Providing Choice & Value | ) fesees

CONTACT REP

Brain Cortical Structure and Executive

Function in Children May Be Influenced by
Parental Choices of Infant Diets

T. Li, T.M. Badger, B.J. Bellando, S.T. Sorensen, X. Lou

and X. Ou
i ian i AINR Am J Neuroradiol 2020, 41 (7) 1302-1308
o iy 50, Som > UM ES  Goi hitps:fdol.org/10.3174/ajnT. ASEOL

http://www.ajnr.org/content/41/7/1302


http://www.ajnr.org/cgi/adclick/?ad=57967&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn1872x240_july2025
https://doi.org/10.3174/ajnr.A6601
http://www.ajnr.org/content/41/7/1302

ORIGINAL RESEARCH
PEDIATRICS

Brain Cortical Structure and Executive Function in Children
May Be Influenced by Parental Choices of Infant Diets

T. Li, B.J. Bellando, X. Lou, and “¥X. Ou

T.M. Badger, S.T. Sorensen,

ABSTRACT

BACKGROUND AND PURPOSE: While it is known that breastfeeding promotes healthy brain development in children, the potential
effects of formulas substantially differing in composition (ie, milk-based versus soy-based) during infancy on brain development are unclear.

MATERIALS AND METHODS: Seventy-one 8-year-old children who were predominantly breastfed, milk formula fed, or soy formula
fed during infancy were recruited for an MR imaging examination of the brain and a Behavior Rating Inventory of Executive
Function assessment (completed via a questionnaire to the parents). Brain cortical features measured from MR imaging such as
cortical thickness and surface area were extracted and compared among groups and correlated with Behavior Rating Inventory of
Executive Function test scores.

RESULTS: Clusters in the frontal and occipital lobes showed significant differences (cluster-wise P = .05, corrected for multiple
comparisons) in cortical thickness or surface area among the 3 diet groups. The effects were more prominent for boys, particularly
for comparison of the milk formula fed versus soy formula fed boys. Assessments of executive function and behavior showed sig-
nificantly lower Behavior Rating Inventory of Executive Function test scores in soy formula fed versus milk formula fed groups,
which were mostly attributed to differences in boys. There were no differences between milk formula fed and breastfed groups
for either sex. Mean cortical thickness for several of the clusters in the brain showing infant diet—associated effects significantly
correlated with Behavior Rating Inventory of Executive Function scores.

CONCLUSIONS: Choices of infant diets (ie, breastfed, milk formula fed, soy formula fed) may have long-term and sex-specific

effects on the cortical development and executive function and behavior of children’s brains.

ABBREVIATIONS: BF = breastfed; BRIEF = Behavior Rating Inventory of Executive Function; MF = milk formula fed; SF = soy formula fed

he World Health Organization recommends exclusive breast-
feeding for neonates to up to 6 months of age and continued
breastfeeding in combination with other foods to age 2years or
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older. The American Association of Pediatrics also reaffirmed its
breastfeeding guidelines, which are essentially consistent with the
World Health Organization recommendations." With breastfeed-
ing support from all sectors of society, the breastfeeding rate in the
United States has been increasing in recent years. The most recent
Centers for Disease Control and Prevention Breastfeeding Report
Card shows that currently, 83.2% of children born in United States
started out breastfeeding, 46.9% of all infants were exclusively
breastfed at 3 months, and 57.6% of all infants were at least par-
tially breastfed at 6 months.> For those who did not start out
breastfeeding or ended sooner than recommended, cow’s milk pro-
tein-based formula has been the main alternative. Soy protein-
based formula currently accounts for a small percentage of the
infant formula market in the United States but remains useful for
infants allergic to milk formula or for parents wishing to maintain
a vegetarian lifestyle. Soy-based formula and milk-based formula
sold in the United States meet specific requirements of the US
Food and Drug Administration for nutrient content. A major dif-
ference in soy formula and all other formulas is that the soy protein
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used in soy-based formula contains isoflavones, which can have
weak estrogenic activity, and this has led some health professionals
to be concerned about sexual development and reproduction in
children fed soy formula. Nevertheless, there is no conclusive evi-
dence from the current literature to show adverse effects on human
development, reproduction, or endocrine function of dietary soy
isoflavones.’

