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IMPORTANCE Extremely preterm infants are among the populations receiving the highest
levels of transfusions. Erythropoietin has not been recommended for premature infants
because most studies have not demonstrated a decrease in donor exposure.

OBJECTIVES To determine whether high-dose erythropoietin given within 24 hours of birth
through postmenstrual age of 32 completed weeks will decrease the need for blood
transfusions.

DESIGN, SETTING, AND PARTICIPANTS The Preterm Erythropoietin Neuroprotection Trial
(PENUT) is a randomized, double-masked clinical trial with participants enrolled at 19 sites
consisting of 30 neonatal intensive care units across the United States. Participants were
born at a gestational age of 24 weeks (0-6 days) to 27 weeks (6-7 days). Exclusion criteria
included conditions known to affect neurodevelopmental outcomes. Of 3266 patients
screened, 2325 were excluded, and 941 were enrolled and randomized to erythropoietin

(n = 477) or placebo (n = 464). Data were collected from December 12, 2013, to February 25,

2019, and analyzed from March 1to June 15, 2019.

INTERVENTIONS In this post hoc analysis, erythropoietin, 1000 U/kg, or placebo was given

every 48 hours for 6 doses, followed by 400 U/kg or sham injections 3 times a week through

postmenstrual age of 32 weeks.

MAIN OUTCOMES AND MEASURES Need for transfusion, transfusion numbers and volume,
number of donor exposures, and lowest daily hematocrit level are presented herein.

RESULTS A total of 936 patients (488 male [52.1%]) were included in the analysis, with a
mean (SD) gestational age of 25.6 (1.2) weeks and mean (SD) birth weight of 799 (189) g.
Erythropoietin treatment (vs placebo) decreased the number of transfusions (unadjusted
mean [SD], 3.5 [4.0] vs 5.2 [4.4]), with a relative rate (RR) of 0.66 (95% Cl, 0.59-0.75); the
cumulative transfused volume (mean [SD], 47.6 [60.4] vs 76.3 [68.2] mL), with a mean
difference of -25.7 (95% Cl, 18.1-33.3) mL; and donor exposure (mean [SD], 1.6 [1.7] vs 2.4
[2.0]), with an RR of 0.67 (95% Cl, 0.58-0.77). Despite fewer transfusions, erythropoietin-
treated infants tended to have higher hematocrit levels than placebo-treated infants, most
noticeable at gestational week 33 in infants with a gestational age of 27 weeks (mean [SD]
hematocrit level in erythropoietin-treated vs placebo-treated cohorts, 36.9% [5.5%] vs
30.4% [4.6%)] (P < .001). Of 936 infants, 160 (17.1%) remained transfusion free at the end of
12 postnatal weeks, including 43 in the placebo group and 117 in the erythropoietin group
(P <.001).

CONCLUSIONS AND RELEVANCE These findings suggest that high-dose erythropoietin as used
in the PENUT protocol was effective in reducing transfusion needs in this population of
extremely preterm infants.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCTO1378273
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nemia is common in infants born at a gestational age

of less than 28 weeks owing to a combination of phle-

botomy losses, low circulating blood volume,! a short-
ened life span for preterm red blood cells,? growth-related
blood volume expansion, anemia of prematurity, and vari-
able use and adherence to transfusion guidelines.> This clini-
cal constellation results in multiple transfusions: histori-
cally, infants with a gestational age of less than 28 weeks receive
amean of 4 to 5 packed red blood cell (pRBC) transfusions dur-
ing their initial hospitalization (range, O to >10).1:>->-¢

Erythropoietin administration has been investigated as a
means to decrease transfusions and donor exposures in this
patient population. Multiple doses (120-1400 U/kg/wk) and du-
rations (2-10 wk or discharge) have been tested in preterm
infants.” Meta-analyses of both early and late use of erythro-
poietin in randomized clinical trials concluded that although
the number and volume of transfusions are decreased by eryth-
ropoietin, treatment does not reliably decrease donor expo-
sure and therefore was not recommended.®°
The Preterm Erythropoietin Neuroprotection Trial (PENUT)

is a randomized clinical trial designed to test the safety and
efficacy of erythropoietin as a neuroprotective agent.'®! This
rigorously designed trial included a large cohort of well-
characterized participants, permitting post hoc analyses to de-
termine whether pRBC transfusions and donor exposures
would be decreased in the erythropoietin-treated infants com-
pared with placebo-treated control participants. We hypoth-
esized that high-dose erythropoietin would increase the like-
lihood of being transfusion free and would decrease pRBC
transfusion number, volume, and donor exposure. We now re-
port the transfusion-related results of this trial.

