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RESEARCH ARTICLE

Breast Milk Exposure is Associated With
Cortical Maturation in Preterm Infants
Gemma Sullivan, MRCPCH, PhD ,1 Kadi Vaher, BA, MRes,1 Manuel Blesa, PhD,1

Paola Galdi, PhD,1 David Q. Stoye, MRCPCH, PhD,1 Alan J. Quigley, MBChB, FRCR,2

Michael J. Thrippleton, PhD,3,4 John Norrie, MSc,5 Mark E. Bastin, DPhil,4 and

James P. Boardman, FRCPCH, PhD 1,4

Objective: Breast milk exposure is associated with improved neurocognitive outcomes following preterm birth but the
neural substrates linking breast milk with outcome are uncertain. We tested the hypothesis that high versus low breast
milk exposure in preterm infants results in cortical morphology that more closely resembles that of term-born infants.
Methods: We studied 135 preterm (<32 weeks’ gestation) and 77 term infants. Feeding data were collected from birth
until hospital discharge and brain magnetic resonance imaging (MRI) was performed at term-equivalent age. Cortical
indices (volume, thickness, surface area, gyrification index, sulcal depth, and curvature) and diffusion parameters (frac-
tional anisotropy [FA], mean diffusivity [MD], radial diffusivity [RD], axial diffusivity [AD], neurite density index [NDI], and
orientation dispersion index [ODI]) were compared between preterm infants who received exclusive breast milk for
<75% of inpatient days, preterm infants who received exclusive breast milk for ≥75% of inpatient days and term-born
controls. To investigate a dose response effect, we performed linear regression using breast milk exposure quartile
weighted by propensity scores.
Results: In preterm infants, high breast milk exposure was associated with reduced cortical gray matter volume
(d = 0.47, 95% confidence interval [CI] = 0.14 to 0.94, p = 0.014), thickness (d = 0.42, 95% CI = 0.08 to 0.84,
p = 0.039), and RD (d = 0.38, 95% CI = 0.002 to 0.77, p = 0.039), and increased FA (d = �0.38, 95% CI = �0.74 to
�0.01, p = 0.037) after adjustment for age at MRI, which was similar to the cortical phenotype observed in term-born
controls. Breast milk exposure quartile was associated with cortical volume (ß = �0.192, 95% CI = �0.342 to �0.042,
p = 0.017), FA (ß = 0.223, 95% CI = 0.075 to 0.372, p = 0.007), and RD (ß = �0.225, 95% CI = �0.373 to �0.076,
p = 0.007) following adjustment for age at birth, age at MRI, and weighted by propensity scores, suggesting a dose
effect.
Interpretation: High breast milk exposure following preterm birth is associated with a cortical imaging phenotype that
more closely resembles the brain morphology of term-born infants and effects appear to be dose-dependent.

ANN NEUROL 2023;93:591–603

Breast milk feeding following preterm birth is associ-
ated with improved neurocognitive outcomes, aca-

demic performance, and higher IQ scores1-3 but the
neural substrates linking human milk with outcome are
uncertain. Neonatal magnetic resonance imaging (MRI)
studies have shown that breast milk exposure in the weeks

after preterm birth enhances brain growth and white mat-
ter microstructure4-6 but effects on early cortical develop-
ment have not yet been studied. Breast milk duration and
exclusivity are associated with improved measures of corti-
cal maturation in term-born children7,8 and adolescents9

but the extent to which this can be extrapolated to
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preterm infants is unknown because preterm birth itself
affects cortical development, and nutrition and other con-
founding exposures through infancy and childhood can
influence cortical growth. Learning more about the effect
of breast milk exposure on cortical development after pre-
term birth may inform neuroprotective strategies based on
nutrition in the neonatal intensive care unit (NICU).

The third trimester of pregnancy is a period of rapid
cortical development that involves multiple dynamic cellu-
lar processes and the establishment of neural circuits
which are critical to the emergence of cognitive func-
tions.10 During this period the cortex is vulnerable to
injury or dysmaturation due to early removal from the pla-
cental circulation and intrauterine environment, and expo-
sure to environmental adversities associated with preterm
birth; indeed, altered cortical development is a recognized
feature of the encephalopathy of prematurity.11 Preterm
infants at term-equivalent age have a thicker cortex and
altered folding and microstructure when compared with
term-born controls, which is thought to reflect altered
neuronal differentiation or pruning of neurons and their
processes in the cortical plate.12–14 These cortical alter-
ations persist into childhood15,16 and adolescence17 and
have been associated with impaired motor, cognitive and
behavioral outcomes,18,19 which focuses attention on the
cortex as a neural substrate for neurodevelopmental
impairment following preterm birth.