Many studies have observed benefits to children’s health
and development associated with breastfeeding, including promo-
tion of neurodevelopment such as higher intelligence.*> Recent
neuroimaging studies have also revealed the effects of breastfeeding
or breast milk intake on children’s brain development, including
increased total brain volume and white matter volume associated
with a higher percentage of breast milk intake in boys born pre-
term;® a positive association between the duration of exclusive
breastfeeding and cortical thickness in the superior and inferior pa-
rietal lobes;” better white matter development in frontal and associ-
ation brain regions associated with exclusive breastfeeding;® as well
as higher regional gray matter volume in the inferior temporal lobe
and superior parietal lobe and higher white matter integrity in the
left brain hemisphere (in boys) in breastfed-versus-formula fed chil-
dren.”'® Few studies have evaluated whether there are brain devel-
opmental differences associated with soy- versus milk-based
formulas, despite findings that estrogen may play an important role
in neurodevelopment'' and soy isoflavone may have important
implications in cognitive function."> To our knowledge, the only
published data on soy formula-brain effects were electroencephalo-
graphic and event-related potential evaluations of cortical activity,
in which differences in brain electrical activity associated with infant
diets were observed during the first year of life."*'*

Infant diets may have long-lasting effects on brain anatomy
and function and neurobehavioral outcomes, through program-
ming mechanisms that remain to be fully elaborated. In this study,
we hypothesized that there are structural differences in the brain
cortex of school-age children that are associated with type of diet
during infancy, ie, breastmilk, cow’s milk formula, or soy formula.
We also hypothesized that these brain structure differences are
associated with differences in behavior, particularly, parent-
reported executive functioning. To test the hypothesis, we recruited
healthy 8-year-old children who were predominately breastfed
(BF), cow’s milk formula fed (MF), or soy formula fed (SF) during
the first year of life and evaluated their brain cortical development
using MR imaging and their executive function and behavior using
the Behavior Rating Inventory of Executive Function (BRIEF)
assessment. Specifically, we measured brain cortical thickness and
surface area, as well as behavioral regulation and Metacognition
Indexes and other BRIEF subscales, and compared those parame-
ters among the 3 diet groups. We also tested whether there are sig-
nificant correlations between these MR imaging parameters and
BRIEEF test scores regardless of the infant diet group.

MATERIALS AND METHODS

Subjects

Healthy 7.5- to 8.5-year-old children were recruited for this brain
power study (Infant Diet Effects on Brain Function and Language
Processing; ClinicalTrials.gov Identifier: NCT00735423). All exper-
imental procedures were approved by the institutional review

board of the University of Arkansas for Medical Sciences, and all
participants provided assent as well as parental consent. Inclusion
criteria for the participants included the following: 90-101 months
of age; parental report of full-term gestation at birth (38-42 weeks);
parental report of birth weight between the 5th and 95th percentile
for age (2.5-4.2 kg); and parental report of predominant use of
breast milk, milk-based formula, or soy-based formula during
infancy. BF infants were exclusively or partially breastfed for at
least 8 months (rounded to the closest number) before completely
transitioning to formula or other diets; MF and SF infants were fed
for same type of formula (cow’s milk-based or soy-based) since
the first weeks of life throughout the first year of life. Exclusion cri-
teria for the participants included the following: maternal use of
alcohol, tobacco, illicit drugs, or psychotropic medications during
pregnancy; illnesses and chronic diseases that may affect children’s
growth or development; psychological/psychiatric diagnoses; neu-
rologic impairment or injury; history or current use of anticonvul-
sant, stimulant, or mood-stabilizing medications; and history or
current use of remedial special education services. In total, 71 chil-
dren had valid structural MR imaging data and were included in
this study. Among them, 68 children had completed BRIEF assess-
ment by their parents. The demographic information of the study
subjects is listed in Table 1.

MR Imaging Data Acquisition

All children had a brain MR imaging at the radiology depart-
ment of the Arkansas Children’s Hospital on a 1.5T Achieva
scanner (Philips Healthcare) with a 60-cm bore size, 33-mT/m
gradient amplitude, and 100-mT/m/ms maximum slew rate.
The built-in body coil was used as a transmitter, and a standard
8-channel sensitivity encoding head coil was used as a receiver.
Structural imaging data of the brain were acquired using a T1-
weighted 3D turbo field echo pulse sequence with the following
parameters: TR = 7.3 ms; TE = 3.4 ms; flip angle = 8°; acquisi-
tion voxel size = 1 X 1 X 1 mm; matrix size = 256 X 232 X
150; two averages; and 7 minutes of scan time. All images were
reviewed on the scanner at the time of scanning, and scans with
substantial motion artifacts were repeated.

