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IMPORTANCE Maternal milk feeding of extremely preterm infants during the birth hospitalization
has been associated with better neurodevelopmental outcomes compared with preterm
formula. For infants receiving no or minimal maternal milk, it is unknown whether donor human
milk conveys similar neurodevelopmental advantages vs preterm formula.

OBJECTIVE To determine if nutrient-fortified, pasteurized donor human milk improves
neurodevelopmental outcomes at 22 to 26 months’ corrected age compared with preterm
infant formula among extremely preterm infants who received minimal maternal milk.

DESIGN, SETTING, AND PARTICIPANTS Double-blind, randomized clinical trial conducted at 15
US academic medical centers within the Eunice Kennedy Shriver National Institute of Child
Health and Human Development Neonatal Research Network. Infants younger than 29
weeks 0 days’ gestation or with a birth weight of less than 1000 g were enrolled between
September 2012 and March 2019.

INTERVENTION Preterm formula or donor human milk feeding from randomization to 120
days of age, death, or hospital discharge.

MAIN OUTCOMES AND MEASURES The primary outcome was the Bayley Scales of Infant and
Toddler Development (BSID) cognitive score measured at 22 to 26 months’ corrected age;
a score of 54 (score range, 54-155; a score of �85 indicates no neurodevelopmental delay)
was assigned to infants who died between randomization and 22 to 26 months’ corrected
age. The 24 secondary outcomes included BSID language and motor scores, in-hospital
growth, necrotizing enterocolitis, and death.

RESULTS Of 1965 eligible infants, 483 were randomized (239 in the donor milk group and 244
in the preterm formula group); the median gestational age was 26 weeks (IQR, 25-27 weeks),
the median birth weight was 840 g (IQR, 676-986 g), and 52% were female. The birthing
parent’s race was self-reported as Black for 52% (247/478), White for 43% (206/478), and
other for 5% (25/478). There were 54 infants who died prior to follow-up; 88% (376/429) of
survivors were assessed at 22 to 26 months’ corrected age. The adjusted mean BSID
cognitive score was 80.7 (SD, 17.4) for the donor milk group vs 81.1 (SD, 16.7) for the preterm
formula group (adjusted mean difference, −0.77 [95% CI, −3.93 to 2.39], which was not
significant); the adjusted mean BSID language and motor scores also did not differ. Mortality
(death prior to follow-up) was 13% (29/231) in the donor milk group vs 11% (25/233) in the
preterm formula group (adjusted risk difference, −1% [95% CI, −4% to 2%]). Necrotizing
enterocolitis occurred in 4.2% of infants (10/239) in the donor milk group vs 9.0% of infants
(22/244) in the preterm formula group (adjusted risk difference, −5% [95% CI, −9% to −2%]).
Weight gain was slower in the donor milk group (22.3 g/kg/d [95% CI, 21.3 to 23.3 g/kg/d])
compared with the preterm formula group (24.6 g/kg/d [95% CI, 23.6 to 25.6 g/kg/d]).

CONCLUSIONS AND RELEVANCE Among extremely preterm neonates fed minimal maternal
milk, neurodevelopmental outcomes at 22 to 26 months’ corrected age did not differ
between infants fed donor milk or preterm formula.
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E xtremelypreterminfantsareatriskforneurodevelopmen-
tal impairment due to postnatal events such as intraven-
tricular hemorrhage or periventricular leukomalacia,1

sepsis,2 necrotizingenterocolitis,3 bronchopulmonarydysplasia,4

and poor growth.5 Interventions to improve neurodevelopmen-
tal outcomes are needed. Maternal milk intake has been associ-
ated with decreased risk of sepsis, necrotizing enterocolitis, and
bronchopulmonary dysplasia.6,7

Among preterm infants, maternal milk feeding during
the birth hospitalization has been associated with better neu-
rodevelopmental outcomes than formula.8-10 Evidence for
the benefits of maternal milk is based primarily on observa-
tional studies because randomized clinical trials would be
unethical. A dose-response relationship between maternal
milk intake and higher developmental scores was reported at
both 18 months’ corrected age and 30 months’ corrected age
in the Eunice Kennedy Shriver National Institute of Child
Health and Human Development Neonatal Research Network
Glutamine Study.9,10 Pasteurized donor human milk is rec-
ommended by multiple public health and professional
organizations11-14 as the preferred diet when maternal milk is
unavailable. However, there is limited evidence on the neu-
rodevelopmental effects of donor milk compared with infant
formula.15

Given the observed benefits of maternal milk, this ran-
domized clinical trial tested the hypothesis that use of donor
milk compared with formula in extremely preterm infants who
received no or minimal maternal milk during hospitalization
would result in better neurodevelopmental outcomes (primar-
ily determined using the third edition of the Bayley Scales of
Infant and Toddler Development16 [BSID] cognitive score mea-
sured at 22-26 months’ corrected age).