Optimal macronutrient intake after preterm birth
can modify head growth and improve neurodevelopmental
outcomes,20,21 but studies have tended to focus on paren-
teral nutrition in the immediate postnatal period and rela-
tively less attention has been given to the impact of
nutrition in the weeks after the establishment of enteral
feeding but before discharge from the NICU, which can
be 2 to 3 months during the critical window of develop-
ment. Exclusive breast milk feeding is associated with
reduced growth velocity in preterm infants when com-
pared with those fed formula milk and this can influence
clinical decision making regarding supplementation of
maternal milk with formula. However, large cohort studies
have shown that breast milk feeding is associated with
reduced risk of neurodevelopmental impairment in child-
hood despite the higher risk of suboptimal weight gain
during the neonatal period.22

In this study, we combined nutritional data with
brain MRI to test the hypothesis that high compared to
low breast milk exposure in the weeks following preterm
birth enhances early cortical development, resulting in a
cortical architecture that more closely resembles that of
healthy infants born at full term. We investigated the
influence of breast milk exposure during neonatal care on
a comprehensive set of cortical features derived from

structural and diffusion MRI: volume, gyrification index,
thickness, sulcal depth, curvature, surface area, fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), radial diffusivity (RD), neurite density index
(NDI), and orientation dispersion index (ODI).

Materials and Methods
Participants
Participants were 135 preterm infants born before 32 weeks’ ges-
tation and 77 term-born infants, delivered at the Royal Infirmary
of Edinburgh, UK, and recruited to the Theirworld Edinburgh
Birth Cohort (TEBC)23 between February 2017 and December
2020. Ethical approval was obtained from the UK National
Research Ethics Service and parents provided written informed
consent (South East Scotland Research Ethic Committee
16/SS/0154) in accordance with the Declaration of Helsinki.
Exclusion criteria were major congenital malformation, chromo-
somal abnormality, congenital infection, cystic periventricular
leukomalacia, hemorrhagic parenchymal infarction, and post-
hemorrhagic ventricular dilatation.

Breast Milk Exposure
Daily feeding data for preterm infants was collected from birth
until discharge from the neonatal unit using electronic patient
records. Breast milk exposure was defined as the proportion (per-
centage [%]) of inpatient days infants received exclusive breast
milk feeds, which included both maternal and/or donor
expressed breast milk. Infants were categorized into 2 groups
based on breast milk exposure: High breast milk exposure was
defined as exclusive breast milk feeds for ≥75% of inpatient days
and low breast milk exposure was defined as exclusive breast milk
feeds for <75% of inpatient days.

The nutritional management of all preterm participants
included the administration of standard parenteral nutrition on
admission to the neonatal unit (Scottish Neonatal Parenteral
Nutrition 2.4 g/100 ml; ITH Pharma, London, UK) commenc-
ing at 100 ml/kg/day if birthweight <1,000 g and 75 ml/kg/day
if birthweight 1,000–1,500 g, incrementing daily to reach a total
of 150 ml/kg/day. Fat and fat-soluble vitamins were provided
using SMOF lipid 20% emulsion commenced at 1 g/kg/day
within 24 hours of admission, increasing to 2 g/kg/day on day
2 and 3 g/kg/day on day 3. Expression of breast milk was
supported immediately following delivery and colostrum was
given as soon as it was available. Enteral feeds were commenced
at 12 ml/kg/day on day 1. For low-risk infants ≥28 weeks
and ≥1,000 g, feeds were subsequently incremented by 30 ml/
kg/day. For infants <28 weeks or <1,000 g, feeds were
incremented by 18 ml/kg/day. For infants at any gestation with
additional risk factors for necrotizing enterocolitis (intrauterine
growth restriction, absent end-diastolic flow on umbilical artery
doppler, and monochorionic twins), feeds continued at 12 ml/
kg/day for the first 48 hours with subsequent daily increments of
18 ml/kg/day. If there was insufficient maternal milk by 48 hours
of age, donor expressed milk was given to supplement maternal
supply for infants with birthweight <1,500 g. Parenteral
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nutrition was stopped once infants reached an enteral volume of
120 ml/kg/day and feeds continued to increment to a maximum
volume of 180–200 ml/kg/day. Human milk fortifier (Cow &
Gate Nutriprem Human Milk Fortifier; Nutricia, Utrecht, The
Netherlands) was added to breast milk at 2 to 3 weeks of age. If
there was insufficient maternal breast milk to meet infant
requirement beyond 30 weeks corrected age, donor expressed
milk was replaced with preterm formula. All infants received
multivitamins from day 7 of life and iron supplementation from
day 42. Family integrated care was encouraged throughout neo-
natal admission for all preterm infants with opportunities for
skin-to-skin contact and support for parents to perform routine
care and nasogastric feeding.