MR Imaging Processing

All T1-weighted MR images were exported to a Macintosh com-
puter with FreeSurfer software (http://surfer.nmr.mgh.harvard.
edu) for cortical analysis. Standard preprocessing steps were
applied, including motion correction, nonbrain tissue removal,
and transformation to the Talairach space. Imaging segmentation
(to white matter, gray matter, and CSF) was then performed, fol-
lowed by intensity normalization, tessellation of cortical gray/
white matter boundaries, automated topology correction, and
surface deformation. Cortical images were registered to a spheric
atlas to match geometry across subjects and parcellated to differ-
ent brain regions on the basis of anatomy. In addition, a full
width half maximum Gaussian blurring kernel of 10mm was
applied to smooth the parameter maps. All processed or interme-
diate images were visually inspected to ensure quality. Cortical
thickness and outer surface area were calculated, respectively,
from distances between gray/white and gray/CSF boundaries and
the area of all vertices along the surface. The cortical thickness
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Table 1: Demographic information of the 8-year-old children participating in the study

BF (n = 22) MF (n = 25) SF (n = 24) P Value
Sex (M/F) 10/12 10/15 /13 90
Weight (mean) (kg) 27.8 =63 277 £ 51 272+ 48 90
Height (mean) (cm) 1277 = 47 1285 + 4] 1259 + 53 16
Age at MR imaging (mean) (yr) 7.98 £0.29 7.93 £0.25 7.87 = 0.25 33
BRIEF completed (M/F) 10/12 10/13 10/13 99
Mother’s education (no/partial or full/above college) 0/9/5 0/9/6 1/6/7 .54
Father’s education (no/partial or full/above college) 2/10/2 2/10/3 3/9/0 .56
Mother’s annual income (<$20,000/$20,000-559,999/>%$59,999) 6/3/3/0 12/3/7/2 1/2/6/3 .52
Father’s annual income (<$20,000/$20,000-559,999/>559,999) 14/0/9/5 15/0/8/7 1/0/5/6 63
fi d

Table 2: Global imaging features for the 3 feeding groups surtace a%‘ea were compare amor.lg

= = groups using a 1-way F test. Group dif-

Features BF (Mean) MF (Mean) SF(Mean) Score Value feren-ces in r.egional imaging parameters

LH mean cortical thickness (mm) 277 = 0.09 276 =009 278 =009 030 74 (cortical th‘Cknefs and S“rfafe area)

RH mean cortical thickness (mm) 276 = 0.08 275+ 010 278 =009 064 .53 were tested using GLM with the

LH surface area (sz) 905 *+ 83 893 = 78 933 + 104 128 29 Different  Offset, Different  Slope

RH surface area (cm’) 902 80 897 =83 937 =104 143 25 (DODS) method in  FreeSurfer.

LH cortical volume (cm?) 291 = 25 289 * 24 300 * 31 1.26 29 Specifically. to test the diet eroup differ-

RH cortical volume (cm?’) 290+24 28926 301£32 150 .23 P Y et group
Total intracranial volume (cm?) 1490 127 1502 £123 1529 +149 05 6] ences, we used GLMs with DODS to fit

Note:—LH indicates left hemisphere; RH, right hemisphere.

and surface area parameter maps were then fed to a General
Linear Model (GLM) in FreeSurfer for group comparisons.

BRIEF Assessment

The BRIEF is an 86-item questionnaire for parents that assesses
executive function and behavior for their children and adolescents
5-18years of age.'> The parents of children who completed MR
imaging were requested to complete the BRIEF assessment. Eight
clinical subscales were derived from the answers to the quest-
ionnaire, including Inhibit, Shift, Emotional Control, Initiate,
Working Memory, Plan/Organize, Organization of Materials, and
Monitor. These 8 subscales formed 2 indexes regarding the child-
ren’s executive function and behavior: the Behavioral Regulation
Index (BRI) and Metacognition Index, and 1 overall score: Global
Executive Composite (GEC). In addition, we also obtained 2 va-
lidity scores: Negativity (reflects the extent to which the question-
naire was answered in an unusually negative manner) and
Inconsistency (reflects the extent to which the respondent answers
similar questions in an inconsistent manner). All BRIEF scores/
indexes/subscales were compared among the 3 diet groups, and
their correlations with MR imaging-measured cortical thickness
and surface area were also calculated.