Methods
Study Design and Oversight
The MILK trial was a pragmatic, double-blind, randomized
clinical trial comparing the use of donor milk vs preterm for-
mula that was conducted at 15 centers within the National
Institute of Child Health and Human Development Neonatal
Research Network. The Neonatal Research Network is a group
of US academic medical centers selected every 5 to 7 years
through a competitive process to collaboratively conduct ob-
servational and interventional studies in neonates.

Infants were enrolled from September 7, 2012, to March
13, 2019; follow-up visits at 22 to 26 months’ corrected age were
completed on November 15, 2021. The trial protocol was ap-
proved by the institutional review board at each center and
written parental consent was obtained. The trial protocol ap-
pears in Supplement 1. The data safety and monitoring com-
mittee reviewed prespecified safety outcomes (necrotizing en-
terocolitis, intestinal perforation, culture-proven late-onset
sepsis or meningitis, hospital-acquired viral infection, and
death after randomization) when 25%, 50%, and 75% of
planned status reporting for 670 participants was reached.
Pocock bounds were used to construct stopping rules for safety.
Based on group sequential monitoring for these 3 safety as-

sessments at 25%, 50%, and 75% of planned status reporting,
the associated P value was .02 for each assessment.

Participants
Infants younger than 29 weeks 0 days’ gestation or with a birth
weight of less than 1000 g admitted to Neonatal Research
Network centers before 7 days of age were eligible for enroll-
ment if (1) the infant’s birthing parent never initiated lacta-
tion; (2) lactation was initiated, but the mother ceased ex-
pressing milk prior to 21 days; or (3) the milk supply was
minimal (mean milk volume ≤3 oz/d over 5 days) from 7 to 21
days after birth (Figure). Infants could be randomized any-
time from birth to 21 days if maternal milk criteria were met.

The randomization procedure used a permutated block
design; infants were stratified by center and birth weight
(≤750 g, >750 g). Multiple gestation infants were randomized
individually. Prior to enrollment, infants were fed according
to center practice and data regarding the type and amount of
milk (maternal, donor, or formula) were not collected.

Infants were excluded if they had chromosomal anoma-
lies, congenital heart disease, disorders known to affect feed-
ing, intrauterine infections, prior necrotizing enterocolitis or
spontaneous intestinal perforation, or terminal illness. Planned
subgroups of infants receiving no maternal milk (sole diet) and
minimal maternal milk (primary diet) were recruited. Inves-
tigators, medical teams, outcome examiners, and parents were
blinded to the diet intervention.

Maternal race and ethnicity were collected from medical
records to assess generalizability to other populations; this in-
formation was self-identified from a list of options.

Diet Intervention
Infants in the no maternal milk subgroup received a study diet
for all feedings from randomization to hospital discharge,
death, or 120 days of age, whichever occurred earliest. The in-
fants in the minimal maternal milk subgroup received any mini-
mal maternal milk available and a study diet for the remain-
der of feedings from randomization through status checks
(hospital discharge, death, or 120 days of age, whichever oc-
curred earliest).

Key Points
Question Among extremely preterm infants fed minimal maternal
milk, does feeding of donor human milk compared with preterm
formula during the birth hospitalization result in improved
neurodevelopmental outcomes?

Findings In this randomized clinical trial, the Bayley Scales of
Infant and Toddler Development adjusted mean cognitive score
was 80.7 (measured at 22-26 months’ corrected age) for infants
fed donor human milk vs 81.1 for infants fed preterm formula
(adjusted between-group mean difference, −0.77 [95% CI, −3.93
to 2.39]), which was not a significant difference. The adjusted
mean language and motor scores also did not differ.

Meaning Among extremely preterm infants, donor milk feeding
did not result in different 2-year neurodevelopmental outcomes
compared with preterm formula feeding.

Research Original Investigation Donor Milk vs Formula and Neurodevelopmental Outcomes in Preterm Infants

E2 JAMA Published online January 30, 2024 (Reprinted) jama.com

© 2024 American Medical Association. All rights reserved.

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2023.27693?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2023.27693
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2023.27693


Donor milk was obtained from banks within the Human
Milk Banking Association of North America. Preterm infant for-
mula, bovine human milk fortifier, and other dietary supple-
ments were provided by centers per standard practice. No par-
ticipating center used a fortifier based on human milk.

This study was designed to be pragmatic. Only the base diet
(preterm formula or donor human milk) was standardized. The
feeding initiation, nutrient fortification practices, and ad-
vancement protocols were not standardized. Each center cre-
ated a set of stepwise-paired study diet recipes that repre-
sented their standard human milk fortification progression and
formula product use.

