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Early nutrition and white matter
microstructure in children born very low
birth weight

®)ulie Sato,"z’3 ®Marlee M. Vandewouw,"3’4’5 ®Nicole Bando,6 Dawn V. Y. Ng,"7
Helen M. Br'anson,"8 Deborah L. O’Connor,6'7 Sharon L. Unger7’9"°" I'and
Margot ). Taylor'%337?

Infants born at very low birth weight (<1500 g) are vulnerable to nutritional deficits during their first postnatal month, which are
associated with poor neurodevelopmental outcomes. Despite this knowledge, the impact of early postnatal nutrition on white mat-
ter microstructure in children born with very low birth weight has not been investigated. In this prospective cohort study, we
employed a whole-brain approach to investigate associations between precise estimates of nutrient intake within the first postnatal
month with white matter microstructure at 5years of age. Detailed information about breastmilk, macronutrient and energy
intakes during this period were prospectively recorded for all participants. Multi-shell diffusion and T;-weighted MRIs were
acquired in 41 children (21 males; mean scan age: 5.75 *+ 0.22 years; mean birth weight: 1028.6 + 256.8 g). The diffusion tensor
imaging and neurite orientation dispersion and density imaging models were used to obtain maps of fractional anisotropy, radial
diffusivity, orientation dispersion and neurite density indices. Tract-based spatial statistics was used to test associations between
metrics of white matter microstructure with breastmilk, macronutrient (protein, lipids and carbohydrate) and energy intake.
Associations between white matter microstructure and cognitive outcomes were also examined. Compared to children who did not
meet enteral feeding recommendations, those who achieved enteral protein, lipid and energy recommendations during the first post-
natal month showed improved white matter maturation at 5 years. Among the macronutrients, greater protein intake contributed
most to the beneficial effect of nutrition, showing widespread increases in fractional anisotropy and reductions in radial diffusivity.
No significant associations were found between white matter metrics with breastmilk or carbohydrate intake. Voxel-wise analyses
with cognitive outcomes revealed significant associations between higher fractional anisotropy and neurite density index with
higher processing speed scores. Lower radial diffusivity and orientation dispersion index were also associated with improved proc-
essing speed. Our findings support the long-term impacts of early nutrition on white matter microstructure, which in turn is related
to cognitive outcomes. These results provide strong support for early postnatal nutritional intervention as a promising strategy to
improve long-term cognitive outcomes of infants born at very low birth weight.
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very low birth weight; preterm; nutrition; diffusion tensor imaging; white matter
DTI = diffusion tensor imaging; FA = fractional anisotropy; FSL = FMRIB Software Library; GA = gestational
age; NDI = neurite density index; NODDI = neurite orientation dispersion and density imaging; ODI = orientation dispersion
index; RD = radial diffusivity; TBSS = tract-based spatial statistics; VLBW = very low birth weight; WPPSI-IV = Wechsler

Preschool and Primary Scale of Intelligence-IV
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p-value  0.05

Introduction

The third trimester, during which very low birth weight
(VLBW, <1500g) or very preterm [<32weeks gestational
age (GA)] infants are born, is a period vulnerable
to nutritional deficits in the ex utero environment as pla-
cental supply is abruptly discontinued." These deficits are
in turn associated with adverse growth and poor neurode-
velopmental outcomes that extend throughout childhood.*”
> Thus, an important, modifiable aspect of neonatal care
that is critical to improving long-term outcomes is postna-
tal nutrition in VLBW infants. Emerging evidence suggests
that early nutrition, in particular breastmilk and macronu-
trient intake, is associated with improved neurodevelop-
ment and white matter maturation in preterm infants and
adolescents.”™ Despite this knowledge, however, the role

Energy intake (postnatal days 9-29)

of specific nutrients during this critical preterm period on
subsequent white matter development at preschool-age has
not yet been explored.

Recent studies have shown that higher energy and lipid
intake in the first two postnatal weeks were associated
with improved white matter maturation and a lower inci-
dence of brain injury at term-equivalent age in very pre-
term infants.>” MRI studies also suggested a dose-
dependent relation between in-hospital breastmilk intake
in preterm infants and fractional anisotropy (FA) in
major white matter tracts at term-equivalent age® and
total brain and white matter volumes in adolescence.’
The weeks following preterm birth are a period of rapid
brain growth and myelination,'®!" which is likely why
early nutrient intake in VLBW infants may have long-
term impacts on white matter microstructure. Yet there is
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little literature for understanding the effects of early nutri-
tion on white matter microstructure at preschool-age, a
period where cognitive functions are maturing rapidly
and amenable to intervention.'*!?

