treatment groups. Two enrolled in-

Table 1. Clinical Characteristics

Characteristics

Recombinant Human
Erythropoietin Group

(n = 77)
Placebo Group

(n = 88) P Valuea

Gestational age, mean (SD), wk 29.5 (1.5) 29.0 (1.6) .06

Birth weight, mean (SD), g 1260 (326) 1154 (307) .03

Z score for birth weight, mean (SD)b −0.08 (0.80) −0.17 (0.87) .51

Gestational age at MRI, mean (SD), wk 40.9 (1.8) 41.0 (2.0) .80

Duration from birth to MRI, median (IQR), wk 11.1 (9.7-13.4) 12 (10.7-13.4) .15

Singleton, No. (%) 48 (62)c 52 (59)d .93

Male, No. (%) 47 (61) 50 (57) .70

Retinopathy of prematurity, No. (%) 4 (5) 6 (7) .75

Sepsis, No. (%) 10 (13) 11 (12) >.99

Continuous positive airway pressure, No. (%) 64 (83) 74 (84) >.99

Duration of continuous positive airway pressure,
median (IQR), d

6 (2-21) 7 (2-22.5) .25

Mechanical ventilation, No. (%)e 25 (33) 40 (46) .23

Duration of mechanical ventilation, median (IQR), d 0 (0-1) 0 (0-2) .10

Postnatal steroids, No. (%) 4 (5) 1 (1) .20

Chorioamnionitis, No. (%)f 23 (35) 19 (26) .34

Abbreviations: IQR, interquartile
range; MRI, magnetic resonance
imaging.
a Differences in clinical characteristics

between groups were evaluated
with the χ2 test or the Fisher exact
test as appropriate for categorical
variables and with the t test or
Mann-Whitney test as appropriate
for continuous variables.

b Computed as (weight − M)/SD,
where the mean weight M and
standard deviation SD were
obtained according to the infant’s
sex and gestational age.40

c 25 twins and 4 triplets.
d 30 twins and 6 triplets.
e One infant in the erythropoietin

group had missing data for
mechanical ventilation.

f Eleven infants in the erythropoietin
group and 15 infants in the placebo
group had missing data for
chorioamnionitis.
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fants born at 25 weeks and 6 days of gestation and 2 born at 32
weeks of gestation (1 day younger and 1 day older than the in-
clusion age range, respectively) were included in this analy-
sis because the clinical maturity of these infants was judged
to correspond to the inclusion age range (26 weeks to 31 weeks
and 6 days of gestation) and to increase statistical power, given
that MRI data are difficult to obtain in this population.

WMI at Term-Equivalent Age
The cumulative distribution of total WMI scores within the re-
combinant human erythropoietin and placebo groups is pre-
sented in Figure 3. Quantitative investigation via linear regres-
sion of the WMI score depending on treatment group showed
a statistically significant association with improved total WMI
scores for recombinant human erythropoietin–treated in-
fants (mean score, 5.91 [SD, 1.33] for recombinant human eryth-
ropoietin and 6.43 [SD, 1.76] for placebo; mean difference,
−0.52; 95% CI, −1.01 to −0.04; P = .04), and the association was
maintained when adjusting for birth weight (mean differ-
ence, −0.55; 95% CI, −1.04 to −0.06; P = .03). When categoriz-
ing the total WMI score as normal or abnormal, the difference
between the recombinant human erythropoietin group (22%)
and placebo group (36%) was not statistically significant (dif-
ference, 14.3%; 95% CI, 0.4%-27.6%; P = .07) but became sta-
tistically significant when adjusted for birth weight in log-
binomial regression analysis (adjusted risk ratio [RR], 0.58; 95%
CI, 0.35-0.96; P = .03) (Table 2).

Frequencies of abnormality for all WMI subscores are pre-
sented in Table 2. Concerning the presence of white matter sig-
nal abnormalities, the difference between the placebo group
and the recombinant human erythropoietin group was not sta-
tistically significant (11% vs 3%; P = .06). However, the differ-
ence became significant when adjusting for birth weight in log-
binomial regression (adjusted RR, 0.20; 95% CI, 0.05-0.90;
P = .04). Significantly more infants in the placebo group (33%)
showed periventricular white matter loss compared with the
recombinant human erythropoietin group (18%; P = .048), and

the difference remained statistically significant when adjust-
ing for birth weight in log-binomial regression (adjusted RR,
0.53; 95% CI, 0.30-0.92; P = .02).