To provide adequate protein for the donor milk group, for-
tified donor milk recipes were required to provide an esti-
mated 2.8 g/dL to 3.0 g/dL of protein using commercially avail-
able fortifiers or protein supplements. Unfortified donor milk
protein content was estimated to be 0.8 g/dL to 0.9 g/dL; the
nutrient content of donor milk was not measured. Treating cli-
nicians made decisions regarding initiation and advancement
of feeding and the timing and contents of fortification. For ex-
ample, clinicians would not know which base diet an infant was
receiving. However, the clinician would know the infant would
receive 24 kcal/oz of preterm formula (the hospital’s typical
brand) or 24 kcal/oz of donor human milk (fortified with bo-
vine human milk fortifier) if they had ordered the step 2 diet.

Feedings were prepared daily by study staff. A 24-hour sup-
ply of feedings was delivered to each infant’s bedside and the
infants were fed by nurses or family members. Medfusion 3500
syringe pumps (version 5.0; Biomedix Medical Inc) were used
to deliver feedings by nasogastric or orogastric tube, or feed-

ings were administered by low-gravity bolus per clinician pref-
erence. Amber-tinted oral syringes and storage bottles were
used to mask the appearance of the study diet. Infants were
transitioned from the study diet to the preterm formula cho-
sen by the clinician 1 week prior to anticipated hospital dis-
charge or at 120 days if still hospitalized.

Growth Measurements and Nutritional Data
Infant weight was recorded weekly and obtained from the
medical records. Infant length and head circumference were
measured by study personnel every 2 weeks. Feeding intoler-
ance (defined as withholding of feedings for >24 hours) was
recorded weekly. For infants in both groups, receipt of any
maternal milk was recorded weekly as any or none.

Neurodevelopmental Follow-Up
Participants were assessed at 22 to 26 months’ corrected age.
The BSID and a standardized neurological examination for ce-
rebral palsy, which included the Gross Motor Function Clas-
sification System (GMFCS), were conducted. Examiners were
blinded to the diet intervention and were certified by the Neo-
natal Research Network annually for interrater reliability and
accuracy using published methods.17

Study Outcomes
The primary outcome was the cognitive score on the BSID.16

Infants who died between randomization and 22 to 26 months’
corrected age and those unable to complete the BSID due to
disability were assigned a score of 54 (score range, 54-155;
a score of ≥85 indicates no neurodevelopmental delay).

Figure. Recruitment, Randomization, and Patient Flow in the MILK Trial

8181 Infants assessed for eligibility

7699 Excludeda

5059 Maternal milk sufficient
1157 Met exclusion criteria
701 Parent refused consent
232 Parent unavailable
204 Considered ineligible by site or physician refusal
200 Parent not approached

4 Consent obtained, but not randomized
142 Other reasons

483 Randomizeda

217 Included in primary outcome analysis

27 Excluded from primary outcome analysis

192 Completed follow-up assessment
25 Died and were assigned lowest cognitive

score of 54 on Bayley Scales of Infant
and Toddler Development

244 Randomized to receive preterm formula
191 Received intervention as randomized
35 Did not receive intervention as randomizedd

18 Withdrawn from studye

239 Randomized to receive donor milk
193 Received intervention as randomized
36 Did not receive intervention as randomizedb

10 Withdrawn from studyc

24 Lost to follow-up
3 Incomplete follow-up

29 Lost to follow-up
4 Incomplete follow-up

206 Included in primary outcome analysis

33 Excluded from primary outcome analysis

177 Completed follow-up assessment
29 Died and were assigned lowest cognitive

score of 54 on Bayley Scales of Infant
and Toddler Development

a One infant who was ineligible was
randomized.

b There were missing data for 3
infants, 17 were fed an open-label
diet but resumed the study diet,
and 16 were switched permanently
to an open-label diet.

c Two infants were too unstable to
continue per the physician, 4 were
withdrawn at parental request, 3
were withdrawn at physician
request, and 1 was withdrawn for an
unknown reason.

d There were missing data for 1 infant,
25 were fed an open-label diet but
resumed the study diet, 8 were
switched permanently to an
open-label diet, and 1 received a diet
that was prepared incorrectly.

e One infant was too unstable to
continue per the physician, 8 were
withdrawn at physician request, 7
were withdrawn at parental
request, and 2 were withdrawn for
unknown reasons.
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Secondary outcomes included (1) BSID language score
(score range, 44-155) and BSID motor score (score range, 49-
155) (a score of ≥85 indicates no neurodevelopmental delay for
both the BSID language and motor scores), (2) moderate or
severe cerebral palsy (GMFCS score ≥2), and (3) moderate or
severe neurodevelopmental impairment (BSID cognitive score
<85; GMFCS score ≥2; visual acuity <20/200 in both eyes; or
profound hearing loss requiring amplification in both ears18).
The BSID is standardized with a mean score of 100 (SD, 15) for
all scores (cognitive, language, and motor scores).