Despite advances in neonatal care and increased survival
of infants born VLBW, short and long-term cognitive mor-
bidities remain high in this population.'®'*!* These mor-
bidities are wide-ranging and include cognitive and
academic difficulties, as well as impairments in behaviour
and social functioning, which typically emerge by school-
age.'®?% Although several factors have been linked with
these poorer neurodevelopmental outcomes, including GA
and birth weight, the underlying contributions of white
matter microstructure to cognitive outcomes are not well
understood. Previous studies have shown that FA increases
in early childhood are primarily driven by increases in neu-
rite density index (NDI), suggesting that axon density plays
an important role in the maturation of cognitive functions
in young children.*'** Two recent studies reported correla-
tions between both FA and NDI with IQ in school-age
children born very preterm.”*** The authors interpreted
these findings to suggest that the association between FA
and IQ are related to changes in axon density in children
born very preterm.”* However, these studies were con-
ducted in older children and did not examine neonatal nu-
trition as a potential contributing factor to white matter
development, and hence also to cognitive sequelae.

In this prospective cohort study, we examined the associ-
ation between precise estimates of postnatal nutrition, spe-
cifically mother’s breastmilk and macronutrient intake, and
white matter microstructural parameters in VLBW children
at Syears of age. Diffusion tensor imaging (DTI) and the
more recent neurite orientation dispersion and density
imaging (NODDI)*® model were used to analyse how
microstructural properties of white matter were associated
with nutrient intake within the first postnatal month. DTI
and NODDI are two methods for modelling diffusion-
weighted MRI data that have been applied to investigate
white matter microstructure in the preterm brain.>>**%¢
We also analysed the associations between DTI and
NODDI metrics with cognitive outcomes. Given the known
deficits experienced by VLBW children across a range of
cognitive domains,”” which are strongly associated with the
degree of prematurity,”® it is critical to understand the
underlying contributions from white matter microstructure.
We hypothesized that greater nutrient intake would be
related to improved measures of white matter microstruc-
ture, and that white matter microstructure would in turn
would be associated with better cognitive performance.

Materials and methods

Children born VLBW were recruited as part of a S-year
follow-up (NCT02759809) to the randomized clinical
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trial, Donor Milk for Improved Neurodevelopmental
Outcomes (ISRCTN35317141). The study was designed
to evaluate the effects of donor milk, in comparison to
preterm formula, as a supplement to mother’s breastmilk
in infants born VLBW. The feeding protocols and study
outcomes have been published.”*>® Briefly, 363 infants
were recruited from four tertiary neonatal intensive care
units in Southern Ontario, Canada, and randomly
assigned to receive either donor milk or preterm formula,
when mother’s breastmilk was unavailable. Both the feed-
ing intervention and data collection continued after acute
care was no longer required and infants were transferred
to any one of 17 community neonatal intensive care units
in the Greater Toronto and Hamilton areas. The feeding
intervention lasted 90days or until hospital discharge,
whichever came first. Study recruitment took place be-
tween October 2010 and December 2012. Infants were
included if they weighed <1500g at birth, parents con-
sented within 4 days of birth and if enteral feeding was
expected to begin within the first postnatal week. Infants
were ineligible if they had severe birth asphyxia or a ser-
ious chromosomal or congenital anomaly that could af-
fect neurodevelopment, which were identified before
enrolment.

All surviving children (n=316) and their families who
took part in the original randomized clinical trial were
approached for the 5-year follow-up study. About 158
(50% follow-up rate) participated in the 5-year follow-up
between August 2016 and July 2018 at the Hospital for
Sick Children (SickKids), Toronto, Canada. This study
aimed to recruit 20 VLBW children for each of the three
enteral feeding groups during initial hospitalization: (i)
donor milk (>20% of total enteral feeds), (ii) preterm
formula (>20% of total enteral feeds) or (iii) exclusively
fed their mother’s breastmilk (i.e. no donor milk or pre-
term formula supplementation). The study protocol was
reviewed and accepted by the SickKids Research Ethics
board. All children were screened and approved for MRI
compatibility and provided verbal assent while parents
gave written informed consent in accordance with the
Declaration of Helsinki.

Perinatal clinical information was obtained during pri-
mary hospitalization in the neonatal intensive care unit,
including demographics (birth GA, birth weight, sex and
maternal education) and neonatal morbidities [i.e. pres-
ence of brain injury, patent ductus arteriosus (diagnosis
confirmed by echocardiography or indomethacin treat-
ment), chronic lung disease (oxygen support at 36 weeks
corrected age), late-onset sepsis (positive blood or cere-
brospinal fluid culture at >5 postnatal days) and necrot-
izing enterocolitis (Modified Bell Staging Criteria > 1II)].
Clinical radiological review of cranial ultrasounds com-
pleted during initial hospitalization at birth defined brain
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injury as the presence of at least one of the following
findings at birth: Echodense intraparenchymal lesions,
white matter lesions, periventricular leukomalacia, poren-
cephalic cysts and ventriculomegaly with or without
intraventricular haemorrhage. At least two neonatologists
and one radiologist assessed the cranial ultrasound scans
for the presence of brain injury.