A similar number of infants in both groups had punctate
white matter lesions (16% in the placebo group vs 14% in the
recombinant human erythropoietin group; P = .97). No in-
fants in either group had more than 6 punctate lesions.

GMI at Term-Equivalent Age
Figure 3 presents the cumulative distribution of total GMI scores
within the recombinant human erythropoietin and placebo
groups. Linear regression analysis of the GMI score showed no
statistically significant association with recombinant human
erythropoietin treatment (mean score, 3.64 [SD, 0.70] for re-
combinant human erythropoietin and 3.85 [SD, 0.81] for pla-
cebo; mean difference, −0.21; 95% CI, −0.45-0.03; P = .08), and
the same was true when adjusted for birth weight (mean dif-
ference, −0.19; 95% CI, −0.43-0.05; P = .13). However, recom-
binant human erythropoietin treatment was associated with sig-
nificantly fewer abnormal total GMI scores in the recombinant
human erythropoietin group (7%) compared with the placebo
group (19%) (difference, 12%; 95% CI, 2%-22%; P = .03) (Table 2).
The association remained statistically significant when adjust-
ing for birth weight in log-binomial regression analysis (ad-
justed RR, 0.34; 95% CI, 0.13-0.89; P = .03).

When excluding from multivariable analyses 25 infants
whose treatment adherence to the protocol could not be veri-
fied and/or who were identified as having received a small dose
of recombinant human erythropoietin to treat anemia (eTable
3 in Supplement 2), the associations, assessed by the RR ad-
justed for birth weight, between recombinant human eryth-
ropoietin treatment and abnormal total WMI score (RR, 0.59;
95% CI, 0.35-1.01; P = .05) and abnormal total GMI score (RR,
0.34; 95% CI, 0.13-0.89; P = .03) were similar, even though the
WMI score was no longer significant. However, this lack of sig-
nificance can reasonably be attributed to the decreased
statistical power.

Figure 3. Empirical Cumulative Distributions of White Matter Injury (WMI) and Gray Matter Injury (GMI) Scores
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Plots show the percentage of infants in each group with scores less than or
equal to the values shown on the x-axis. The empirical cumulative distribution
function is the cumulative distribution function associated with the empirical
measure of the sample. For example, the WMI score graph may be interpreted
as follows: 40% of the infants in the placebo group had a WMI score of 5, 64%

had a WMI score of 6 or less, 80% had a WMI score of 7 or less, etc. In
comparison, 78% of infants in the recombinant human erythropoietin group
had a WMI score of 6 or less. Theoretical ranges of the WMI and GMI scores are
from 5 to 15 and from 3 to 9, respectively.
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Discussion

In this analysis of an intermediate outcome of a randomized,
placebo-controlled trial on the role of high-dose recombinant
human erythropoietin for neuroprotection of premature in-
fants, the extent of brain abnormalities was measured on MRI
at term-equivalent age. Recombinant human erythropoietin
treatment within 42 hours after birth was associated with a re-
duced risk of WMI and GMI, white matter signal abnormali-
ties, and periventricular white matter volume loss, all imaging
biomarkers of the recently described encephalopathy of
prematurity.3

Encephalopathy of prematurity is an ensemble of distur-
bances in the preterm brain resulting both from brain injury
and from subsequent failure of normal development. As a neu-
roprotective agent, erythropoietin potentially addresses both
processes. On one hand, it prevents acute injury by mecha-
nisms such as the inhibition of glutamate release, modula-
tion of intracellular calcium metabolism, induction of neuro-
nal antiapoptotic factors, reduction of inflammation, decrease
in nitric oxide–mediated injury, and direct antioxidant effects.6

On the other hand, erythropoietin was shown to influence de-
velopmental mechanisms by promoting the proliferation and
differentiation of preoligodendrocytes and by stimulating
growth factors.6,8

The major neuropathologic feature of encephalopathy of
prematurity is cerebral WMI, including foci of necrosis, axo-
nal damage, reactive astrocytosis, and microglial activation.2,21

On in vivo MRI, these neuropathologic features translate to
punctate high signal intensities on T1-weighted images, dif-

fuse high signal intensities on T2-weighted images, or cysts,
as measured by the clinical scoring system used in the cur-
rent trial.16 Erythropoietin treatment in the trial was associ-
ated with a reduction of white matter signal abnormality scores,
indicating a reduction of the main histopathology of white mat-
ter disease in preterm infants.