Other secondary outcomes included growth (measured
during the intervention), late-onset sepsis, necrotizing entero-
colitis, and death. Growth was assessed by change in weight,
length, and head circumference between randomization and
status (hospital discharge, death, or 120 days of age, which-
ever occurred earliest) using z scores from the Fenton growth
chart.19 Late-onset sepsis or meningitis was defined as clini-
cal illness with positive blood culture or cerebrospinal fluid cul-
ture after 72 hours of age that was treated with antibiotics for
at least 5 days. Necrotizing enterocolitis was defined as Bell
stage 2 or greater.20,21

Statistical Analysis
The outcome analyses by treatment group were adjusted for
birth weight stratum, academic medical center, and age (in
days) at randomization. Linear regression was used for the con-
tinuous outcomes to obtain the adjusted between-group dif-
ferences in mean BSID scores. Robust Poisson regression was
used for the binary and categorical outcomes to obtain ad-
justed between-group risk difference estimates. Due to the use
of imputed scores for infants who died, median regression was
also performed for BSID scores, which did not differ from the
linear regression results. All models converged without un-
usually high SEs for any parameters. Strata ranged from 2 to
96 infants per stratum (median, 11 infants [IQR, 6-17 in-
fants]). The statistical analysis plan appears in Supplement 1.

Planned subgroup analyses were performed on the no ma-
ternal milk subgroup for both the primary outcome and all listed
secondary outcomes. Treatment heterogeneity was assessed
through interaction tests by diet group and by all randomization
strata and sex. No significant interactions were identified. The
secondary outcomes and subgroup analyses were considered ex-
ploratory and were not adjusted for multiple comparisons.

The analyses of growth outcomes excluded infants who died
during the birth hospitalization. The sample size calculation as-
sumed 15% of infants would die after randomization, a follow-up
of 90%, and a conservative estimate for the SD of 20 points for
the BSID scores. It was estimated a target sample size of 670 in-
fants (502 evaluated at 22-26 months’ corrected age) would re-
sult in 80% power to detect a 5-point difference in the BSID cog-
nitive score. SAS version 9.4 (SAS Institute Inc) was used for the
analyses; all analyses were 2-sided with an α level of .05.

Results
Of the 1965 eligible infants identified, 483 (25%) were ran-
domized (239 in the donor milk group and 244 in the preterm

formula group) (Figure). The median gestational age was 26
weeks (IQR, 25-27 weeks), the median birth weight was 840 g
(IQR, 676-986 g), and 52% were female. The birthing parent’s
race was self-reported as Black for 52% (247/478), White for
43% (206/478), and other for 5% (25/478). There were 54 in-
fants who died prior to follow-up; 88% of survivors (376/429)
were assessed at 22 to 26 months’ corrected age. The baseline
characteristics were similar between the groups (Table 1).

There were 114 infants who did not receive maternal milk
and 370 infants who received minimal maternal milk. Enroll-
ment was stopped after randomization of 483 infants due to
declining enrollment and loss of equipoise among participat-
ing centers. There also has been increasing use of donor milk
in the Neonatal Research Network over time.

Diet Intervention
Enteral feedings were initiated at a median of 4 days (IQR, 3-5
days) in both groups. Infants were randomized at a median age
of 16 days (IQR, 10-20 days) and received the study diet for a
median of 56 days (IQR, 34-75 days). Discontinuation of the
study diet occurred at a median of 37 weeks’ postmenstrual
age (IQR, 35-40). After randomization, 53% (255/483) of in-
fants did not receive maternal milk. The remaining 43% (228/
483) of infants had some maternal milk recorded for a me-
dian of 1 week (IQR, 0-2 weeks) in the donor milk group and
for a median of 0 weeks (IQR, 0-2 weeks) in the preterm for-
mula group.

Growth
Weight gain was slower in the donor milk group (22.3 g/kg/d
[95% CI, 21.3 to 23.3 g/kg/d]) compared with the preterm for-
mula group (24.6 g/kg/d [95% CI, 23.6 to 25.6 g/kg/d]) (Table 2).
At the end of the study, the mean weight in the donor milk
group was 143 g lower than the preterm formula group. In-
fants in both groups had similar weight, length, and head cir-
cumference at study entry (range of mean z scores, −1.46 to
−0.90). Length gain and head circumference growth did not
differ between the groups during the study.