As part of the feeding intervention, detailed information
about macronutrient and energy intakes for all infants
were prospectively recorded. These details have been pre-
viously published.””**** Briefly, daily volumes and com-
positions of the parenteral and enteral nutrition provided
were collected for each infant. Mother’s breastmilk intake
was calculated as the percentage of total enteral feeds in-
hospital. The sum of both parenteral and enteral contri-
butions was used to estimate the daily macronutrient (in
grams per kilogram per day) and energy (kilocalories per
kilogram per day) intakes. Mean macronutrient and en-
ergy intakes were described for the following time inter-
vals: Postnatal Days 1-8 and Days 9-29. These time
intervals were selected based on evidence that the first
postnatal week (Days 1-8) largely comprises parenteral
feeding, as well as significant fluid loss (i.e. diuresis)
which can impact weight gain during this period.>
Nutrient fortification and full enteral feeding are largely
established during Postnatal Days 9-29. Mean intakes
were dichotomized based on whether minimum macronu-
trient/energy for enteral recommendations were met
(3.5 g/kg/day for protein; 4.8 g/kg/day for lipids; 11.6g/
kg/day for carbohydrates; 110kcal/kg/day for energy).*®
The recommended nutrient intakes were used to facilitate
comparisons across studies rather than using cohort-spe-
cific cut-offs. Children were excluded if they had <7 days
of nutrient intake data available during a given time
interval.

Cognitive performance was assessed using the Wechsler
Preschool and Primary Scale of Intelligence-IV (WPPSI-
IV),>” which is a standardized measure of intelligence
that has been validated in children between 2years and
6 months through to 7years and 7 months. In addition to
the full-scale IQ, other cognitive domains were assessed
using the WPPSI-IV, including the Verbal Comprehension
Index, Vocabulary Acquisition Index, Visual Spatial
Index, Fluid Reasoning Index, Processing Speed Index
and Working Memory Index. Composite scores were
standardized to a population mean of 100 and a SD of
15, with low average’ scores defined as scores <90.%”
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MRI scans were acquired on a 3T MAGNETOM
Siemens PrismaFIT with a 20-channel head and neck coil.
A T,-weighted anatomical image was acquired for each
participant with a 3D magnetization prepared rapid
acquisition gradient echo sequence (TR/TE=1870/
3.14ms, FA=9°, FOV=240x256 mm, # slices=192,
resolution=0.8 mm isotropic). Multi-shell  diffusion
images were acquired based on the echo planar imaging
diffusion pulse sequence [TR/TE=3800/73ms, FA=90°,
FOV =244x244, # slices=70, resolution=2.0mm
isotropic, b=1000/1600/2600s/mm> (30/40/60 directions);
15 interleaved b=0s/mm?® volumes]. A BO map of the
main magnetic field was estimated to correct for distor-
tions in the diffusion data using a double-echo gradient-
recalled echo sequence (TR/TE1/TE2=600/7.65/5.19 ms,
FA=60°, FOV=252x252 mm, # slices=50, resolu-
tion=3.0mm isotropic). All imaging sequences were col-
lected while children were awake and watching a movie.

Using MRtrix3 and the FMRIB Software Library (FSL),
diffusion data were denoized®® and corrected for Gibbs-
ringing.>” Fieldmaps were prepared using FSL’s FUGUE
and used in FSL’s eddy tool to correct for motion-
induced distortion, echo planar imaging-induced distor-
tions and eddy currents.* The magnitude image was
linearly registered (FLIRT) to the diffusion-weighted data
and the generated transform was applied to the fieldmap.
The eddy toolbox also included an outlier replacement
procedure to identify slices with motion-induced signal
dropout and replaced them with Gaussian Process predic-
tions.*® Diffusion data were corrected for bias field inho-
mogeneities using the N4 algorithm.*' The diffusion
tensor was estimated and used to obtain maps of FA and
radial diffusivity (RD). The NODDI model was used to
obtain maps of orientation dispersion index (ODI) and
NDI with the NODDI toolbox for Matlab version
1.0.1.>° All three b-values were used to obtain maps of
DTI and NODDI metrics. The NODDI model provides
additional information about the structural properties of
neurites (axons or dendrites) by separating the diffusion
signal into three tissue compartments: Intra-cellular,
extra-cellular and cerebrospinal fluid.*?> The intra-cellular
compartment measures the diffusion within neurites, from
which the ODI and NDI can be calculated. ODI repre-
sents the angular variation of neurite orientations, reflect-
ing the organization of axons. NDI estimates the density
of axons, particularly myelinated axons.*’