Methods

PENUT is a randomized, placebo-controlled, double-masked
clinical trial of erythropoietin neuroprotection in infants born
at gestational ages of 24 weeks (0-7 days) to 27 weeks (6-7 days).
The trial protocol is available in Supplement 1. PENUT en-
rolled and collected data on 941 infants at 19 sites consisting
of 30 neonatal intensive care units across the United States from
December 12, 2013, to February 25, 2019, 936 of whom re-
ceived the first study drug dose and were considered for fur-
ther analysis. Enrollment and initial treatment with the study
drug occurred within 24 hours of birth after written informed
consent was obtained from parents. Patients were excluded if
they had known major life-threatening anomalies, known or
suspected chromosomal anomalies, disseminated intravas-
cular coagulopathy, polycythemia, hydrops fetalis, or a known
congenital infection.!'® PENUT was approved by the institu-
tional review board at each site and followed the Consoli-
dated Standards of Reporting Trials (CONSORT) reporting
guideline.

Block randomization was used, and for multiple births, in-
fants were randomized to the same treatment group. Random-
ization was stratified by site, gestational age (24-25 vs 26-27
weeks), and multiple gestation (twins, triplets, or more). The
study was powered for the primary outcome of death or
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Key Points

Question Does high-dose erythropoietin given within 24 hours of
birth to postmenstrual age of 32 weeks decrease the number of
blood transfusions, cumulative volume of transfusions, and unique
donor exposures in extremely preterm infants?

Findings In this randomized phase 3 clinical trial that included 941
infants with gestational age of 24 weeks (0-7 days) to 27 weeks
(6-7 days) at birth, erythropoietin given according to protocol
significantly decreased the number of transfusions, the cumulative
volume of transfusions, and the unique donor exposures.

Meaning These findings suggest that high-dose erythropoietin
decreases transfusion requirements in infants with a gestational
age of 24 to 27 weeks and increases the number who remain
transfusion free.

severe neurodevelopmental impairment measured at 2 years
of age. 10!

Participants received erythropoietin, 1000 U/kg per dose,
or placebo intravenously every 48 hours for 6 doses, fol-
lowed by maintenance dosing of 400 U/kg per dose by subcu-
taneous injection or sham injections 3 times a week until post-
menstrual age (PMA) of 32 weeks (6-7 days). PENUT is
registered with the US Food and Drug Administration and Clini-
calTrials.gov. All study investigators were blinded to treat-
ment group except each site pharmacy and the investigator
from the data coordinating center (B.A.C.), who generated the
randomization tables.

Iron Supplementation

Iron supplementation guidelines for PENUT recommended,
when enteral feedings were started, use of a standard iron-
containing formula if breast milk was unavailable. When par-
ticipants reached an enteral intake of 60 mL/kg/d and were at
least 7 days of age, a starting enteral iron intake of 3 mg/kg/d
was recommended. Iron intake should be increased to 6 mg/
kg/d when infants achieved an enteral intake of 100 mL/kg/d.*
The serum ferritin level or the ratio of zinc protoporphyrin to
heme (ZnPP:H)"® should be checked at 14 and 42 days, with iron
dosing adjusted accordingly. If participants were not able to
tolerate enteral feedings, they should receive maintenance iron
supplementation parenterally (3 mg/kg/wk, adjusted based on
iron indices).

Transfusion Guidelines

Because no consensus recommendations exist for transfu-
sions in critically ill neonates, each site followed their own pro-
cedures for pRBC transfusion.'*!> Five sites did not use trans-
fusion guidelines. The remaining sites used guidelines but
differed in transfusion triggers, blood volume transfused per
transfusion, and pRBC preservative solutions.

Data Collection

In addition to clinical characteristics and demographic infor-
mation that was self-reported by the mother, pRBC transfu-
sion number, cumulative blood volume, and number of unique
donors were recorded for each participant. For those infants
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who did not receive transfusions, these values were recorded
as zero. Transfusion records with missing data (transfusion vol-
ume or donor identification) were excluded from relevant
analyses. The study also recorded clinically obtained hemat-
ocrit levels as available. When multiple hematocrit levels were
recorded for a 24-hour period, we used the lowest value for
this analysis.