Neurodevelopmental Outcomes at 22 to 26 Months’
Corrected Age
Of 483 infants, 54 died prior to follow-up (the BSID scores were
imputed) and 53 were lost to follow-up (29 in the donor milk
group vs 24 in the preterm formula group) and were excluded
from the analysis (Figure). There were 369 infants who un-
derwent follow-up. The adjusted mean BSID cognitive score
was 80.7 (SD, 17.4) in the donor milk group vs 81.1 (SD, 16.7) in
the preterm formula group (adjusted between-group mean dif-
ference, −0.77 [95% CI, −3.93 to 2.39]).

The BSID motor and language scores did not significantly
differ between groups (Table 3). Among infants with BSID cog-
nitive scores of less than 85, 46% (95/206) were in the donor
milk group vs 49% (106/217) in the preterm formula group (ad-
justed between-group risk difference, −3% [95% CI, −12% to
6%]). Among infants with BSID cognitive scores of less than
70, 25% (51/206) were in the donor milk group vs 24% (51/
217) in the preterm formula group (adjusted between-group
risk difference, 1% [95% CI, −3% to 4%]).
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The prevalence and severity of neurodevelopmental im-
pairment did not significantly differ between groups (Table 3).
In the sensitivity analysis, which excluded 54 infants who died,
the mean BSID cognitive score was 85.1 (SD, 14.8) in the do-
nor milk group vs 84.7 (SD, 14.3) in the preterm formula group
(adjusted between-group mean difference, 0.12 [95% CI, −2.80
to 3.05) (Table 3 and eTable in Supplement 2).

The categorization of BSID scores by less than 85 and less
than 70 revealed no significant between-group differences
(Table 3). Among the 114 infants who did not receive mater-
nal milk, the cognitive score was 80.2 (SD, 18.0) in the donor
milk group vs 80.9 (SD, 18.2) in the preterm formula group (ad-
justed between-group mean difference, −1.61 [95% CI, −8.97
to 5.74]; Table 3).

Exploratory analyses of cognitive score by stratification
variables were conducted (eFigure in Supplement 2). These
analyses revealed no significant relationships between cogni-
tive score and birth weight stratum, Neonatal Research Net-
work center, time of randomization, or infant sex.

Mortality and In-Hospital Morbidity
The outcome of death prior to hospital discharge occurred in
10% of infants (24/239) in the donor milk group vs 7.4% of in-
fants (18/244) in the preterm formula group (Table 4). The out-
come of death prior to follow-up occurred in 13% of infants
(29/231) in the donor milk group vs 11% of infants (25/233) in
the preterm formula group (adjusted between-group risk dif-
ference, −1% [95% CI, −4% to 2%]).

Necrotizing enterocolitis occurred among 4.2% of in-
fants (10/239) in the donor milk group vs 9.0% of infants

(22/244) in the preterm formula group (adjusted between-
group risk difference, −5% [95% CI, −9% to −2%]). No infants
developed hospital-acquired viral infection.

Discussion
Among extremely preterm infants fed no or minimal mater-
nal milk, developmental outcomes at 22 to 26 months’ cor-
rected age did not differ between those fed nutrient-
fortified, pasteurized donor human milk and those fed preterm
formula. The BSID cognitive, language, and motor scores were
essentially the same in both groups (mean differences of <1
point for all BSID scores). These differences were not clini-
cally significant based on previous literature that suggests a
5-point improvement could result in decreased need for spe-
cial educational services for very preterm children.10 The in-
cidence and severity of neurodevelopmental impairment and
cerebral palsy were also unaffected by diet group.

Randomized clinical trials8,22 on the neurodevelopmen-
tal effect of donor milk vs formula in preterm infants, which
included infants who received a variable amount of maternal
milk, have not demonstrated a neurodevelopmental advan-
tage with donor milk. The most recent Cochrane review15 of
formula vs donor milk for preterm infants concluded with mod-
erate GRADE (Grading of Recommendations, Assessment,
Development, and Evaluations) evidence that the data do not
show an effect of donor milk on neurodevelopment.

Previous studies may have failed to detect neurodevelop-
mental benefits of donor milk compared with formula due to

Table 1. Baseline Characteristics of the Study Population

No. (%)a

Donor milk (n = 239) Preterm formula (n = 244)
Gestational age, median (IQR), wk 26 (25-27) 26 (25-27)

Weight at birth, median (IQR), g 840 (677-1001) 840 (673-968)

Infant sexb

Female 133 (56) 116 (48)

Male 106 (44) 128 (52)

Multiple birth 50 (21) 48 (20)

Use of antenatal steroids 206 (87) 203 (85)

Maternal age, median (IQR), y 27 (23-33) 28 (23-33)

Maternal ethnicityc

Hispanic or Latino 37 (15) 31 (13)

Not Hispanic or Latino 201 (84) 212 (87)

Not known or not reported 1 (0.4) 1 (0.4)

Maternal racec

Black 126 (54) 121 (50)

White 98 (42) 108 (44)

Otherd 11 (4.7) 14 (5.8)