A whole-brain approach was taken to analyse diffusion
images using FSL’s tract-based spatial statistics (TBSS).**
Each child’s FA image was nonlinearly co-registered to
every other participant’s FA image, and the most
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representative FA image was selected as the target image.
This target image was then registered to MNI152 stand-
ard space and the generated transformations were used to
register each participant’s FA data to standard space via
the target image. A mean FA template was calculated,
skeletonized and thresholded at 0.2 to generate the skel-
eton mask, which was subsequently applied to each par-
ticipant’s FA data. The registrations and skeleton mask
were also used to obtain skeletonized RD, ODI and NDI
data.

Descriptive statistics were conducted for demographic and
clinical variables. Differences between sexes were assessed
using an independent samples #-test for continuous varia-
bles and a chi-square test for categorical variables.
Hypothesis tests were two-tailed and P <0.05 was con-
sidered statistically significant.

FSL’s randomize™® was used to perform voxel-wise analy-
ses on DTI and NODDI skeletonized data. In all statistic-
al tests, 5000 permutations and threshold-free cluster
enhancement* were used, with significance at P <0.05
following corrections for multiple comparisons. In all 41
children, we investigated associations between mother’s
breastmilk intake and duration of breastfeeding with DTI
and NODDI metrics using a general linear model (GLM),
adjusting for both sex and birth weight. In separate mod-
els, we tested the association between macronutrient (pro-
tein, lipids and carbohydrates) and energy intake with
DTI and NODDI metrics, adjusting for both sex and
birth GA. Birth weight was not included in these models
as there was a significant difference in the mean birth
weight between infants who achieved enteral nutrient rec-
ommendations during Postnatal Days 9-29 versus those
who did not, and thus did not meet the requirements of
a covariate.*> This is not surprising given VLBW infants
are fed based on birth weight, not birth GA. See
Supplementary Table 1 for correlation coefficients be-
tween confounders. Since <10% of children achieved
macronutrient/energy recommendations during Days 1-8,
we focussed our analyses on the second time interval of
Postnatal Days 9-29. Voxel-wise regression analyses were
also performed between DTI and NODDI metrics with
cognitive outcomes, adjusting for sex and birth GA.
Exploratory analyses were conducted comparing the
type of enteral feeding during initial hospitalization.
Children born VLBW were divided into the following
three groups based on in-hospital enteral feeding: Those
fed exclusively mother’s breastmilk (z=19), those fed
mother’s breastmilk supplemented with donor milk
(n=13), and those fed mother’s breastmilk supplemented
with preterm formula (7=9). The primary exploratory
analysis compared the donor milk and the preterm
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formula group. If no differences were noted between the
feeding groups, these two groups were combined and
compared with the reference group: Those fed exclusively
mother’s breastmilk. To visualize results for significant
associations, the John Hopkins University DTI-based trac-
tography atlas*® was applied to the FA skeleton to plot
values from significant voxels within defined white matter
regions. Significant voxels were thickened to help visual-
ize results.

The clinical and demographic data of this study cannot
be made available in order to protect the privacy and
confidentiality of our participants; we do not have con-
sent from participant families to share their anonymized
data, nor do we have permission from the research ethics
boards of our participating hospitals. However, the neu-
roimaging data are available upon reasonable request to
the senior author.