Image Acquisition
A Siemens MAGNETOM Prisma 3 T MRI clinical scanner
(Siemens Healthcare Erlangen, Erlangen, Germany) and
16-channel phased-array pediatric head and neck coil were used
to acquire 3D T2-weighted SPACE images (T2w, voxel size =

1 mm isotropic, TE = 409 ms and TR = 3,200 ms) and axial
diffusion MRI (dMRI) data. The dMRI images were acquired in
2 separate acquisitions to reduce the time needed to re-acquire
any data lost to motion artifacts: the first acquisition consisted of
8 baseline volumes (b = 0 s/mm2 [b0]) and 64 volumes with
b = 750 s/mm2, the second consisted of 8 b0, 3 volumes with
b = 200 s/mm2, 6 volumes with b = 500 s/mm2, and 64 vol-
umes with b = 2,500 s/mm2. An optimal angular coverage for
the sampling scheme was applied. In addition, an acquisition of
3 b0 volumes with an inverse phase encoding direction was per-
formed. All dMRI images were acquired using single-shot spin-
echo echo planar imaging (EPI) with 2-fold simultaneous
multislice and 2-fold in-plane parallel imaging acceleration and
2-mm isotropic voxels; all 3 diffusion acquisitions had the same
parameters (TR/TE 3500/78.0 ms).

MRI scans were acquired at term equivalent age (38–44
weeks post-menstrual age). Infants were scanned in natural sleep
with monitoring of pulse oximetry, electrocardiography, and tem-
perature. Flexible ear plugs and neonatal earmuffs (MiniMuffs;
Natus Medical, Middleton, WI) were used for acoustic protection.
All scans were supervised by a doctor or nurse trained in neonatal
resuscitation. Conventional images were reported by an experi-
enced pediatric radiologist (author A.J.Q.) using a structured sys-
tem.24 Images with evidence of focal parenchymal injury
(porencephalic cyst or cystic periventricular leukomalacia) or post-
hemorrhagic ventricular dilatation were excluded from image
analysis.

Image Processing
Diffusion MRI processing was performed as follows: for each
subject, the 2 dMRI acquisitions were first concatenated and
then denoised using a Marchenko–Pastur-PCA-based algorithm;
the eddy current, head movement, and EPI geometric distortions
were corrected using outlier replacement and slice-to-volume reg-
istration; bias field inhomogeneity correction was performed by
calculating the bias field of the mean b0 volume and applying
the correction to all the volumes.25

The T2 weighted (T2w) images were processed using the
minimal processing pipeline of the developing human
connectome project (dHCP) allowing surface reconstruction
from the tissue segmentation. Bias field corrected T2w, the brain
masks, the tissue segmentation, the label parcellation, and the
surfaces reconstruction were obtained.26 Finally, the T2w images
were co-registered to the mean b0 using boundary-based
registration.

Data Quality Control
Raw structural and diffusion images were visually inspected. In
addition, eddy quality control (QC) was used to quantify the
absolute and relative motion displacement across all volumes for
each subject.27 The distribution of absolute and relative motion
was then compared across all 3 groups: preterm infants with low
breast milk exposure, preterm infants with high breast milk
exposure, and term controls. There were no significant group
wise differences in absolute or relative motion (Fig 1).

Structural Analysis
The volumes were calculated from the tissue and parcellation
obtained from the dHCP pipeline.26 The area of interest in this
study was the cortical gray matter (cGM). The cGM volume was
normalized using the total tissue volume (TTV), which included
all brain gray matter and white matter tissue. In addition to the
volumes (cGM and TTV), we calculated the gyrification index,
thickness, sulcal depth, curvature, and surface area. All metrics
were obtained using the scripts provided in https://github.com/
amakropoulos/structural-pipeline-measures.

Microstructural Analysis
From the dMRI, the diffusion tensor (DTI) maps and Neurite
Orientation and Dispersion Imaging (NODDI) maps28 were
generated. For the DTI maps (FA, MD, AD, and RD) only the
b = 750 s/mm2 shell was used. The NODDI maps (NDI, iso-
tropic volume fraction [ISO], and ODI) were calculated using
the recommended value for the parallel intrinsic diffusivity of
neonatal gray matter (1.25 μm2/m).29

The mask of the cGM was propagated to the dMRI using
the previously computed transformation. To reduce partial

FIGURE 1: Data quality control. Violin and box plots
demonstrating (A) absolute and (B) relative motion in
preterm infants with low breast milk exposure, preterm
infants with high breast milk exposure and term-born
controls. BM = breast milk.
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volume effects due to cerebrospinal fluid (CSF) contamination,
voxels with ISO >0.5 were excluded from the cGM mask.
Finally, the mean value for each of the diffusion derived maps
was calculated for the cGM. Representative brain maps are
shown in Figure 2.

Statistical Analysis
For clinical and demographic features of study participants, categor-
ical variables are shown in absolute numbers with percentages (%),
continuous, normally distributed variables as means with standard
deviations (SDs) and continuous, non-normally distributed vari-
ables as medians with ranges. One-way analysis of variance
(ANOVA) was used to compare the means of normally distributed
continuous variables among the 3 groups, the Kruskal-Wallis rank
sum test was applied to compare medians of non-normally distrib-
uted continuous variables and Fisher’s exact test was used to test
for significant differences in categorical variables. In 2 group com-
parisons of preterm infants with low breast milk exposure versus
high breast milk exposure, 2-sample t-tests were used to compare
the means of normally distributed continuous variables, Wilcoxon
rank-sum tests were applied to compare medians of non-normally
distributed continuous variables and Fisher’s exact test was used to
test for significant differences in categorical variables.