Maternal public insurancee 178 (75) 184 (77)

Maternal education

<High school diploma 64 (29) 57 (25)

High school diploma 82 (37) 93 (41)

>High school diploma 74 (34) 77 (34)

Age at randomization, median (IQR), d 16 (9-20) 16 (10-20)

a Unless otherwise indicated.
b Assigned at birth by treating

medical personnel. Data were
obtained from the medical records.

c The categories were created by the
Neonatal Research Network. Data
were obtained from the infant or
maternal medical record.

d Includes American Indian or Alaska
Native, Native Hawaiian or Other
Pacific Islander, and more than 1
race. This category was combined to
preserve patient anonymity due to
the low numbers of individuals in
these categories.

e Includes Medicare, Medicaid,
state-funded programs, and
insurance purchased through the
Affordable Care Act marketplace.
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high maternal milk intake.8,22 However, in the current study,
developmental outcomes were not affected by diet type even
in the subgroup with very low maternal milk exposure. In ad-
dition, no effect was noted among the subgroup of 114 infants
who did not receive maternal milk. Therefore, we found no evi-
dence that the use of donor human milk rather than preterm

formula improves neurodevelopmental outcomes at 22 to 26
months’ corrected age.

In the current study, donor milk use was associated with
a lower incidence of necrotizing enterocolitis, which was a
prespecified secondary outcome. Infants randomized to
donor milk experienced necrotizing enterocolitis half as

Table 2. Study Diet Information and Growth Outcomes

Donor milk Preterm formula Adjusted
between-group difference,
mean (95% CI)aNo. of infants Mean (SD) [95% CI]a No. of infants Mean (SD) [95% CI]a

Information on study diet, mean (95% CI)a

Study diet intake

Total duration, d 233 54.4 (50.9 to 58.0) 242 54.5 (51.0 to 58.1) −0.14 (−5.01 to 4.73)

Postmenstrual age
at last intake, wkb

237 36.6 (36.1 to 37.2) 240 36.7 (36.2 to 37.2) −0.10 (−0.79 to 0.60)

Enteral feedings withheld
for >24 h during
at least 1 wk, No. (%)

237 107 (46) 240 122 (50) −2 (−10 to 7)c

Any maternal milk intake
after randomization, wk

239 1.73 (1.35 to 2.10) 244 1.64 (1.27 to 2.01) 0.09 (−0.41 to 0.58)

At first enteral feeding

Postmenstrual age, wkb 239 26.5 (26.3 to 26.8) 243 26.7 (26.5 to 26.9) −0.17 (−0.44 to 0.09)

Day of life 239 4.31 (3.84 to 4.77) 243 4.72 (4.17 to 5.27) −0.40 (−1.09 to 0.30)

At first oral feeding

Postmenstrual age, wkb 239 34.0 (33.6 to 34.5) 244 34.4 (33.9 to 34.9) −0.29 (−0.90 to 0.32)

Postnatal age, dd 239 54.2 (50.4 to 58.1) 244 57.6 (53.8 to 61.3) −2.10 (−6.62 to 2.43)

Total parenteral nutrition, d 239 16 (11 to 28) 244 16 (12 to 29) −1.57 (−4.80 to 1.66)

Anthropometrics at study entry

Weight, g 235 896 (245) [864 to 927] 244 890 (234) [861 to 920] 7.22 (−19.2 to 33.7)

Length, cm 230 34.2 (3.4) [33.7 to 34.6] 235 34.3 (3.4) [33.9 to 34.8] −0.14 (−0.55 to 0.27)

Head circumference, cm 235 23.6 (2.1) [23.4 to 23.9] 239 23.8 (2.4) [23.5 to 24.1] −0.15 (−0.44 to 0.15)

Z score for age

Weight 235 −0.90 (0.7) [−0.99 to −0.81] 244 −0.98 (0.61) [−1.06 to −0.91] 0.09 (−0.02 to 0.19)

Length 230 −0.99 (1.0) [−1.12 to −0.85] 235 −1.01 (1.1) [−1.15 to −0.88] 0.02 (−0.14 to 0.18)

Head circumference 235 −1.46 (1.1) [−1.60 to −1.33] 239 −1.42 (1.3) [−1.59 to −1.26] −0.02 (−0.21 to 0.16)

Anthropometrics at hospital dischargee

Weight, g 235 2589 (806) [2485 to 2693] 243 2726 (812) [2623 to 2828] −143 (−280 to −5.10)

Length, cm 213 44.3 (4.2) [43.8 to 44.9] 224 44.9 (4.1) [44.4 to 45.5] −0.62 (−1.35 to 0.12)

Head circumference, cm 221 32.0 (3.7) [31.5 to 32.5] 227 32.4 (2.8) [32.0 to 32.8] −0.50 (−1.07 to 0.08)