Results

Children were not included into the neuroimaging por-
tion of the study if they were ineligible due to a medical
condition (z=3), MRI incompatibility (z=4), their in-
ability to lie still as reported by parents (n=16), or if
the anticipated number of participants (i.e. 20) were
recruited from their respective enteral feeding group
(n=39; see Materials and Methods). Of the 158 VLBW
children who attended the 5-year follow-up, 56 consented
to a second visit where they underwent an MRI scan and
were included in the present analyses. A total of 41 out
of 56 children with complete multi-shell scans were
included in subsequent analyses after passing inspection
for gross motion artefacts. Details on the flow of VLBW
participants from the original randomized clinical trial to
the present study are summarized in Supplementary
Fig. 1. Table 1 summarizes the demographic and clinical
characteristics for the total group and sexes separately.
There were no significant differences between males and
females on any of the demographic or clinical characteris-
tics. Participants had a mean (*£SD) age at scan of 5.8
(£0.2) years, birth GA of 28.1 (*+2.4) weeks and birth
weight of 1028.6 (*£256.8) g. Mean (*=SD) mother’s
breastmilk intake as a percentage of total enteral feeds
was 69.7% (*=37.1) and ranged from 0.72 (1 infant) to
100% (15 infants). In our cohort, 71% of mothers had
an education level of university or above. Of the infants,
12% had a history of brain injury during initial hospital-
ization, 32% had patent ductus arteriosus, 15% had
chronic lung disease and 27% had late-onset sepsis.
None of the infants had any incidence of NEC stage II
or greater.
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Table | Demographic and clinical characteristics in VLBW children
Total group Males Females P-value®
(n=41) (n=21) (n=20)
Age at scan 5.8(0.2) 5.8 (0.2) 5.7 (0.2) 0.15
Gestational age (weeks) 28.1 (2.4) 27.8 (2.5) 284 (2.3) 0.43
Birth weight (g) 1028.6 (256.8) 1032.5 (263.7) 1024.5 (256.2) 0.92
Mother's breastmilk intake (%)° 69.7 (37.1) 67.7 (38.6) 71.9 (36.3) 0.73
Duration of breastfeeding (days) 260.6 (187.4) 208.0 (156.9) 315.9 (204.3) 0.06
Maternal education level
High school 12/41 (29.3%) 8/21 (38.1%) 4/20 (20%) 0.47
University or college 23/41 (56.1%) 8/21 (38.1%) 15/20 (75%)
Post-graduate training 6/41 (14.6%) 5/21 (23.8%) 1/20 5%)
Brain injury 5/41 (12.2%) 3/21 (14.3%) 2/20 (10%) 0.68
Patent ductus arteriosus 13/41 (31.7%) 8/21 (38.1%) 5/20 (25%) 0.37
Chronic lung disease 6/41 (14.6%) 3/21 (14.3%) 3/20 (15%) 0.95
Late-onset sepsis 11/41 (26.8%) 6/21 (28.6%) 5/20 (25%) 0.80

Necrotizing enterocolitis (>2) 0/41 (0%)

021 (0%) 0/20 (0%) -

Categorical variables are presented as frequency (percentage) and continuous variables as mean (SD).

?Comparisons by two-sample t-test or chi-square tests.
PPercentage of total enteral feeds.

Table 2 Mean macronutrient and energy intakes for
Postnatal Days 1-8 and 9-29 in VLBW children

Days 1-8 Days 9-29

(n=41) (n =40)
Protein (g/kg/day) 2.8 (0.3) 3.7 (0.5)
Lipids (g/kg/day) 2.1 (0.8) 5.0 (1.2)
Carbohydrates (g/kg/day) 9.4 (1.3) 11.9 (1.2)
Energy (kcal/kg/day) 64.9 (10.6) 106.6 (14.8)

Means and SDs are reported.

The mean macronutrient and energy intakes for the
VLBW infants during both time intervals (Postnatal Days
1-8 and Postnatal Days 9-29) are shown in Table 2. As
described in the methods, only Postnatal Days 9-29 were
analysed in since <10% of children achieved macronutri-
ent/energy recommendations during Postnatal Days 1-8.
During Postnatal Days 9-29, 28 (70%) children achieved
protein and lipid recommendations, 26 (65%) achieved
carbohydrate recommendations and 22 (55%) achieved
energy recommendations. Mean cognitive scores in our
cohort fell within average levels of ability for all meas-
ures (Table 3). The proportion of low average scores,
defined as IQ scores below 90, was 7 out of 41 (17%)
children.

No significant associations were found between mother’s
breastmilk intake with DTI and NODDI metrics in chil-
dren. The association between duration of breastfeeding
with DTT and NODDI metrics was also not significant.
Significant associations, however, were present between
enteral protein, lipid and energy intakes with DTI metrics

Table 3 Mean cognitive scores in VLBW children

WPPSI-IV indices VLBW children

(n=41)
Full-scale 1Q 102.56 (12.97)
Verbal Comprehension Index 101.78 (16.31)
Visual Spatial Index 101.80 (12.64)
Fluid Reasoning Index 101.24 (13.80)
Working Memory Index 103.0 (15.26)
Processing Speed Index 102.34 (11.18)
Vocabulary Acquisition Index 99.33 (15.80)

Low average scores <90,
no./total (%) Full-scale IQ

7/41 (17.1%)*

Means and SDs are reported.
?Presented as frequency (percentage).