Statistical Analysis

All comparisons of demographic parameters were conducted using
the x” test for categoric data and the ANOVA with the distribu-
tion assumption test for quantitative data, and P=.05 was
regarded as significant. Numeric data were presented as mean *
SD. All comparisons of BRIEF scores among different diet groups
were conducted using the Mann-Whitney U test. All correlation
tests between MR imaging parameters and BRIEF scores were con-
ducted using the Spearman correlation test. For imaging para-
meters, all global features such as mean cortical thickness and
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in each vertex for cortical thickness or
cortical surface area, which was a de-
pendent variable. The feeding type (BF,
MEF, or SF) was used as an independent variable, and sex and age
were included as covariates because of reported sex differences'®
and continued brain cortical development'” at this age. Total brain
volume was included as a covariate in the surface area analyses but
not in the cortical thickness analyses because a previous report
showed that normalizing by intracranial volume did not improve
the discriminant and predictive performance of cortical thickness
measures.'® All analyses were applied to each hemisphere separately.
The P = .0001 threshold was used for cluster forming for the ver-
tex-wise analyses. Clusters were obtained after removing the effects
of all covariates. To identify clusters with significant differences after
appropriate multiple comparison correction, we applied the prec-
ached cluster-wise Monte Carlo simulation with 10,000 iterations to
every cluster. A corrected cluster-wise P = .05 was regarded as sig-
nificant. In addition, stratified analyses were also applied to the
boys’ and girls’ subgroups, respectively.

RESULTS

MR Imaging Findings

There were no significant differences in the demographic charac-
teristics across the 3 feeding groups (Table 1). No significant
group effects among BF/MF/SF groups were observed for global
imaging features of the brain such as mean cortical thickness,
total surface area, total cortical gray matter volume, and intracra-
nial volume. Details are listed in Table 2.

In total, 8 clusters showed significant infant diet-related differ-
ences (P = .05, after multiple comparison correction) in the com-
bined or sex-specific regional analyses of cortical thickness and
surface area, as summarized in Table 3, and location as illustrated
in On-line Fig 1. Specifically, higher cortical thickness (P = .05,
corrected) was found in a cluster in the right cuneus (cluster 1)
when comparing all MF-versus-all BF children. It appears that the
differences in this cluster were primarily driven by differences in



Table 3: Clusters that showed significant differences (P < .05, corrected) in group comparisons of cortical thickness or surface

area®
No. of Peak Coordinate Peak Vertex Cluster-Wise

Cluster No. Size (mm?) Vertices X y b4 t Value P Value Relationships
1 106 134 9.9 -87.1 17.7 5.05 .007 All: MF>BF

2 132 165 10.7 -87.4 18.5 5.38 .003 Boys: MF>BF
3 128 180 -4 74 127 5.34 .004 Boys: MF>BF
4 151 189 n.2 -87.8 18.5 476 .001 Boys: MF>SF

5 78 100 3.6 —74.2 14.3 4.88 .02 Boys: MF>SF

6 87 82 -7.8 -87.9 -10.8 4.65 .01 Boys: MF>SF

7 53 n7 15.2 -16 64.5 4.38 .046 Girls: SF>MF

8 138 220 -32.9 8.5 55.3 477 .01 Boys: MF>SF*

® For surface area comparison; everything else: for cortical thickness comparison.