Statistical Analysis

Data were analyzed from March 1 to June 15, 2019. Using a
modified intention-to-treat approach, a total of 936 random-
ized infants who received the first dose of study treatment were
included in the statistical analyses. Given enrollment of mul-
tiple births, we required that all analyses properly account for
potential within-sibship correlation, so all statistical infer-
ences used generalized estimating equations (GEE) with ro-
bust standard errors and an exchangeable working correla-
tion structure.

Key aspects of transfusions were evaluated in this post hoc
analysis, including the total number of pRBC transfusions, the
cumulative transfusion volume, and donor exposure, de-
fined as the number of unique donors. The analysis exam-
ined differences in these key outcomes between the 2 treat-
ment groups through the first 12 weeks after birth. All 936
randomized infants were included in the analysis. To com-
pare erythropoietin and control groups, we used GEE models
based on Poisson regression for the number of transfusions and
donor exposure and a GEE model based on linear regression
for cumulative transfusion volume. All models were adjusted
for gestational age at birth and recruitment site. In a sensitiv-
ity analysis, we included only the 823 infants who were alive
by the end of the 2-year follow-up period. In addition, we per-
formed subgroup evaluation by stratifying analyses based on
gestational age at birth and sex. We used GEE regressions ad-
justed for recruitment site to generate subgroup-specific treat-
ment comparisons. Statistical significance was set at 0.05 for
each key outcome.

Exploratory analyses were conducted to evaluate treat-
ment group differences in hematocrit levels, cumulative iron
intake, serum ferritin levels, and ZnPP:H ratio. Because the
length of erythropoietin treatment differed by gestational age
(treatment was stopped at a PMA of 32 weeks), we stratified
analyses of hematocrit levels over time based on gestational
age group, and within each subgroup we used GEE by adjust-
ing for site for inference on treatment group differences. For
analysis of iron intake, cumulative enteral and intravenous iron
intake for both treatment groups were compared using GEE re-
gressions adjusted for gestational age at birth and recruit-
ment site. Serum ferritin level and ZnPP:H ratio data were com-
pared using GEE models based on log-linear regressions,
adjusted for postnatal time of measurement, gestational age
at birth, and recruitment site.

All statistical tests were 2 sided. Although we did not for-
mally adjust for multiple testing in the exploratory analyses,
we evaluated statistical significance at both the nominal 0.05
level and a conservative approximation to a Bonferroni cor-
rection when tests are presented for multiple follow-up peri-
ods. All statistical analyses were performed using the R sta-
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Figure 1. CONSORT Diagram

3266 Infants evaluated for study inclusion
1354 Not considered further
793 Not born at gestational age of 24 (0-7 d) to 27 (6-7 d) wk
261 Parents uninterested or unable to consent
89 Research team unavailable
85 Unlikely to be followed up
55 Participating in a competing study
44 Other reasons
27 Died before screening
1912 Screened further for study eligibility

971 Were not randomized

755 Eligible, but did not
consent

215 Did not meet inclusion
criteria

1 Eligible, consented

but died before
randomization

C 941 Randomized

464 Randomized to placebo
246 Gestational age of 24-25 wk
218 Gestational age of 26-27 wk
3 Died before treatment
1 Withdrawn owing to
improper consent
460 Included
v

2516 pRBC transfusion records
(from 460 infants; 417 had 21,
43 had none)
105 Were after 12 postnatal wk
2411 Included in analysis
138 Had missing donor
identification (5.7%)
5 Had missing volume (0.2%)
0 Had missing transfusion date
2411 Analyzed for number of
transfusions
2406 Analyzed for cumulative volume

477 Randomized to erythropoietin
235 Gestational age of 24-25 wk
242 Gestational age of 26-27 wk
1 Died before treatment
476 Included

1751 pRBC transfusion records
(from 476 infants; 359 had 21,
117 had none)
101 Were after 12 postnatal wk
1650 Included in analysis
115 Had missing donor
identification (0.7%)
4 Had missing volume (0.2%)
0 Had missing transfusion date
1650 Analyzed for number of
transfusions
1646 Analyzed for cumulative volume

pRBC indicates packed red blood cell.

tistical software package, version 3.5.1 (R Project for Statistical
Computing).