(FA and RD), independent of sex and birth GA. The chil-
dren who met enteral protein recommendations during
Postnatal Days 9-29 showed increased FA compared to
those who did not (Fig. 1A). Regions with significant
voxels included the corpus callosum, corona radiata, an-
terior limb of the internal capsule and the posterior thal-
amic radiation (see Table 4 for the full list and number
of voxels per subregion that were significantly associated
with protein intake). Greater protein intake was associ-
ated with lower RD within many overlapping tracts
(Fig. 1B and Table 4). Children who met enteral energy
recommendations during Postnatal Days 9-29 also
showed increased FA (Fig. 1C) and reduced RD (Fig. 1D)
compared to those who did not (Table 4). Similar associ-
ations were found for lipid intake, albeit less widespread
associations with higher FA and lower RD, confined to
more posterior tracts such as the posterior thalamic radi-
ation and corpus callosum (Table 4). No significant asso-
ciations were found between carbohydrate intake with
DTI and NODDI metrics.
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Figure | Associations between protein and energy intake with DT metrics in VLBW children. Red and blue areas represent significant voxels
in which higher nutrient intake was positively and negatively associated with DTI metrics, respectively. (A) Higher protein intake during Postnatal
Days 9-29 was positively associated with FA. (B) Higher protein intake was negatively associated with RD. (C) Higher energy intake was
positively associated with FA. (D) Higher energy intake was negatively associated with RD. Significance was held at P,,-<0.05. Colour bars

indicate P-values.

In exploratory analyses, we compared children fed
mother’s breastmilk supplemented with donor milk to
those supplemented with preterm formula during initial
hospitalization. There were no significant differences in
DTI or NODDI metrics between the donor milk and pre-
term formula supplement groups. Thus, these two groups
(preterm formula and donor milk) were combined and
compared with the reference group: Children who were
fed exclusively mother’s breastmilk. However, we also
found no significant differences between these groups in
any of the DTI or NODDI metrics.

Significant associations were found between DTI and
NODDI metrics with processing speed scores. Higher
NDI (Fig. 2A and B) and FA (Fig. 2C) was associated
with higher processing speed in many overlapping
regions, including the corpus callosum and the posterior
thalamic radiation (Supplementary Table 2). Lower RD
was associated with improved processing speed in many
of the same tracts where higher FA and NDI were found
(Fig. 2D). Lower ODI was also negatively associated with

processing speed, however, this association was found in
a cluster in the corpus callosum only (Supplementary
Fig. 2). No significant associations were found between
DTI and NODDI metrics with other cognitive outcomes.

Discussion

To our knowledge, this is the first study to investigate
associations between early postnatal nutrition and white
matter microstructure in preschool-age children born
VLBW. We leveraged detailed nutritional data collected
during neonatal intensive care unit stays following birth
to determine the longer-term associations with brain mat-
uration. We found significant associations between early
macronutrient intake and white matter microstructure at
Syears of age. Specifically, children who achieved enteral
protein, lipid and energy recommendations during
Postnatal Days 9-29 showed improved white matter
microstructure (increased FA and reduced RD) compared
to children who did not meet nutrient recommendations.
These effects were independent of sex and birth GA,
which are known predictors of neurodevelopmental out-
comes in children born VLBW. The DTI and NODDI

metrics were, in turn, correlated with cognitive outcomes.


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab066#supplementary-data
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Table 4 TBSS analyses: Associations between DTI metrics with macronutrient and energy intakes in VLBW

children
White matter region Hemi +FA/+
Protein
Genu of corpus callosum 1380
Body of corpus callosum 1772
Splenium of corpus callosum 1324
Fornix (column and body) 9
Corticospinal tract R
L
Cerebral peduncle R 217
L 202
Anterior limb of internal capsule R 240
L 223
Posterior limb of internal capsule R 264
L 93
Retrolenticular part of internal capsule R 94
L 78
Anterior corona radiata R 579
L 748
Superior corona radiata R 416
L 293
Posterior corona radiata R 479
L 454
Posterior thalamic radiation R 570
L 493
Sagittal stratum R 152
L 95
External capsule R 303
L 215
Cingulum (cingulate gyrus) R
L 9l
Cingulum (hippocampus) R
L
Superior longitudinal fasciculus R 364
L 310
Superior fronto-occipital fasciculus R
L
Uncinate fasciculus R 53
L

—RD/ +FA/+ —RD/+ +FA/+ —RD/
+Protein Energy Energy Lipids +Lipids
1338 923 1103 18
1653 1389 1702 1211 1015
1586 1194 1668 1268 1500
13 8 49 | 2
1103
1702
165 94 14
181 64 152 42
4
131 110 114
8l 2 88 21
29 51 50 6
181 303 454 115
58 150 154 83 96
464 313 472 10
696 484 617 108
437 190 221 352
263 214 352 219 332
596 209 311 295 213
501 369 518 334 378
556 478 542 496 317
508 508 668 501 454
179 196 259 166 459
8 233 325 128 173
197 322 368 156 Il
151 93 114 55 121
Il 24
93 8l 108 101 16
195 101
71 194
397 185 267 403 24|
288 48 272 128 201
2
44
27

This table shows the number of significant voxels per region.
FA = fractional anisotropy; RD = radial diffusivity.