For 3 group analyses comparing preterm infants with low
breast milk exposure, preterm infants with high breast milk expo-
sure, and term controls, brain features of interest were scaled
(z-transformed) and adjusted for age at MRI. One-way ANOVA
was performed for 3 group comparisons. Normal distribution of
the model residuals was tested with the Shapiro–Wilk test; homo-
geneity of variances was tested using the Levene test. When the
assumption for homogeneity of variances was not met, Welch
ANOVA was performed. When the assumption for normal distri-
bution of the residuals was not met, the Kruskal-Wallis test was
performed as the nonparametric alternative. Pairwise Student t-test
or Mann–Whitney U test were performed as post hoc tests.

For cortical brain imaging features which demonstrated a
relationship with breast milk exposure in the 3 group compari-
son, we then performed a comparison of preterm infants with
low breast milk exposure versus high breast milk exposure, in

2 additional models: (1) with adjustment for gestational age
(GA) at birth, age at MRI, and bronchopulmonary dysplasia
(BPD), and (2) with adjustment for GA at birth, age at MRI,
and with propensity score weighting.30 Adjustments were made
by fitting a linear model of each z-transformed brain feature on
the set of covariates and retaining the residuals. Propensity scores
were generated using the following variables: maternal age,
maternal obesity, Scottish index of multiple deprivation (SIMD),
mode of delivery, pre-eclampsia, sex, birthweight z-score, sepsis,
intraventricular hemorrhage (IVH), and BPD. Two group com-
parisons were performed using 2-sample Student’s t-tests for nor-
mally distributed variables and Mann–Whitney U tests for
variables that did not have a normal distribution.

To investigate a dose response effect, infants were divided
into quartiles of breast milk exposure and linear regression of
cortical imaging metrics was performed using 2 models: (1) using
breast milk quartile as input variable and residualized (against
GA at birth, age at scan, and BPD) cortical imaging metrics as
the outcome variable, and (2) using breast milk quartile as input
variable and residualized (against GA at birth and age at scan)
cortical imaging metrics as the outcome variable, with propensity
score weighting.

All reported p values were adjusted for false-discovery rate
using the Benjamini-Hochberg procedure within each experi-
ment and effect sizes were calculated using Cohen’s d. All statisti-
cal analyses were performed in R (version 4.05).

Results
Participant Characteristics
Two hundred twelve infants were studied: 135 preterm
infants (mean GA = 30+2 weeks, range = 22+1 to 32+6)
and 77 term-born infants (mean GA = 39+4 weeks,
range = 36+3 to 42+1). Within the preterm group,
68 infants received exclusive breast milk feeds for <75%
of neonatal inpatient days (low breast milk group) and
67 received exclusive breast milk for ≥75% of neonatal
inpatient days (high breast milk group). The median pro-
portion of inpatient days preterm infants received

FIGURE 2: Representative brain maps. Averaged maps for (A) cortical segmentation, (B) axial diffusivity, (C) mean diffusivity,
(D) radial diffusivity, (E) fractional anisotropy, (F) neurite density index, and (G) orientation dispersion index.
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exclusive breast milk feeds was 74%. Clinical and demo-
graphic features of participants are detailed in Table 1.
More infants in the low breast milk group had BPD when
compared with infants in the high breast milk group
(31% vs 10%, p = 0.005) and this was associated with
days spent in the neonatal unit (mean duration of stay
95 days vs 44 days). However, there were no statistically
significant differences in GA at birth, birthweight z-score,
or sex.

Breast Milk Exposure and Cortical
Macrostructure
The TTV did not differ between preterm infants in the
high breast milk group compared with the preterm infants
in the low breast milk group (d = �0.19, 95%
CI = �0.49 to 0.15, p = 0.304). Preterm infants in the
high breast milk group had a lower relative cortical gray
matter volume (d = 0.47, 95% CI = 0.14 to 0.94,
p = 0.014) and reduced cortical thickness (d = 0.42, 95%
CI = 0.08 to 0.84, p = 0.039) compared with preterm
infants in the low breast milk group (Fig 3B, D). There
were no significant differences in relative cortical gray mat-
ter volume (d = �0.04, 95% CI = �0.30 to 0.22,
p = 0.997) or cortical thickness (d = 0.11, 95%
CI = �0.20 to 0.49, p = 0.437) between preterm infants
in the high breast milk group and term-born controls.