the male subgroups because a similar cluster (cluster 2) showed
higher cortical thickness (P=.05, corrected) in MF-versus-BF
boys, while there were no significant differences between MF and
BF girls. In addition, a small cluster in the left pericalcarine cortex
(cluster 3) also showed higher cortical thickness (P = .05, cor-
rected) in MF-versus-BF boys. When comparing all MF-versus-all
SF children, there were no significant differences between groups
in any regions. However, sex-specific analyses showed that 2 clus-
ters (clusters 4 and 5) in the right cuneus and 1 cluster in the left
lingual gyrus (cluster 6) showed higher cortical thickness (P = .05,
corrected) in MF-versus-SF boys, while 1 cluster in the right pre-
central gyrus (cluster 7) showed lower cortical thickness (P =.046)
in MF-versus-SF girls. There were no significant differences in
cortical thickness for BE-versus-SF comparisons (combined or sex-
specific). Finally, higher surface area (P = .05, corrected) was also
observed in a cluster in the left middle frontal gyrus (cluster 8)
when comparing MF-versus-SF boys, while no other group differ-
ences in surface area were found in the combined or sex-specific
analyses.

BRIEF Assessment Findings

None of the children for any diet groups showed clinically sig-
nificant symptomatology on the BRIEF assessment (GEC score
or Metacognition Index/BRI index of >65). The mean
Negativity (0.1 £ 0.3 for BF, 0.1 = 0.5 for MF, 0 = 0 for SF)
and Inconsistency scores (2.3 = 1.6 for BF, 2.8 = 1.4 for MF,
2.3 = 1.9 for SF) were low and below the validity threshold, and
there were no differences among the 3 diet groups (P > .05 for
any comparison). Other BRIEF assessment scores are presented
in On-line Fig 2. Specifically, the overall mean GEC scores were
not different in BF versus MF or BF versus SF but were signifi-
cantly higher in MF versus SF (46.8 = 6.7 versus 42.4 * 6.4,
P=.049). The differences were driven by differences in boys
(sex-specific analyses showed 45.3 * 3.6 versus 38.6 * 4.9,
P=.006 for boys, and 48.0 = 8.4 versus 45.4 * 6.0, P=.55 for
girls). Likewise, the mean Metacognition Indexes were not dif-
ferent in BF versus MF or BF versus SF but were significantly
higher in MF versus SF (47.6 = 7.0 versus 42.7 * 7.6, P=.016),
driven by differences in boys (45.5 £ 5.0 versus 38.4 * 5.6,
P=.008) but not girls (49.2 = 8.1 versus 46.0 = 7.4, P=.21).
The mean BRI indexes were not different for the BF/MF, BF/SF,
or MF/SF comparisons. However, there was a trend of lower
BRI scores in SF boys (40.2 * 5.9) compared with MF boys

(45.3 = 4.5, P=.06) or BF boys (47.4 = 9.0, P=.06). For the 8
specific BRIEF clinical subscales, SF boys had lower scores com-
pared with MF boys in Shift (P =.047), Initiate (P =.004), Plan/
Organize (P =.02), and Monitor (P =.02), which contributed to
lower scores for all SF versus all MF in Initiate (P=.01), Plan/
Organize (P=.03), and Monitor scores (P =.007), despite no
significant differences between SF and MF girls in any of these 8
measures. None of the BF/SF or BF/MF comparisons showed
significant differences in any of these 8 measures. Overall, while
all children had BRIEF scores within the normal range, SF boys
showed less parent-reported executive functioning or behavior

issues.

Correlations between MR Imaging Measurements and
BRIEF Scores

For the clusters that showed significant differences in regional
cortical thickness or surface area among different diet groups
(see the MR Imaging Findings section above), the correlations
between these morphometric features with each of the BRIEF
scores/indexes/subscales were also tested. For boys, the overall
GEC scores (On-line Fig 3) significantly correlated with cluster
cortical thickness in cluster 1 (r=0.51, P=.004), cluster 2
(r=0.54, P=.002), cluster 4 (r=0.56, P=.001), and cluster 6
(r=0.41, P=.02). There were no significant correlations
between GEC scores and cortical thickness or surface area in
other clusters (On-line Table). For girls, there were no signifi-
cant correlations between GEC scores and any cluster features
(cortical thickness or surface area). Similarly, for the BRI and
Metacognition indexes and the 8 BRIEF subscales, significant
correlations with cortical thickness in clusters 1, 2, 4, and 6 were
observed in a number of tests for boys, while no significant cor-
relations were observed for girls (except for correlation between
working memory score and cortical thickness in cluster 6,
r=10.38, P=.02) (On-line Table).