Z score for age

Weight 235 −1.33 (1.2) [−1.48 to −1.18] 243 −1.07 (1.0) [−1.20 to −0.94] −0.26 (−0.44 to −0.09)

Length 213 −1.91 (1.4) [−2.10 to −1.72] 224 −1.80 (1.4) [−1.98 to −1.62] −0.11 (−0.34 to 0.12)

Head circumference 221 −1.13 (1.97) [−1.39 to −0.87] 227 −0.97 (1.24) [−1.13 to −0.81] −0.17 (−0.45 to 0.11)

Growth during study

Weight gain, g/kg/d 235 22.3 (7.8) [21.3 to 23.3] 243 24.6 (8.1) [23.6 to 25.6] −2.34 (−3.63 to −1.05)

Length gain, cm/wk 209 0.84 (0.2) [0.80 to 0.87] 216 0.86 (0.3) [0.82 to 0.90] −0.02 (−0.07 to 0.03)

Head circumference gain,
cm/wk

218 0.70 (0.3) [0.66 to 0.73] 223 0.71 (0.2) [0.68 to 0.73] −0.01 (−0.06 to 0.03)

Z score for change

Weight 235 −0.43 (0.9) [−0.54 to −0.32] 243 −0.09 (0.9) [−0.20 to 0.02] −0.35 (−0.50 to −0.20)

Length 209 −0.93 (1.12) [−1.08 to −0.77] 216 −0.77 (1.20) [−0.93 to −0.61] −0.13 (−0.34 to 0.08)

Head circumference 218 0.39 (1.98) [0.12 to 0.65] 223 0.44 (1.34) [0.26 to 0.62] −0.08 (−0.39 to 0.22)
a Unless otherwise indicated.
b Postmenstrual age calculated as gestational age at birth plus postnatal age

in weeks.
c Adjusted risk difference (95% CI) expressed as percentages.

d Postnatal age was defined as age since birth in days or weeks.
e Or at 120 days of age, whichever came first.
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often as those randomized to preterm formula. Similar
reduced risk of necrotizing enterocolitis with the use of
donor milk was reported by O’Connor et al22 and in the
Cochrane meta-analysis15 of formula vs donor milk for pre-
term infants (relative risk, 0.53). This finding, which is con-
sistent across multiple studies, suggests that donor human
milk, like maternal milk, can reduce the risk of necrotizing
enterocolitis compared with formula diets.

Donor milk has been associated with worse growth out-
comes than preterm formula.15 In the current study, infants fed
donor milk experienced slower weight gain than those fed for-
mula. However, length and head circumference growth did not

differ between diet groups. Although donor milk was associ-
ated with lower weight gain than preterm formula, the falloff
in weight percentile during the study was less than that re-
ported in previous studies of donor milk.22,23

In the current study, the mean weight at study end was at
the 29th percentile for their age for the infants in the donor
milk group compared with at the 40th percentile for the in-
fants in the preterm formula group; at study entry, the weight
in both groups was at the 30th percentile for age.24 This dif-
ference in growth is likely due to variation in milk fortifica-
tion practices among centers, which were not standardized in
the study, and by the inability to measure the macronutrient

Table 3. Neurodevelopmental Outcomes at 22 to 26 Months’ Corrected Age

Donor milk Preterm formula

Adjusted
between-group difference
(95% CI)a

Primary outcome

BSID cognitive score, mean (SD) [No.]b 80.7 (17.4) [206] 81.1 (16.7) [217] MD, −0.77 (−3.93 to 2.39)

Secondary outcomes

BSID score, mean (SD) [No.]b

Language 76.7 (19.6) [203] 75.8 (18.6) [212] MD, 0.68 (−2.89 to 4.24)

Motor 80.3 (21.6) [202] 80.1 (19.9) [213] MD, −0.38 (−4.28 to 3.52)

BSID score for no maternal milk subgroup, mean (SD)b

Cognitive 80.2 (18.0) 80.9 (18.2) MD, −1.61 (−8.97 to 5.74)

Language 78.9 (22.2) 77.3 (19.8) MD, 1.16 (−7.04 to 9.37)

Motor 77.7 (22.8) 77.8 (20.5) MD, −1.31 (−10.2 to 7.58)

BSID score <85, No./total (%)c

Cognitive 95/206 (46) 106/217 (49) RD, −3 (−12 to 6)

Language 115/203 (57) 134/212 (63) RD, −11 (−20 to −1)

Motor 90/202 (45) 102/213 (48) RD, −3 (−13 to 6)

BSID score <70, No./total (%)d

Cognitive 51/206 (25) 51/217 (24) RD, 1 (−3 to 4)e

Language 64/203 (32) 72/212 (34) RD, −4 (−9 to 0.4)e

Motor 49/202 (24) 58/213 (27) RD, −5 (−10 to 1)e

Neurodevelopmental impairment, No./total (%)