Voxel-wise analyses revealed a significant positive associ-
ation between increased FA and NDI with higher proc-
essing speed scores. Lower RD and ODI were also
associated with improved processing speed. Importantly,
we did not find significant associations between mother’s
breastmilk intake or duration of breastfeeding with white
matter microstructure.

Our findings demonstrated that among the macronu-
trients, achieving protein recommendations during
Postnatal Days 9-29 contributed to the beneficial effect
of nutrition on white matter microstructure at 5years of
age. This was evident by the widespread associations be-
tween protein intake with higher FA and lower RD in
many overlapping white matter tracts. Proteins are essen-
tial for brain development and myelination during the
early postnatal preterm period,”” a time when the brain
is vulnerable to nutritional deficits in VLBW infants.

These results significantly extend previous findings

showing an association between higher protein intake
and greater head circumference growth in infants born
very preterm at 2years of age.*® Although not a direct
measure of brain development, head circumference is cor-
related with brain growth at term-equivalent age and is
associated with later cognitive and motor outcomes in
preterm infants.*” In line with these findings, a recent
study showed that enteral protein, lipid and caloric
intakes during the first postnatal month were positively
associated with FA in the posterior limb of the internal
capsule.” The authors also found that cumulative protein
intake was associated with higher cognitive and motor
scores at 2years corrected age, independent of many risk
factors including birth weight, birth GA, sex, white mat-
ter injury and illness severity.” Importantly, this study
found that days of parenteral (i.e. intravenous) nutrition
were associated with poorer white matter maturation and
smaller total brain volume. Recently, another study found
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Splenium of corpus callosum

0.68
0.66
0.64
0.62

0.6
0.58

0.56
0.54
0.52

75 85 95 105 115

Processing speed scores

125

RD and processing speed

Figure 2 Associations between diffusion and NODDI metrics with processing speed in VLBW children. (A) TBSS analyses demonstrated a
positive association between NDI and processing speed scores, as indicated by the red areas representing significant voxels. (B) The scatter
plots show the association between mean NDI in the splenium of corpus callosum and processing speed scores in VLBW children. (C) TBSS
analyses demonstrated the positive association between FA and processing speed scores. (D) TBSS analyses demonstrated the negative
association between lower RD and improved processing speed scores, as indicated by the blue areas. Significance was held at P,,<0.05.

Colour bars indicate P-values.

that higher early parenteral intake of protein within the
first postnatal week was associated with an increased
odds of cerebral palsy at 7years of age.’® These studies
highlight the importance of distinguishing parenteral and
enteral sources of nutrition and emphasize the need for
further large-scale, randomized trials to determine the op-
timal dose and timing of enteral protein supplementation
in the neonatal preterm period.’'->*

We further found that meeting enteral lipid and energy
recommendations during Postnatal Days 9-29 was associ-
ated with higher FA and lower RD in major posterior
white matter tracts such as the posterior thalamic radi-
ation and corpus callosum. These results extend previous
findings showing associations between lipid and energy
intake with improved white matter maturation and
reduced brain injury in preterm infants at term-equivalent
age.”” Our results are the first to extend these findings
beyond infancy in children born VLBW, demonstrating

the long-term impact of early nutrition on brain develop-
ment. Lipids play an important role in brain develop-
ment, serving as the building blocks for membrane
formation and myelin synthesis.’® This is especially critic-
al in very preterm infants as the oligodendrocytes are
particularly vulnerable to damage early in the third tri-
mester when these infants are born.>* For instance, brain
injury during this preterm period is known to impact the
maturation of pre-oligodendrocyte glial cells, which are
responsible for the myelination of axons.’”