. |
Results

Atotal of 4061 transfusion records were evaluated for the 936
treated infants (488 male [52.1%] and 448 female [47.9%];
mean [SD] gestational age, 25.6 [1.2] weeks; and mean [SD] birth
weight, 799 [189] g). A CONSORT diagram showing the screen-
ing, allocation, and transfusion data analyzed per group is
shown in Figure 1. Demographic information for infants and
their mothers is shown in the Table. The proportion of those
who had any pRBC transfusion within the first 12 postnatal
weeks was reported for each subgroup defined by the base-
line characteristics. These proportions differed among sub-
groups stratified by maternal age (217 of 255 [85.1%] for <25
years vs 205 of 237 [86.5%] for 25-29 years vs 210 of 252 [83.3%]
for 30-34 years vs 144 of 192 [75.0%] for =35 years; P = .03),
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Table. Maternal and Neonatal Data at Baseline and pRBC Transfusion
Within the First 12 Postnatal Weeks in 936 Infants

No. of No. (%) with any pRBC transfusion
Characteristic infants in the first 12 weeks P value®
Randomization
Erythropoietin 476 359 (75.4)
Placebo 460 417 (90.7) <001
Maternal demographics
Age, y
<25 255 217 (85.1)
25-29 237 205 (86.5) .03
30-34 252 210(83.3)
235 192 144 (75.0)
Hispanic ethnicity®
Yes 200 159 (79.5) .36
No 733 614 (83.8)
Race®
White 611 489 (80.0) .07
Black 240 219 (91.3)
Educational attainment®
<High school 307 264 (86.0)
Some college 285 225 (78.9) 18
>College degree 229 186 (81.2)
Neonatal data at enrollment
Complications
Maternal indications for delivery
Yes 152 125 (82.2) 34
No 784 651 (83.0)
Risk of infection®
Yes 689 565 (82.0) .001
No 247 211 (85.4)
Pregnancy-induced hypertension
Yes 71 59 (83.1) .60
No 865 717 (82.9)
Prenatal corticosteroid usef
Yes 842 694 (82.4) .14
No 77 67 (87.0)
Prenatal magnesium sulfate use?®
Yes 749 611 (81.6) .10
No 148 129 (87.2)
Delivery complications"
Yes 149 128(85.9) 48
No 787 648 (82.3)
Cesarean delivery
Yes 651 559 (85.9) <.001
No 285 217 (76.1)
Delayed cord clamping’
Yes 318 245 (77.0) .001
No 362 317 (87.6)
(continued)

risk of infection (565 of 689 [82.0%] vs 211 of 247 [85.4%]; [76.1%]; P < .001), delayed cord clamping (245 of 318 [77.0%]
P =.001), cesarean delivery (559 of 651 [85.9%] vs 217 of 285  vs 317 of 362 [87.6%]; P = .001), sex (416 of 488 male [85.2%]
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Table. Maternal and Neonatal Data at Baseline and pRBC Transfusion
Within the First 12 Postnatal Weeks in 936 Infants (continued)

Abbreviation: pRBC, packed red

No. of No. (%) with any pRBC transfusion blood cell.
Characteristic infants in the first 12 weeks P value® a .
P values were obtained from
Sex generalized estimating equation

Male 488 416 (85.2) 02 models evaluating the risk of having

any transfusions among subgroups

Female 448 360 (80.4) defined by the baseline
Gestational age at birth, wk characteristic, adjusting for assigned

24 232 230(99.1) treatment, gestational weeks at

’ birth, and site grouping.

2 25 L <.001 ®Unknown or unreported for

26 221 173 (78.3) 3 participants.

27 238 144 (60.5) € Four individuals identified

. . themselves with more than 1race.
Multiple gestation
Race was unknown or unreported

Yes 249 208 (83.5) .52 for 81 participants.

No 687 568 (82.7) 9 Unknown or unreported for
Weight <10th percentile’ 115 participants.

¢ Defined as presumed or clinically

Yes 147 133 (50.5) <.001 diagnosed chorioamnionitis.