DISCUSSION

The first year of life is a critical period for normal brain develop-
ment. Total brain volume doubles in the first year, which includes a
149% increase in gray matter volume and an 11% increase in white
matter volume.'? Influences on the brain development during this
time, such as those associated with infant diet, may have profound
and prolonged effects on long-term brain development and neuro-
developmental outcomes. In this study, we evaluated brain cortical
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thickness and surface area measurements by neuroimaging in 3
groups of 8-year-old children who were predominately BF, MF, or
SE during infancy. While there were no group differences on the
whole-brain average of these imaging features, we observed signifi-
cant differences in cortical thickness and surface area associated
with infant diets in several clusters in the brain cortex. These find-
ings were mostly attributed to differences in boys but not girls.
Likewise, we also observed group differences in assessments of exec-
utive function and behavior in these children, with significant find-
ings in boys but not in girls. In particular, SF boys showed lower
cortical thickness and smaller cortical surface area in several regions
of the brain. Meanwhile, SF boys showed lower parent-reported
BRIEF scores compared with MF boys, while MF and BF groups
had comparable BRIEF scores for both boys and girls. There were
also significant correlations between overall BRIEF scores and
mean cortical thickness in several of the cortical clusters that
showed significant group differences associated with infant diets,
indicating potential structural-functional relationships for these
brain regions. In summary, our findings suggested that infant diets
may have long-term effects on children’s brain structural develop-
ment and functional outcomes, particularly for boys who were pre-
dominately fed milk or soy protein-based formulas. Nevertheless,
despite statistically significant regional cortical differences in SF and
MEF boys in the MR imaging data, the BRIEF data for all children
were within the normal range, and formula feeding per se during
infancy did not result in clinically significant executive function and
behavior abnormalities at 8 years of age.

Brain developmental differences associated with different infant
diets such as breastfeeding versus formula feeding have been
reported in recent years.”'**’ The reported effects apparently were
also more prominent in boys versus girls because some of these
studies only observed diet-associated brain differences in boys but
not in girls. For example, fractional anisotropy, a reflection of white
matter microstructural integrity (such as myelination), was signifi-
cantly higher in several white matter regions in breastfed-versus-
formula fed boys, while it was similar in girls.” In addition, the per-
centage of expressed maternal breastmilk in the infant diet posi-
tively correlated with total white matter volume in boys but not in
girls, though the cohort studied were all born preterm.® Benefits to
neurodevelopmental outcomes associated with breastfeeding have
also been widely reported, and a large-scale randomized controlled
trial (randomization to a breastfeeding promotion intervention
program targeted at increasing breastfeeding exclusivity and the
duration among those already having decided to initiate breast-
feeding) did observe a slightly higher treatment effect in verbal
intelligence quotient for boys versus girls (8.0- versus 7.0-point
increase for the intervention group).”

Beyond infant diets, it also appears that in general, the develop-
ing brain in boys is more vulnerable to adverse environmental
influences and early life experience;*' this vulnerability may point
to a sex-specific difference in brain malleability in response to early
life events. One main finding of this study was significant differen-
ces in brain cortical development and executive function and
behavior between SF and MF boys but not girls. The exact underly-
ing mechanisms for this observation remain to be uncovered. One
speculation is that the high concentration of phytoestrogens/isofla-
vones contained in soy milk may have played a role. SF infants
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have circulating phytoestrogen concentrations several magnitudes
higher than endogenous estrogens. Although the potency of phy-
toestrogens is significantly lower than endogenous estrogens, the
presence of circulating soy phytoestrogens may account for the
effects observed herein. This possibility would be in agreement
with reports in lab animals suggesting that phytoestrogens may
interfere with the organizational role of estrogen in the developing
human brain.**> While the effects of endocrine disruption on sexu-
ally dimorphic brain regions in rodents have been extensively stud-
ied, how estrogenic compounds would impact sex-specific changes
in human brain development is not as clear. Nevertheless, it is
known that male and female brain regions respond differently to
estrogens.” Therefore, it is possible that the assumed estrogenic
effects of soy formula feeding on the infant brain and neurodevel-
opment were sex-specific. In fact, clinical studies of the effects of
soy isoflavones on cognitive function in adults have shown
improvement in cognitive functions for women, but results for
men have been inconsistent,***” also suggesting that the putative
soy isoflavone effects may be sex-specific.