The gyrification index (d = �0.59, 95%
CI = �0.87 to �0.23, p = 0.001) and surface area
(d = 0.61, 95% CI = �1.07 to �0.36, p < 0.001) were
both higher in term infants compared with preterm
infants with high breast milk exposure (Fig 3C, E), but
within the preterm group there was no effect of breast
milk exposure on these features. There were no group dif-
ferences in sulcal depth or cortical curvature.

In the fully adjusted models contrasting the 2 preterm
groups, the relative cortical gray matter volume remained
significantly lower in preterm infants in the high breast milk
group when compared with those in the low breast milk
group after adjustment for GA at birth, age at MRI, and
BPD (d = 0.53, 95% CI = 0.20 to 0.99, p = 0.021) or
with propensity score weighting (d = 0.46, 95% CI = 0.12
to 0.87, p = 0.028; Table 2). Cortical thickness was lower
in preterm infants in the high when compared to the low
breast milk group, but the difference was not statistically sig-
nificant following correction for multiple tests (see Table 2).

Breast Milk Exposure and Cortical
Microstructure
Preterm infants in the high breast milk group had higher
mean cortical FA (d = �0.38, 95% CI = �0.74 to
�0.01, p = 0.037) and lower mean cortical RD (d = 0.38,

95% CI = 0.002 to 0.77, p = 0.039) compared with pre-
term infants in the low breast milk group (Fig 4A, D).

There were significant differences in mean cortical
RD across all 3 groups, but effect sizes demonstrated a
greater difference between preterm infants with low breast
milk exposure and term-born controls (d = 1.1, 95%
CI = 0.71 to 1.47, p < 0.001) compared with preterm
infants with high breast milk exposure versus term-born
controls (d = 0.54, 95% CI = 0.23 to 0.86, p < 0.001).
The mean cortical FA of preterm infants who received high
breast milk exposure was similar to that of term-born con-
trols (d = �0.04, 95% CI = �0.41 to 0.26, p = 0.918).

Mean cortical MD (d = 0.64, 95% CI = 0.39 to
0.98, p < 0.001) and AD (d = 0.84, 95% CI = 0.51 to
1.23, p < 0.001) were lower (Fig 4B, C) and cortical ODI
(d = �0.45, 95% CI = �0.96 to �0.17, p = 0.005) was
higher (Fig 4F) in term infants compared with preterm
infants with high breast milk exposure but within the pre-
term group there was no effect of breast milk exposure on
these features. There were no group differences in NDI.

In the fully adjusted models comparing the preterm
groups, infants in the high breast milk group had higher
mean cortical FA compared with preterm infants in the
low breast milk group after adjustment for GA at birth,
age at MRI, and propensity score weighting (d = �0.39,
95% CI = �0.77 to �0.01, p = 0.038; see Table 2).

Dose Response Analysis
To investigate whether the effects of breast milk exposure
were dose dependent we performed an exploratory analysis
of the 4 cortical imaging metrics which differed between
the low and high breast milk groups (cortical gray matter
volume, cortical thickness, FA, and RD). One hundred
thirty-five preterm infants were divided into quartiles and
linear regression of cortical imaging features residualized
against GA at birth, age at scan, and BPD was performed
using quartiles as the ordinal input variable. This demon-
strated an association between breast milk quartile and cor-
tical volume (ß = �0.198, 95% CI = �0.347 to �0.048,
p = 0.013), FA (ß = 0.223, 95% CI = 0.068 to 0.365,
p = 0.009), and RD (ß = �0.220, 95% CI = �0.369 to
�0.071, p = 0.009) following adjustment for multiple test-
ing, indicating a dose response effect (Fig 5). These associa-
tions remained statistically significant when linear
regression was performed using breast milk exposure quar-
tile and propensity score weighting (Table 3).

Post Hoc Power Calculation
Indicative sample size calculations for (a) the overall 1-way
ANOVA comparing the 3 groups, and conditioning on
the observed sample size of 212 (68, 67, and 77 in the
3 groups of interest) shows that the study had 80% power
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TABLE 1. Participant Characteristics

Preterm infants
with low breast milk
exposure (n = 68)

Preterm infants
with high breast milk
exposure (n = 67)

Term
controls
(n = 77)

p term
vs
preterm

p preterm
group
comparison

GA at birth (weeks) 29 + 5 (23 + 3, 32 + 6) 30 + 4 (22 + 1, 32 + 0) 39 + 4 (36 + 3, 42
+ 1)

<0.001 0.192

Male sex 35 (51) 46 (69) 40 (52) 0.313 0.053

Birthweight (g) 1,289 (460) 1,410 (350) 3,484 (463) <0.001 0.088

Birthweight z-score 0.050 (�3.13, 2.14) 0.245 (�3.04, 1.58) 0.510 (�2.30, 2.57) 0.001 0.441

Age at MRI, weeks 41 + 0 (38 + 3, 45 + 6) 40 + 4 (36 + 4, 45 + 3) 42 + 0 (38 + 2,
46 + 1)