Periventricular white matter loss is another feature of en-
cephalopathy of prematurity,3 which has been reproduced by
early hypoxia-ischemia and infection-inflammation in the im-
mature sheep model, both assessed by ex vivo high-field
MRI.22,23 Infants treated with erythropoietin in the present
study showed a significant association with less periventricu-
lar white matter loss, reflecting erythropoietin’s role in pro-
tection from cell destruction.8 Moreover, both endogenous
erythropoietin release from astrocytes posthypoxia24 and ex-
ogenous erythropoietin protect the oligodendrocyte precur-
sors and the immature oligodendrocytes from oxidative stress,
as well as induce proliferation of oligodendrocyte precursors
from the subventricular zone.25-27 Thus, our in vivo data show-
ing an association between erythropoietin administration and
the preservation of periventricular white matter volume sup-
ports the neuroprotective effect of erythropoietin on the axo-
nal/premyelinating oligodendrocyte unit.

Encephalopathy of prematurity also affects subplate
neurons and late-migrating γ-aminobutyric acid–ergic
interneurons,28 both important for cortical development and
for the guidance of axonal circuits.29,30 Erythropoietin has been
recently shown to exert neuroprotection on subplate neu-
rons, thus positively influencing cortical development.31 Loss
of cortical neurons, in particular pyramidal neurons of layer
V, has also been described in preterm infants.32 These neu-

Table 2. WMI and GMI Scores and Subscoresa

Outcomes

No. (%) With Abnormal Score

P Valueb

RR (95% CI) P Value
Adjusted for

Birth Weightd
Erythropoietin Group

(n = 77)
Placebo Group

(n = 88) Crudec
Adjusted for

Birth Weightc

Total WMI scoree 17 (22) 32 (36) .07 0.61 (0.37-1.00) 0.58 (0.35-0.96) .03

Subscores of the WMI scoref

White matter signal abnormality 2 (3) 10 (11) .06 0.23 (0.05-1.01) 0.20 (0.05-0.90) .04

Periventricular white matter loss 14 (18) 29 (33) .048 0.55 (0.32-0.97) 0.53 (0.30-0.92) .02

Cystic abnormalities 5 (6) 10 (11) .42 0.57 (0.20-1.60) 0.51 (0.18-1.44) .20

Ventricular dilatation 36 (47) 46 (52) .58 0.89 (0.66-1.22) 0.87 (0.64-1.18) .37

Thinning of corpus callosum 5 (6) 8 (9) .74 0.71 (0.24-2.09) 0.67 (0.22-2.00) .47

Total GMI scoreg 5 (7) 17 (19) .03 0.34 (0.13-0.88) 0.34 (0.13-0.89) .03

Subscores of the GMI scoref

Cortical abnormality 1 (1) 2 (2) >.99 0.58 (0.05-6.26) ND ND

Gyral maturation 11 (14) 20 (23) .25 0.64 (0.33-1.24) 0.67 (0.34-1.30) .24

Subarachnoid space 34 (45) 44 (50) .61 0.89 (0.65-1.24) 0.91 (0.66-1.26) .57

Abbreviations: GMI, gray matter injury; ND, not done (too few events); RR, risk
ratio; WMI, white matter injury.
a WMI and GMI scores and subscores according to magnetic resonance imaging

at term-equivalent age, categorized as normal or abnormal by treatment
group. Score differences between groups were evaluated with the χ2 test.
Log-binomial regression was used to estimate the treatment effect on the
scores, adjusted for birth weight.

b By χ2 test, except a Fisher exact test was performed for the cortical
abnormality score.

c Erythropoietin vs placebo RR assessing an abnormal score (univariate
log-binomial regression).