No 785 639 (81.4) f Unknown for 17 participants.
Occipital frontal circumference <10th & Unknown for 39 participants.
percentile® -

<001 Defined as the presence of 1or more

Yes 161 145 (90.1) of the following: prolapsed cord,

No 752 612 (81.4) true knot, tear or rupture of cord,

) i placental abruption, twin-twin
AUEETERICEI I =9 transfusion, fetomaternal bleeding,
Yes 189 182 (96.3) <.001 ruptured uterus, or traumatic
No 744 591 (79.4) instrument delivery.
i -
Intracranial hemorrhage before first dose , Unknown for 256 participants.
J Missing for 4 participants.
Yes 197 174 (88.3) 02 o i
X Missing for 23 participants.
No 739 602 (81.5)

vs 360 of 448 [80.4%]; P = .02), gestational age at birth (230
0f 232[99.1%] for 24 weeks vs 144 of 238 [60.5%] for 27 weeks;
P < .001), birth weight less than the 10th percentile (133 0f 147
[90.5%] vs 639 of 785 [81.4%]; P < .001), head circumference
less than the 10th percentile (145 of 161 [90.1%] vs 612 of 752
[81.4%]; P < .001), Apgar score less than 5 at 5 minutes (182 of
189 [96.3%] vs 591 of 744 [79.4%]; P < .001), and early intra-
cranial hemorrhage (174 0f 197 [88.3%] vs 602 of 739 [81.5%];
P =.02).

0f936 infants, 160 (17%) remained transfusion free at the
end of 12 postnatal weeks. Of the 160 infants who were trans-
fusion free, 43 (26.9%) were in the placebo group and 117
(73.1%) were in the erythropoietin group (P < .001). The num-
ber needed to treat to keep 1 child transfusion free was 7. Rates
of transfusion within the first 12 weeks varied by gestational
age and erythropoietin treatment. In infants with gestational
age of 24 weeks, 112 (99.1%) in the erythropoietin group and
118 (99.2%) in the control group received transfusions. In in-
fants with a gestational age of 25 weeks, 111 (91.7%) in the eryth-
ropoietin group and 118 (95.2%) in the placebo group re-
ceived a transfusion. In infants with a gestational age of 26
weeks, 72 (69.9%) in the erythropoietin group and 101 (85.6%)
in the placebo group received transfusions. In infants with a
gestational age of 27 weeks, 64 (46.0%) in the erythropoietin
group and 80 (80.8%) in the placebo group received transfu-
sions. Cumulative transfusion volumes decreased as gesta-
tional age increased, with higher mean cumulative volumes

jamapediatrics.com

! Missing for 3 participants.

in the placebo compared with the erythropoietin groups for
all gestational ages (eFigure 1in Supplement 2). For instance,
at the end of week 12 (ie, day 84), the mean (SD) cumulative
transfused volume in the erythropoietin group vs the pla-
cebo group was 77.5 (66.1) vs 99.7 (67.0) in infants with a ges-
tational age of 24 weeks, 52.5 (49.6) vs 87.3 (70.5) in infants
with a gestational age of 25 weeks, 44.6 (72.8) vs 62.2 (69.2)
in infants with a gestational age of 26 weeks, and 21.2 (38.8)
vs 51.5(52.6) ininfants with a gestational age of 27 weeks. More
female infants remained transfusion free compared with male
infants (88 of 448 [19.6%] vs 72 of 488 [14.8%]; treatment-
adjusted P = .02).

Substantial variability in transfusion practice by site was
observed. eFigure 2A in Supplement 2 shows the distribution
of cumulative transfusion volume by site (range, 16-83 mL).
Among the 5 site groupings with the highest median cumula-
tive volume, the 25th percentile for transfusion volume ranged
from 18 to 40 mL, whereas the 75th percentile ranged from 82
to 125 mL. eFigure 2B in Supplement 2 shows donor exposure
by site. Donor exposure reflects both clinician transfusion prac-
tice and blood bank aliquoting practices.