<0.001 0.032

Maternal age, yr 33 (17, 45) 31 (17, 43) 33 (19, 44) 0.007 0.245

Maternal obesity (BMI > 30) 22 (32.4) 13 (19.4) 14 (18.2) 0.237 0.116

Pre-eclampsia 16 (23.5) 10 (14.9) 4 (5.2) 0.004 0.275

Maternal type 1 diabetes
mellitus

1 (1.5) 1 (1.5) 1 (1.3) 1 1

Vaginal delivery 19 (28) 27 (40) 38 (49) 0.041 0.149

SIMD

1 12 (17.6) 10 (14.9) 3 (3.9) 0.002 0.864

2 11 (16.2) 14 (20.9) 10 (13.0)

3 12 (17.6) 9 (13.4) 11 (14.3)

4 12 (17.6) 15 (22.4) 18 (23.4)

5 17 (25.0) 17 (25.4) 35 (45.5)

Unknown 4 (5.9) 2 (3.0) 0

Feeding at MRI

Breast milk 1 (1.5) 25 (37.3) 46 (59.7) <0.001 <0.001

Formula milk 42 (61.8) 22 (32.8) 10 (13.0)

Mixed 22 (32.4) 13 (19.4) 17 (22.1)

Unknown 3 (4.4) 7 (10.4) 4 (5.2)

Antenatal steroids 66 (97) 63 (94) NA – 0.441

Magnesium sulphate 52 (77) 54 (81) NA – 0.676

Histologic chorioamnionitis 16 (24) 18 (27) NA – 0.927

Days in neonatal unit 57 (17, 133) 39 (20, 142) NA – 0.022

Days intubated 0 (0, 53) 0 (0, 63) NA – 0.233

Exclusive breast milk days (%) 44 (0, 74) 97 (75, 100) NA – <0.001

Exclusive formula days (%) 16 (0, 97) 0 (0, 21) NA – <0.001

Bronchopulmonary dysplasia 21 (31) 7 (10) NA – 0.005

Necrotizing enterocolitis 4 (6) 1 (2) NA – 0.366

Sepsis 17 (25) 9 (13) NA – 0.126

Intraventricular hemorrhage 8 (11.8) 13 (19.4) NA – 0.244

Categorical variables are shown in absolute numbers with percentages (%); continuous, normally distributed variables as means with standard devia-
tions (SD); continuous, non-normally distributed variables as medians with ranges. Fisher’s exact test was used to test for significant differences in cate-
gorical variables; the 2-sample t-tests were used to compare the means of normally distributed continuous variables; Wilcoxon rank-sum tests were
applied to compare medians of non-normally distributed continuous variables.
BMI = body mass index; GA = gestational age; MRI = magnetic resonance imaging; NA = not applicable; SIMD = Scottish Index of Multiple
Deprivation.
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at a 5% level of significance to detect an effect size of
around 0.22; and (b) for a specific comparison of 2 of the
groups of interest, with 71 per group the study had 80%

power at a 1.67% level of significance (to adjust for the
3 pairwise multiple comparisons) to detect an effect size of
around 0.55.31

FIGURE 3: Breast milk exposure and cortical structure. Violin and box plots showing (A) total tissue volume, (B) relative cortical
gray matter volume, (C) gyrification index, (D) cortical thickness, (E) sulcal depth, (F) cortical curvature, and (G) surface area in
preterm infants with low breast milk exposure, preterm infants with high breast milk exposure, and term-born controls.
*Represents statistically significant pairwise comparisons after FDR correction, p < 0.05. BM = breast milk; FDR = false
discovery rate.
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Discussion
The weeks following preterm birth represent a critical
window of rapid cortical growth and development which
is fundamental to the structural and functional organiza-
tion of the brain. By combining feeding data with brain
MRI, we show that high compared to low exposure to
exclusive breast milk feeds during this period is associated
with lower cortical gray matter volume, thickness and RD,
and higher FA at term-equivalent age. These findings sug-
gest that higher exposure to breast milk in early life is
associated with improved cortical maturation in preterm
infants resulting in an imaging phenotype that more
closely resembles that of infants born at term. Further-
more, breast milk exposure quartile was associated with
cortical volume, FA and RD following adjustment for GA
at birth, age at MRI, and BPD, suggesting a dose response
effect.

Preterm birth is associated with a thicker cortex at
term-equivalent age when compared with term-born con-
trols14 and an atypical trajectory of cortical thinning is
suggested by studies of preterm born children32,33 and
adolescents.34,35

Highly regulated spatiotemporal gene expression is
crucial for the cellular composition and cytoarchitecture of
the developing neocortex and the timing of progenitor cell
expansion is a key determinant of cortical size.36 Cortical
thickness is determined by the number of neuronal cells
within cortical columns, which are generated by transient
amplifying intermediate progenitor cells and divide

symmetrically at the ventricular surface within a radial
unit before migrating to their final location within the
cortex during development.37 Cortical overgrowth may
therefore represent increased neurogenesis due to altered
proliferation kinetics of intermediate progenitor cells, or
altered migration of neurons to the appropriate layers of
the developing neocortex. Altered cortical progenitor pro-
liferation has been observed in 3D organoid models of
preterm brain injury38 and altered migration of interneu-
rons into the developing cortex is a recognized feature of
brain dysmaturation after preterm birth.39 Our data sug-
gest that higher breast milk exposure following preterm
birth improves cortical organization, offering a potential
mechanism underlying the beneficial effects of breast milk
exposure on cognitive outcomes.