The brain regions showed that infant diet-associated effects
on cortical thickness or surface area in these 8-year-old children
mostly involved the cuneus and the pericalcarine cortex. These
are areas usually regarded as the primary visual cortex, with a
main function of basic visual processing. Other brain regions that
showed infant diet-related effects included the following: the lin-
gual gyrus, which is also linked to visual processing as well as
encoding visual memories; the precentral gyrus, commonly
known as the primary motor cortex and controls voluntary
movement; and the middle frontal gyrus, which is implicated in a
number of brain functions, such as language and cognition.
Previous studies reporting associations between infant diets (par-
ticularly breastfeeding) and children’s brain cortical development
(such as cortical thickness or regional gray matter volume) have
observed significant effects primarily in the parietal and temporal
lobes.”'® Our study revealed additional brain regions in the fron-
tal and occipital lobes that were also impacted by infant diets,
indicating possibly widespread and profound effects of early
nutrition on children’s brain development.

Brain regions with diet effects on cortical measurements
observed in this study were different from those in a previous study
of 8-year-old children focused on regional gray matter volume.'® It
is possible that methodologic differences in these studies contrib-
uted to the apparent discrepancy. For example, regional gray matter
volume measurements are often normalized to total brain volume,
while cortical thickness measurements may be more sensitive with-
out normalization.'® The sensitivity of cortical thickness to develop-
mental changes may also be impacted in some brain regions by the
competing effects of initial development during infancy and normal
thinning, which starts in early childhood. The regions observed in
this study were primarily involved in visual, motor, and language/
cognitive functioning, respectively. While breastfeeding versus for-
mula feeding did not appear to significantly impact children’s visual
outcome,”® exclusive breastfeeding or longer breastfeeding duration
was favorably associated with physical fitness,”” language develop-
ment,” and cognition/intelligence in children.’’ In addition, we
observed significant correlations between cortical thickness in visual
processing areas in the occipital lobe (cuneus and lingual gyrus)



and executive function and behavior evaluated by the BRIEF assess-
ment. While the exact structural/functional relationship of this find-
ing is unclear, the ability to search and process visual information is
a prerequisite for many executive function. Furthermore, animal
studies®® and human studies™ have shown the effects of soy isofla-
vones on visual memory, which may be a reflection of structural
influences, particularly in the visual pathways. Overall, the areas
that showed significant differences in cortical thickness or surface
area in this study were quite small, and the biologic meaning based
on these results remains unclear and will need further investigation.

The main limitation of this study is that the study subjects
were recruited at 8 years of age, and the infant diet pattern was
self-reported by parents. While parents reported the dominant
feeding type (BF, MF, or SF), some of the other important nutri-
tional information is missing, such as the precise nutrient compo-
nent of the diets, exclusivity of feeding type, and amount of
intake per feeding. In addition, while we controlled for age and
sex in the data analysis, additional potential confounding factors
were not controlled, such as nutrition and lifestyle after infancy
and other postnatal factors (limited by the retrospective study
design and lack of methods to quantify), possibly impacting
children’s brain development and neurodevelopmental outcomes
as well. Also, family environment and socioeconomic status,
which is likely another potential confounder to be considered,
was only compared among groups (no significant differences
were found) but not included as a covariate in the data analysis
due to incomplete data. In this study, we focused on cortical
measurements, while other important brain features such as
microstructural development and connectivity were not studied.
The sample size, if breaking down to each diet group and each
sex, was also relatively small; and the parent-reported BRIEF
assessment was an indirect measure of executive function.
Follow-up MR imaging and neurodevelopmental evaluations on
a larger and prospective cohort of children with different infant
diets are underway, with key potential covariates carefully meas-
ured. This follow-up study will be helpful to confirm the findings
in the current report.

CONCLUSIONS

The composition of the typical choices available for an infant’s
diet (ie, BF, MF, SF) may have profound and long-term effects
on children’s brain development, which can be reflected by
brain imaging and executive function assessment at 8 years of
age. The effects appear to be sex-specific, with boys more likely
to show diet-associated effects than girls. The findings support
the idea that soy-based formula may alter later life brain anat-
omy and function but that any changes are modest and do not
lead to clinically relevant deficits or abnormal outcomes.
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