Moderate to severe neurodevelopmental impairmentf 89/177 (50) 98/189 (52) RD, −2 (−12 to 8)

Moderate to severe cerebral palsyg 14/185 (7.6) 20/197 (10) RD, −2 (−7 to 2)e

Any severity level of cerebral palsyh 28/185 (15) 40/197 (20) RD, −5 (−10 to −0.2)e

Severe visual impairmenti 4/189 (2.1) 2/200 (1) NAj

Severe hearing impairmentk 6/190 (3.2) 7/199 (3.5) NAj

Sensitivity analysisl

BSID score, mean (SD) [No.]

Cognitive 85.1 (14.8) [185] 84.7 (14.3) [192] MD, 0.12 (−2.80 to 3.05)

Language 81.8 (16.3) [185] 79.8 (16.0) [192] MD, 1.81 (−1.45 to 5.06)

Motor 86.4 (16.9) [185] 84.8 (15.9) [192] MD, 0.95 (−2.46 to 4.36)

Abbreviations: BSID, Bayley Scales of Infant and Toddler Development;
MD, mean difference; NA, not available; RD, risk difference.
a From linear or robust Poisson regression models. Adjusted for birth weight

stratum (<751 g, 751-1000 g), day of life at randomization, and study center.
The adjusted risk difference (95% CI) expressed as percentages.

b Deaths were assigned the lowest values possible: 54 for cognitive score (score
range, 54-155), 44 for language score (score range, 44-155), and 49 for motor
score (score range, 49-155). A score of 85 or higher indicates no
neurodevelopmental delay. The BSID is standardized with a mean score of 100
(SD, 15) for all scores (cognitive, language, and motor scores).

c A score of less than 85 indicates moderate impairment (score range, 70-84).
d A score of less than 70 indicates severe impairment.

e Due to sparse data, robust Poisson generalized estimating equation models
were used with clustering for center.

f Had BSID16 cognitive score of less than 85, moderate or severe cerebral palsy,
or severe visual or hearing impairment.18

g Had a Gross Motor Function Classification System score of 2 or greater.
h Had a Gross Motor Function Classification System score of 1 or greater.
i Visual acuity less than 20/200 in both eyes.
j The adjusted risk difference is not available because the model did not

converge due to sparse data (even after clustering for center).
k Profound hearing loss requiring amplification in both ears.18

l Includes survivors only.
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content of all donor milk used. It is well described that the pro-
tein and energy content in donor milk is lower than in moth-
er’s milk, and is variable batch to batch.25

To our knowledge, this is the largest randomized clinical
trial of donor milk vs preterm formula in extremely preterm
infants undertaken in the era of routine human milk fortifi-
cation and the current study included the largest number of
infants without maternal milk exposure. In addition, the study
population was recruited from geographically diverse aca-
demic medical centers in the US.

Limitations
This study was limited by several factors. First, the study
closed early due to slow enrollment related to increasing
donor milk use at participating centers and associated loss of
equipoise. At study initiation in 2012, less than 25% of Neo-
natal Research Network centers used donor milk; at study
cessation, more than 75% of participating centers were
widely using donor milk. Within 1 year of study initiation, the
American Academy of Pediatrics26 and the European Society
for Pediatric Gastroenterology, Hepatology, and Nutrition27

published policy statements recommending donor milk for
preterm infants for the first time. The supply of donor milk
available from the Human Milk Banking Association of North
America28 increased exponentially during the current study,
as did reported use in US neonatal intensive care units.29,30

Second, information about the type and amount of milk fed
to infants prior to enrollment was not collected, so it was not

possible to assess how preenrollment feeding affected the pri-
mary outcome. However, a subgroup analysis found that cog-
nitive scores did not differ between infants randomized on the
fifth day of life and those randomized on the 17th day of life.

Third, the nutrient content of donor milk was not mea-
sured and nutritional management varied across centers; this
may have contributed to our finding of slower weight gain in
the donor milk group. Nutritional information was not col-
lected at the participant level, limiting the ability to investi-
gate the causes of slow weight gain.

Fourth, the recruited population may have been more
medically vulnerable than the average preterm population
because they had disproportionally high rates of factors asso-
ciated with worse health outcomes, including limited mater-
nal education, public insurance, and identification of the
birthing parent as Black. These factors have been associated
with increased risk of neonatal morbidity and poor neurocog-
nitive developmental in extremely preterm infants.31-33

This may limit the generalizability of our findings to other
preterm populations.

Conclusions
Among extremely preterm neonates fed minimal maternal
milk, neurodevelopmental outcomes at 22 to 26 months’ cor-
rected age did not differ between infants fed donor milk or pre-
term formula.
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