Early in development, cortical microstructure is
characterized by anisotropic water diffusion due to the
simple cellular processes of radial glia and apical dendrites,
which are radially oriented. As the cortex matures, den-
dritic arborization is characterized by a reduction in FA
due to the geometric dispersion of processes, followed by
a subsequent increase due to neuronal density and organi-
zation.40 We found that preterm infants with high breast
milk exposure and term-born controls had higher mean
cortical FA when compared with preterm infants with low
breast milk exposure, suggesting that breast milk exposure
is associated with microstructural maturation of the devel-
oping cortex at term-equivalent age. Our findings are con-
sistent with recent work demonstrating higher cortical FA

TABLE 2. Comparison of Cortical Imaging Features in Preterm Infants in the Low Versus High Breast Milk
Groups

Imaging feature Cohen’s d 95% CI p adjusted

Model 1: Adjustment for GA at birth, age at scan and BPD

Cortical gray matter volume 0.53 0.20 to 0.99 0.021

Cortical thickness 0.35 0.02 to 0.85 0.063

Mean cortical fractional anisotropy �0.41 �0.80 to �0.04 0.050

Mean cortical radial diffusivity 0.33 0.01 to 0.75 0.063

Model 2: Adjustment for GA at birth, age at scan, and propensity score weighting

Cortical gray matter volume 0.46 0.12 to 0.87 0.028

Cortical thickness 0.37 0.03 to 0.83 0.054

Mean cortical fractional anisotropy �0.39 �0.77 to �0.01 0.038

Mean cortical radial diffusivity 0.24 �0.09 to 0.64 0.054

BPD = bronchopulmonary dysplasia; CI = confidence interval; GA = gestational age.
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at 2 months of age in breastfed rhesus macaques when
compared with those fed formula milk.41

The gyrification index, surface area, and mean diffu-
sivity were all higher in term controls when compared
with preterm infants but, within the preterm group, there
was no effect of breast milk exposure on these features. As
dendritic arborization may be a driver of gyrification,40

our findings suggest that breast milk exposure affects cellu-
lar and organelle density, rather than the geometry of den-
dritic trees. Exploratory analyses also suggest that breast
milk exerts a dose response effect on brain development,
consistent with previous imaging and epidemiological
studies.

Breast milk contains a variety of constituents that
may support healthy cortical development, including opti-
mal protein and lipid composition, micronutrient

availability, and non-nutritive factors, such as immuno-
globulin, lactoferrin, lysozyme, human milk oligosaccha-
rides (HMOs), and microRNAs (miRNAs) with beneficial
effects on immune system development and establishment
of the gut microbiome.42 Long chain polyunsaturated
fatty acids (LCPUFAs), including docosahexaenoic acid
and arachidonic acid, are present in breast milk and criti-
cal for healthy brain development with roles in neuronal
cell growth, signaling, and differentiation.43 Recent MRI
studies of LCPUFA exposure in early life have demon-
strated associations with improved brain growth, structure,
and function in childhood.44,45 Previous work has shown
that the cognitive benefits of breast milk exposure follow-
ing preterm birth may be mediated by a reduction in
inflammation due to infection or necrotizing enterocoli-
tis.3 The beneficial effect of breast milk on cortical

FIGURE 4: Breast milk exposure and cortical microstructure. Violin and box plots showing mean cortical (A) fractional
anisotropy, (B) mean diffusivity, (C) axial diffusivity, (D) radial diffusivity, (E) neurite density index, and (F) orientation
dispersion index in preterm infants with low breast milk exposure, preterm infants with high breast milk exposure, and term-
born controls. *Represents statistically significant pairwise comparisons after FDR correction, p < 0.05. AD = axial diffusivity;
BM = breast milk; FA = fractional anisotropy; FDR = false discovery rate; MD = mean diffusivity; NDI = neurite density index;
ODI = orientation dispersion index; RD = radial diffusivity.