Most transfusions (3022 of 4061 [74.4%]) occurred dur-
ing the first 4 weeks of life. Figure 2A shows the proportion of
infants receiving transfusions for every 3-day window over
time. By week 5, only 24 (5.0%) erythropoietin-treated in-
fants received transfusions compared with 79 (17.2%) placebo-
treated infants, and by week 8, 19 (4.0%) in erythropoietin-
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Figure 2. Transfusion Rate by Treatment Group and Survival Status

E All study infants
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| Placebo group (n = 460)
40 ‘ Erythropoietin group (n = 476)
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Infants receiving a transfusion, %
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Postnatal age, wk

Infants who survived

80+

Placebo group (n = 410)
60 Erythropoietin group (n = 413)

40+

o

Infants receiving a transfusion, %

Postnatal age, wk
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Erythropoietin group (n = 63)
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A
W
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(VA \/“\_/M\/_/\_/ \/—\_—‘\
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Postnatal age, wk

Infants receiving a transfusion, %

Moving 3-day transfusion rates (ie, proportion of infants receiving a transfusion
for every 3-day window) by treatment group were calculated for all infants (A
[n = 936]), those who survived (B [n = 823]), and those who died (C [n = 113]).

treated infants and 23 (5.0%) in placebo-treated infants
received transfusions. There was a marked difference in trans-
fusions for those infants who lived (Figure 2B) compared with
those who died (Figure 2C), with 83 (73.5%) of those who died
receiving transfusions in the first week of life compared with
325 survivors (39.5%). Among those who died, there was no
difference in rates of transfusion by treatment group.
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Figure 3 compares the number of pRBC transfusions, cu-
mulative volume, and unique donor exposures by treatment
group. Each panel shows results for the PENUT cohort as a
whole as well as by gestational age at birth and by sex. Com-
paring all participants across the treatment groups, the mean
(SD) cumulative transfused volume in the erythropoietin group
vs the placebo group was 47.6 (60.4) vs 76.3 (68.2) mL, with
an adjusted difference of 25.7 mL (95% CI, 18.1-33.3 mL). The
mean (SD) number of transfusions in the erythropoietin group
vs the placebo group was 3.5 (4.0) vs 5.2 (4.4), with an ad-
justed relative rate (RR) of 0.66 (95% CI, 0.59-0.75). The mean
(SD) donor exposure in the erythropoietin group vs the pla-
cebo group was 1.6 (1.7) vs 2.4 (2.0), with an RR of 0.67 (95%
CI, 0.58-0.77). The overall difference results from both a higher
fraction of participants in the erythropoietin group receiving
no transfusions and a lower mean cumulative volume among
those participants receiving transfusions. The mean (SD) vol-
ume among those in the erythropoietin group who received
any transfusion was 63.1(62.1) mL, whereas the mean (SD) vol-
ume among those in the placebo group receiving a transfu-
sion was 84.2 (66.9) mL (adjusted difference, 21.7 mL; 95% CI,
13.0-30.4 mL). Because mortality affects transfusion expo-
sures, results from sensitivity analysis using only infants who
survived were also included. In survivors, erythropoietin sig-
nificantly decreased the number, cumulative volume, and do-
nor exposure in all groups. For instance, the mean (SD) cumu-
lative transfused volume in the erythropoietin group vs the
placebo group was 41.8 (52.2) vs 75.6 (65.3) mL, with an ad-
justed difference of 31.0 mL (95% CI, 23.6-38.4 mL) among sur-
vivors. When nonsurvivors were included, erythropoietin de-
creased the number, cumulative volume, and donor exposure
in all but the cohort with a gestational age of 26 weeks.

The duration of study drug treatment varied by gesta-
tional week at birth, with infants born at a gestational age of
24 weeks (0-7 days) receiving 9 weeks of therapy and those
born at a gestational age of 27 weeks (6-7 days) receiving 5
weeks of therapy. The difference between erythropoietin- and
placebo-treated groups diminished after erythropoietin treat-
ment was stopped at a PMA of 32 completed weeks. The mag-
nitude and duration of treatment effect on hematocrit values
is shown in Figure 4. Despite erythropoietin-treated infants
receiving fewer transfusions, their lowest daily hematocrit level
was significantly higher than that of placebo-treated infants.
The difference in hematocrit level was the most noticeable at
gestational week 33 (at which the last erythropoietin or pla-
cebo dose was given) in infants with a gestational age of 27
weeks: mean (SD) hematocrit level in the erythropoietin- vs
placebo-treated cohort was 36.9% (5.5%) vs 30.4% (4.6%)
(P <.001).