Long-chain polyunsaturated fatty acids have also been
linked to the beneficial effects of lipids on white matter
maturation and neurodevelopment.’®>” Mother’s breast-
milk contains precursors of long-chain polyunsaturated
fatty acids, which may partly explain the beneficial effect
of breastfeeding on neurodevelopment. A Cochrane re-
view, however, found no clear benefit of long-chain poly-
unsaturated fatty acid supplementation on long-term
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outcomes in formula-fed preterm infants.’® Despite these
reports, breastfeeding compared to formula-feeding in
preterm infants has been consistently linked with better
cognitive performance and increased white matter devel-
opment in childhood and adolescence.>®*? The lack of a
significant relation between mother’s breastmilk intake
and white matter microstructure in our study was likely
due to the high percentage of breastmilk intake across
our VLBW cohort, with half of our sample receiving
>90% mother’s breastmilk intake during hospitalization.
Earlier studies that found effects, have typically had a
greater range of breastfeeding.”®°® In exploratory analy-
ses, significant differences in white matter microstructure
were not found between children who received supple-
mentation of donor milk versus preterm formula during
initial hospitalization. Previous randomized and observa-
tional studies assessing the effect of donor milk compared
to preterm formula on neurodevelopment have found
similar or slightly lower cognitive scores in those receiv-
ing supplemental donor milk.*>®' Our study did not
show any significant differences between these supplement
feeding groups, although this may be due to the small
sample size and thus warrants further investigation.
Further, no differences were found between the supple-
ment feeding groups and children who received exclusive-
ly mother’s breastmilk, which again may be related to
the high intake of mother’s breastmilk in those groups as
well during hospitalization.

The associations between white matter microstructure
and cognitive outcomes were also very interesting.
Alterations in FA and other DTI metrics have been corre-
lated with early cognitive and motor outcomes in very
preterm children,®>®® highlighting the importance of
understanding which factors contribute to these FA differ-
ences. In our cohort of VLBW children, higher FA and
NDI were associated with improved processing speed
scores. This is consistent with the maturational trends of
these distinct metrics, showing general increases with age
across white matter regions.”'** These findings suggest
that alterations in axon density may underlie some of the
difficulties in cognition observed in VLBW children. In
line with these findings, another study also found associa-
tions between NDI and cognitive outcomes, specifically
IQ and visuomotor skills.”* Processing speed is thought
to underlie many higher-order cognitive abilities®**° and
has been shown to be impaired in preterm children.®®®”
Thus, slower processing speed observed in this population
may be related to poorer development of white matter
microstructure. Further, the association with FA and RD
measures was found posteriorly, which may support a
slower posterior-to-anterior gradient of white matter de-
velopment in children born VLBW. However, given the
cross-sectional nature of this work, future studies should
replicate these findings in larger studies and longitudinal
designs to confirm brain-behaviour associations and de-
velopmental delays in VLBW children. In addition, these
results suggest a vulnerability of myelination processes, as
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reflected by associations between processing speed with
both RD and NDI, which may help to identify VLBW
children at greater risk of later cognitive difficulties.

While the present study has many strengths, including
the use of DTI and NODDI metrics to assess the micro-
structural properties of white matter in children born
VLBW, there are some limitations to consider. Firstly, the
relatively small sample of 41 VLBW children was due to
a combination of factors, including parental decline to
participate and ineligibility for neuroimaging. Our sample
size was further reduced due to the exclusion of data
that did not pass strict inspection for motion artefacts or
were incomplete due to the young participants’ inability
to finish scanning protocols. While this data loss is a
common challenge faced by others working in paediatric
neuroimaging, we acknowledge that our sample may not
be representative of all VLBW children. For instance,
parents who deemed their children unable to lie still dur-
ing the scan (n=16) did not consent to neuroimaging.
Thus, lower functioning VLBW children, who were un-
able to participate or complete the scan protocol, were
not represented in the current sample. Faster scan times
and improved scan protocols adapted for paediatric pop-
ulations will improve the retention and quality of data in
the future. Secondly, as is typical in the field, nutrient
concentrations of mother’s breastmilk feeds were not dir-
ectly measured. Weekly macronutrient and energy esti-
mates were instead calculated based on known changes
in milk composition over time.>* Thirdly, TBSS confines
the analysis to the FA skeleton (thought to reflect the
centre of major white matter tracts) and is thus not rep-
resentative of the entire white matter tract, including
poor coverage of the cerebellum. While this attempts to
exclude voxels with partial volumes and improve align-
ment between images, we acknowledge this as potential
limitation and encourage replication of findings using
other analytical methods. Finally, TBSS and NODDI do
not account for fibre crossings, and thus fibre-specific
analyses could be used in future analyses to complement
these results.

Our findings address an important gap in the literature,
examining the impact of specific nutritional factors on
white matter microstructure measured at preschool-age.
We also examined the association between DTI and
NODDI metrics with cognitive outcomes. Given the crit-
ical role white matter development has on brain function
and the many reports of altered white matter in children
born VLBW, our study indicates a potential underlying
contributor of this impaired white matter maturation.
Importantly, our study also highlights the importance of
macronutrients such as protein and lipids during this
early postnatal period. With the high rates of cognitive
difficulties experienced by infants born preterm,'*®® that
are not decreasing despite improved neonatal care,®’
these results provide a target for nutritional interventions
in VLBW and very preterm populations, that may help
improve long-term outcomes.
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