d Log-binomial regression adjusting for birth weight.
e Total WMI scores were considered abnormal when greater than 6.
f Subscores of the WMI score and GMI score were considered normal when

equal to 1 and abnormal when equal to 2 or 3.
g Total GMI scores were considered abnormal when greater than 4.
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rons send axons through the corticospinal tracts, and injury
to these axons in the white matter through retrograde degen-
eration can cause neuronal loss and cortical signal abnormali-
ties, assessed as GMI by MRI.33 Erythropoietin protects pe-
ripheral axons from degeneration34 and therefore may preserve
axonal integrity in the white matter as well as protect from sec-
ondary neuronal loss and enhance gyral maturation. In the cur-
rent trial, erythropoietin administration was significantly as-
sociated with a lower risk of abnormal GMI scores, mainly due
to better gyral maturation scores and less subarachnoid space,
indicating better brain growth, which is consistent with the ex-
perimental findings.

Encephalopathy of prematurity has been recognized to
contribute to the long-term neurodevelopmental deficits in pre-
maturely born children, which affect not only their early de-
velopment but also their school achievements and their so-
cial integration.35-37

Early imaging biomarkers of encephalopathy of prematu-
rity, such as the ones used in this study, are increasingly rec-
ognized to be useful for physicians. Cystic periventricular leu-
komalacia and MRI-defined delay in myelination of the
posterior limb of the internal capsule are well known to cor-
relate with later motor outcome and cerebral palsy, whereas
noncystic WMI correlates with cognitive outcome.37,38 In the
study by Woodward et al,16 moderate to severe abnormal WMI
scores (10-15) were predictive of cognitive delay (odds ratio
[OR], 3.6), motor delay (OR, 10.3), and cerebral palsy (OR, 9.6),
indicating the clinical relevance of these scores for later out-
come. Seventy-two percent of preterm infants in that study had
abnormal WMI scores and neurodevelopmental scores at 2
years below the normal range. In the current study, 22% of the
recombinant human erythropoietin group had abnormal WMI
scores vs 36% of the placebo group, which represents a 14%
risk reduction for erythropoietin-treated infants. Further-
more, in the study by Woodward et al,16 abnormal GMI scores
were associated with severe cognitive delay or cerebral palsy
(OR, 2-3). In a more recent study, punctate white matter le-
sions and ventricular dilatation or white matter loss pre-
dicted poor neurodevelopmental outcome at 2 years, whereas
mild diffuse high signal intensities alone did not.17

In later childhood, children with abnormal white matter
appearances on MRI at term-equivalent age had a higher in-

cidence of cerebral palsy, lower verbal performance, and full-
scale IQs and were more likely to require special assistance at
school, underlining the role of MRI at term-equivalent age as
a biomarker of future neurodevelopmental outcome.39

The current study has some limitations. First, the report
does not include neurodevelopmental outcome data. Second,
not all patients enrolled in the trial had access to MRI, since 3
of 5 centers did not have MRI available, and some parents of eli-
gible infants subsequently refused the MRI acquisition. Addi-
tionally, 10 of 175 infants were excluded from analyses be-
cause of low-quality images. Therefore, and despite an original
randomized design, selection bias may exist. These limita-
tions also result in the current study being underpowered to de-
tect treatment effects on rare cerebral lesions, such as cystic peri-
ventricular leukomalacia. Third, we did not use a correction for
multiple comparisons. However, such methods are relevant
when one wants to test the general null hypothesis that all null
hypotheses are true simultaneously; such a correction would
have increased the likelihood of type II error. Truly important
differences would be deemed not significant, which may not be
the best approach when studying a vulnerable population.
Fourth, the study used a very short dosing regimen (up to 42
hours after birth) in accordance with the experimental data avail-
able at the time of study design, therefore not taking into con-
sideration recent experimental data on long-term erythropoi-
etin treatment.7 Fifth, even though in the literature moderate
to severe abnormal WMI and GMI scores were associated with
clinically significant neurodevelopmental impairments, we do
not currently know what is the minimum clinically important
difference of these scores. However, we estimate that a 12% to
14% risk difference is clinically relevant.

Conclusions
In an analysis of secondary outcomes of a randomized clini-
cal trial of preterm infants in Switzerland, high-dose erythro-
poietin treatment within 42 hours after birth was associated
with a reduced risk of brain WMI and GMI. These findings re-
quire assessment in a randomized trial designed primarily to
assess this outcome, as well as investigation of the associa-
tion with neurodevelopmental outcomes.
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