Guidelines for iron intake recommended that supplemen-
tation start during the second week after birth, with adjust-
ment based on assessment of either ferritin level or ZnPP:H ra-
tio at day 14. Reflecting this adjustment, at 3 weeks of age,
placebo-treated infants received a mean (SD) dosage of iron of
2.3(2.7) mg/kg/d compared with 3.4 (3.0) mg/kg/d in the eryth-
ropoietin-treated group. By 6 weeks of age, the mean (SD) dos-
age increased to 3.3 (2.8) mg/kg/d and 4.8 (3.1) mg/kg/d, re-
spectively (mean difference, 1.5 mg/kg/d). The cumulative
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Figure 3. Transfusion Exposures by Treatment Group
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B All available data
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intake of iron supplementation differed by treatment group,
with the erythropoietin-treated cohort receiving signifi-
cantly more iron than the placebo-treated cohort (eFigure 3 in
Supplement 2). By the end of week 12, the mean (SD) cumu-
lative enteral iron intake in the erythropoietin-treated cohort
vs placebo-treated cohort was 275.1 (177.8) mg/kg vs 207.2
(143.7) mg/kg (P < .001). Despite the higher dose of iron in the
erythropoietin-treated group, serum ferritin level and ZnPP:H
ratio indicated that these infants were more likely to be iron
deficient, with 192 (37.8%) ferritin values in erythropoietin-
treated infants measuring below 76 ng/mL (to convert to pg/L,
multiply by 1) compared with 53 (9.9%) ferritin measure-
ments in the placebo-treated infants (eFigure 4 in Supple-
ment 2). Similarly, ZnPP:H ratios were more likely to be greater
than 115, consistent with iron deficiency.'®-1”
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Discussion

Historically, in studies of preterm infants, erythropoietin has
shown varied success in decreasing the number and volume
of transfusions, likely owing to differences in targeted popu-
lation, erythropoietin dosing, duration of treatment, and iron
supplementation.®!®!° A decrease in donor exposures has pre-
viously been reported in only 1study?°; however, we now show
that, using the dosing schedule and duration of erythropoi-
etin treatment chosen in PENUT, the risk of transfusion num-
ber, volume, and donor exposures can be significantly de-
creased in infants with gestational age less than 28 weeks.
Although the timing and magnitude of the clinical response
varies by gestational age (eFigure 1in Supplement 2), with more
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Figure 4. Lowest Daily Hematocrit Level Over Time by Gestational Age at Birth
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Mean weekly values by treatment group were compared using generalized
estimating equation models clustering on same-birth siblings and adjusting for
recruitment site. Significance was shown by P < .05 and P < .001 bars. The .001
level was chosen as an approximation to a conservative Bonferroni correction

(.05 level divided by the total number of tests performed on the weekly data
sets). Blue vertical line indicates week 33, at which the last erythropoietin or
placebo dose was given.

mature infants responding more rapidly and effectively than
those with earlier gestational ages, even the least mature in-
fants benefitted (Figure 3). The differences by week of gesta-
tional age are likely owing to severity of illness and related need
for phlebotomy, total blood volume available for phle-
botomy, and response of hematopoietic organs during devel-
opment (initially the liver, followed by the bone marrow). De-
spite these considerations, the treatment protocol used in
PENUT was beneficial for all gestational ages, even resulting
in a higher mean hematocrit level. Because most transfu-
sions in preterm infants occur in the first weeks of life, start-
ing early is necessary to maximize the benefit.

Because iron is incorporated into nascent red blood cells
and erythropoietin stimulates erythropoiesis, it is critical to
consider iron supplementation when using erythropoietin. In
PENUT participants, use of iron supplements was greater in
the erythropoietin-treated group, as expected. Guidelines for
iron supplements were used in PENUT, with specific recom-
mendations to adjust the iron supplementation based on either
ferritin level or ZnPP:H ratio. As a result, the erythropoietin-
treated infants received higher daily iron doses (a mean [SD]