March 2023 599

Sullivan et al: Breast Milk and Neonatal Cortex

 15318249, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26559 by N

es, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [24/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



development may be mediated by immunomodulation
through several different mechanisms. Breast milk is rich
in miRNAs: small non-coding RNAs that regulate gene
expression and protein synthesis at the post-transcription
level. Breast milk profiling has identified several miRNAs
with potential to modulate early life immune function,

lipid metabolism, and developmental programming.46 The
miRNAs have been implicated in the regulation of neu-
roinflammation47 and cortical development, influencing
neural stem cell expansion and fate specification.48,49

Breast milk feeding is a key determinant of early life
gut microbial diversity, composition, and maturity.50 The

FIGURE 5: Exploratory analysis of dose response effect. Violin and box plots showing (A) relative cortical gray matter volume,
(B) cortical thickness, (C) mean cortical FA and, (D) mean cortical RD in preterm infants divided into quartiles.
BPD = bronchopulmonary dysplasia; FA = fractional anisotropy; GA = gestational age; RD = radial diffusivity.
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high abundance of HMOs in breast milk provide a nutri-
ent source for Bifidobacterium species, which predominate
the gut microbiome of breastfed infants and are integral to
early life immune development and regulation.51 Studies
have described associations between the infant gut micro-
biome and neurocognitive outcomes in childhood follow-
ing preterm birth52 and in healthy term-born controls53

but further work is needed to identify the underlying neu-
robiological mechanisms.

To our knowledge, this is the first study to examine
the effect of early breast milk exposure on cortical develop-
ment in very preterm infants. Strengths of the study
include: (1) prospective study design with a robust method
to reliably ascertain breast milk exposure, (2) a comprehen-
sive assessment of cortical imaging features including vol-
ume, expansion, folding, and microstructure using diffusion
tensor imaging and biophysical modeling, (3) the inclusion
of term-born infants to demonstrate imaging features of
healthy cortical maturation, and (4) the timing of brain
MRI at term-equivalent age to exclude potential con-
founding by infant nutrition and determinants of brain
development operating in the home and family environ-
ment following discharge from the neonatal unit.

Preterm infants in the low breast milk group were
more likely to be diagnosed with BPD (31% vs 10%) and
have longer hospital stays (median days in the neonatal
unit 57 vs 29). Whereas BPD is a recognized risk factor
for brain dysmaturation following preterm birth, the diag-
nosis of BPD is made several weeks after the commence-
ment of enteral nutrition. In view of the known
immunomodulatory properties of human milk, it is plausi-
ble that breast milk exposure may modify the risk of
BPD54; this is an important area for future study.

A limitation of this work is that we were unable to
study effects of donor versus maternal expressed breast milk
on cortical development; future work to determine differen-
tial effects of these milk types is warranted. The sample size
was insufficient to investigate the effect of sex or socioeco-
nomic status on cortical development. However, our study

population showed no sex preponderance and included fam-
ilies from all 5 quintiles of the SIMD. The preterm groups
were balanced for GA at birth, exposure to antenatal steroids
and magnesium sulphate, and several comorbidities of pre-
term birth, but we cannot exclude the possibility that other
confounders, such as parent–child interaction or method of
milk delivery, may have contributed to the differences we
observed. The main limitation of imaging the developing
cortex is image resolution and cortical feature estimates may
be biased by partial volume averaging with neighboring tis-
sue or cerebrospinal fluid or impacted by motion artifact;
notably, the data QC procedure revealed no difference in
absolute or relative head motion between groups. Further-
more, we observed differences in the cortical gyrification
index, surface area, MD, and ODI in preterm infants versus
term-born controls consistent with previous reports.14

We chose to study the effect of breast milk exposure
on whole cortex measures in light of previous work dem-
onstrating global effects of nutrition on the developing
brain.4,5,8,20,21 However, regional differences in matura-
tion have been described and differential effects of breast
milk according to cortical network would be interesting to
consider in future work. Finally, the cross-sectional nature
of our data meant that we could not study the effect of
breast milk feeding on cortical development beyond the
neonatal period. Previous work has shown a negative asso-
ciation between cortical gray matter volume at term-
equivalent age and cognitive and motor outcomes in
childhood.18 Longitudinal studies are needed to investi-
gate whether the association between breast milk exposure
and cortical maturation persists beyond term-equivalent
age and to assess the functional consequences of these
observations.

Conclusion
High versus low breast milk exposure in the weeks follow-
ing preterm birth is associated with some imaging features
that more closely resemble the cortical maturation of

TABLE 3. Linear Regression of Breast Milk Exposure Quartile Against Cortical Imaging Features After
Adjustment for GA at Birth and Age at Scan With Propensity Score Weighting

Imaging feature β 95% CI p adjusted

Cortical gray matter volume �0.192 �0.342 to �0.042 0.017

Cortical thickness �0.132 �0.284 to 0.019 0.087

Mean cortical fractional anisotropy 0.223 0.075 to 0.372 0.007

Mean cortical radial diffusivity �0.225 �0.373 to �0.076 0.007

CI = confidence interval; GA = gestational age.
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healthy infants born at full term and effects appear to be
dose dependent. Healthy development of the cerebral cor-
tex is essential for the establishment of neural networks,
which are foundational for the emergence of cognition.
Breast milk may offer an intervention to optimize early
cortical development following preterm birth, thereby
reducing the risk of later neurocognitive impairment and
psychiatric disease.
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