E8 JAMA Pediatrics Published online August 17,2020

of 1.6 [0.2] mg/kg/d more than placebo-treated infants) with
greater cumulative iron intake but less than the 6 to 9 mg/
kg/d recommended when receiving erythropoietin for treat-
ment of anemia and less than recommended by the PENUT
guidelines.?*** Erythropoietin-treated infants also received less
iron in the form of transfusions. As a result, despite the higher
dose of iron in the erythropoietin-treated group, serum ferri-
tin levels and ZnPP:H ratios indicated that these infants were
more likely to be iron deficient, with ferritin values more likely
tobebelow 76 ng/mL (eFigure 4A in Supplement 2) and ZnPP:H
ratios more likely to be greater than 115 (P < .001) (eFigure 4B
in Supplement 2).!®17 Serum ferritin level may not be an ideal
marker of iron status because it is an acute-phase reactant, and
levelsincrease during inflammation. Therefore, if ferritin lev-
els are low, they are a reliable marker of iron deficiency, but if
normal or high, they may not reflect iron status accurately. The
ZnPP:H ratio does not show similar changes in the face of in-
flammation; however, this test was used at fewer centers as
an assessment of iron status.!®> Because of these factors, the
true incidence of iron deficiency may be higher in our study.
Although neither serum ferritin levels nor ZnPP:H ratios are
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specific to brain iron content, it is well known that iron is first
prioritized to erythropoiesis.?> Thus, when there is systemic
(ferritin) or erythropoietic (ZnPP:H) evidence of iron deple-
tion, the brain is likely already deficient. Levels below 40 ng/mL
have been shown to compromise hippocampus-based recog-
nition memory, and levels below 76 ng/mL have been associ-
ated with abnormalities in neonatal recognition memory,2°® my-
elin-dependent speed of processing,?” and reflexes.?8:2°
Rigorous preclinical studies and longitudinal clinical studies
have demonstrated that iron deficiency occurring during criti-
cal windows of brain development adversely affect neurode-
velopment with irreversible effects despite later iron
repletion.3°-32 Specifically, after controlling for background fac-
tors, children and adolescents with iron deficiency relative to
those with iron sufficiency show deficits in executive func-
tion, visuospatial cognition, mathematics, written expres-
sion, and motor functioning.>*** We speculate that iron defi-
ciency may have adversely affected neurodevelopmental
outcomes in our study population.

Transfusions have been associated with several morbidi-
ties. In adults, transfusions are associated with increased in-
cidence of multiorgan system failure and increased length of
hospitalization and infection risk and are an independent fac-
tor associated with death.3>-3¢ In addition to the rare trans-
mission of blood-borne pathogens, transfusions have been as-
sociated with other morbidities, including transfusion-
related acute lung injury,®”*® transfusion-related immune
modulation,>® and transfusion-related cardiac overload.*®-4!
The association of transfusions with these problems in neo-
nates has not been well studied because most extremely low
gestational age newborns undergo transfusion, so comparing
patients with and without transfusion is difficult; in preterm
populations, the comparison is generally between liberal and
restrictive transfusion guidelines.>® In preterm infants, pRBC
transfusions have been implicated in the development of bron-
chopulmonary dysplasia,** necrotizing enterocolitis,***® and

Original Investigation Research

retinopathy of prematurity. However, thus far a causative link
between transfusions and these conditions has not been con-
clusively proven.*” These associations are complicated and in-
fluenced by many factors: infants with lower gestational age
and lower birth weight are at higher risk of bronchopulmo-
nary dysplasia, necrotizing enterocolitis, and retinopathy of
prematurity but also at higher risk of transfusions and many
complications of prematurity. Thus, it is difficult to separate
these influences.

Limitations

Limitations of this study include the variability in transfu-
sion practices by site, the missing information on 302 trans-
fusions, and the absence of data on phlebotomy losses for each
infant. Because missing data on transfusions were equally di-
vided between the treatment groups, we believe our conclu-
sions remain valid. The variability in site practice also contrib-
uted to the generalizability of our findings.

. |
Conclusions

Given the known risks of pRBC transfusion, a common goal is
to minimize this therapy. To this end, well known and safe in-
terventions to reduce the need for pRBC transfusions should
be used: implementation of transfusion guidelines, delayed
cord clamping, use of cord blood for initial evaluations, de-
creasing blood draws, and use of microanalytic techniques. In
addition, high-dose erythropoietin followed by maintenance
dosing can be a safe and successful treatment strategy that re-
sults in fewer infants needing transfusions and an overall de-
crease in the number and volume of pRBC transfusions as well
as donor exposures in treated infants. During erythropoietin
treatment, it is important to pay careful attention to iron sta-
tus because erythropoietin treatment in the absence of ad-
equate iron supplementation can result in iron deficiency.
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