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Abstract
Maternal nutrition is an important factor for infant neurodevelopment. However, prior magnetic resonance imaging (MRI)
studies on maternal nutrients and infant brain have focused mostly on preterm infants or on few specific nutrients and few
specific brain regions. We present a first study in term-born infants, comprehensively correlating 73 maternal nutrients
with infant brain morphometry at the regional (61 regions) and voxel (over 300 000 voxel) levels. Both maternal nutrition
intake diaries and infant MRI were collected at 1 month of life (0.9 ± 0.5 months) for 92 term-born infants (among them, 54
infants were purely breastfed and 19 were breastfed most of the time). Intake of nutrients was assessed via standardized
food frequency questionnaire. No nutrient was significantly correlated with any of the volumes of the 61 autosegmented
brain regions. However, increased volumes within subregions of the frontal cortex and corpus callosum at the voxel level
were positively correlated with maternal intake of omega-3 fatty acids, retinol (vitamin A) and vitamin B12, both with and
without correction for postmenstrual age and sex (P < 0.05, q < 0.05 after false discovery rate correction). Omega-3 fatty
acids remained significantly correlated with infant brain volumes after subsetting to the 54 infants who were exclusively
breastfed, but retinol and vitamin B12 did not. This provides an impetus for future larger studies to better characterize the
effect size of dietary variation and correlation with neurodevelopmental outcomes, which can lead to improved nutritional
guidance during pregnancy and lactation.
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Introduction
Neurodevelopmental outcomes can be positively and negatively
influenced by a myriad of both static and modifiable factors
including levels of macro- and micronutrients (Dobbing 1977;

Walker et al. 2011; Prado and Dewey 2014). Infant nutrition in
the first months of life is derived either from maternal milk,
infant formula, or a combination of the two. Previous studies
have demonstrated qualitative relationships between changes
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in maternal diet and expressed milk content (Innis 2014). For
example, the fatty acids in human milk are both sensitive to
maternal diet and important in development of the nervous
system (Innis 2014). Maternal or infant dietary intake of docosa-
hexaenoic acid (DHA) is associated with improved neurodevel-
opmental outcomes in observational studies, although ques-
tions remain on whether such findings hold true in random-
ized control studies (Meldrum and Simmer 2016; Jasani et al.
2017). The power of such studies to detect a true association is
reduced by multiple coexisting modifiers of neurodevelopmen-
tal outcome and the time that elapses between early supple-
mentation and measurement of outcomes. However, these are
important barriers to overcome as identifying dietary factors
that influence infant neurodevelopment offers the opportunity
to improve health and outcomes, as has been successful with
routine supplementation of folic acid and iron (Anjos et al. 2013;
Krebs et al. 2017).

Brain magnetic resonance imaging (MRI) is utilized as an
important proximal biomarker for neurodevelopment to allow
for assessment of changes in brain structure that may precede
clinically observable outcomes. Given the multiple nutritional
and non-nutritional components that influence neurodevelop-
ment, using a proximal measure such as brain MRI could allow
for more precise understanding of the influence that single or
combined nutritional factors have on early brain structure and
growth (Dobbing 1977; Isaacs 2013). Randomized control trials
have confirmed previously demonstrated correlations between
early quantitative MRI measures and neurodevelopmental out-
comes in the first year of life (Tan et al. 2008). Such proximal
measures of developmental trajectory are essential for identi-
fication of patients for whom intervention may improve later
functional outcomes in coming years and to identify critical
periods of development for specific interventions. Further, iden-
tification of regional or connectivity changes on MRI that are
associated with intervention can generate specific hypothe-
ses about the neural mechanisms of action. However, studies
focused on single or few selected nutrients (e.g., lutein (Leer-
makers et al. 2016; Perrone et al. 2016; Zamroziewicz et al. 2016),
B12 (Pepper and Black 2011; Ekici et al. 2016), iodine (Laurberg
and Andersen 2014), folate (McGarel et al. 2015; Catena et al.
2016), or fatty acids (Almaas et al. 2015; Catena et al. 2016;
Zamroziewicz et al. 2017a)), and few brain regions in MRI (e.g.,
hippocampus (Zamroziewicz et al. 2016), gray matter (GM) (Luby
et al. 2016; Coviello et al. 2018), white matter (WM) (Deoni et al.
2013), and basal ganglia and thalami (Coviello et al. 2018)), leave
the question how various nutrients impact brain anatomy at the
regional or voxel scale largely unexplored (Sizonenko et al. 2013;
Goyal et al. 2015). More importantly, existing studies, including
the ones above, are primarily focused on the effects of nutrition
in infants born preterm (e.g., see recent surveys (Georgieff 2007;
Perrone et al. 2016; Belfort and Ehrenkranz 2017; Kumar et al.
2017; Miller et al. 2018)) or in the elderly population (>65 years
of age, e.g., (Gu et al. 2016; Zamroziewicz et al., 2017; Moore et al.
2018)), leaving the study of term-born infants an unmet need.

Here, we describe a detailed quantitative assessment of
the relationship of maternal macro- and micro-nutrient intake
with regional and voxel-wise MRI volumes. Term infants from
uncomplicated pregnancies with majority mother’s milk feeding
were characterized by MRI at approximately 1 month of age, and
maternal food frequency questionnaires (FFQs) were employed
to determine specific nutrient intake. Our study is the first such
study to focus on term-born infants without known risk factors
for neurodevelopmental abnormalities.

Figure 1. Relationship between whole-brain volume and postmenstrual age by

subject sex.

Materials and Methods
Data

Study Population
A cohort of 92 typically developing late-preterm and full-term
neonates, whose mothers had no known medical conditions
or complications during pregnancy, was prospectively recruited
from the well-baby nurseries at Brigham and Women’s Hos-
pital and Beth Israel Deaconess Medical Center between 2014
and 2017 within the first week of life. Among them, 7 (7.6%)
neonates did not have records for feeding patterns, 9 (9.8%)
neonates were breastfed 1–25% of the times they were fed, 3
(3.3%) neonates were breastfed 26–50% of the time they were
fed, 7 (7.6%) neonates were breastfed 51–75% of the time they
were fed, 12 (13.0%) were breastfed 76–99% of the time they
were fed, and 54 (58.7%) neonates were breastfed 100% of the
time they were fed. The protocol was reviewed and approved by
the institutional review board at Boston Children’s Hospital and
written informed consent of the parent or legal guardian was
obtained. This protocol corresponds to clinicaltrials.gov Iden-
tifier: NCT02058225 (“Developing Advanced MRI Methods for
Detecting the Impact of Nutrients on Infant Brain Development,”
https://clinicaltrials.gov/ct2/show/NCT02058225). Data sharing
was not part of the approved Institutional Review Board. The
population characteristics are described in Table 1. Gestational
age at birth (GA) ranged from 35.7 to 42.0 weeks, with a median at
39.2 weeks; chronological age at time of MRI (CA, age after birth)
ranged between 1.4 and 7.1 weeks, with a median at 3.8 weeks;
and postmenstrual age at time of MRI (PA = GA + CA) ranged
between 38.3 and 47.1 weeks, with a median at 43.1 weeks. The
detailed distributions of these ages can be found in Supplemen-
tary Figure 1. Figure 1 shows distribution of whole brain volumes
in patients grouped by sex (P < 0.05). Correlations between nutri-
ents and MRI factors were corrected for postmenstrual age and
sex (details in Results section).

Dietary Intake Assessment and Nutrient Measurements
Self-administered FFQs were completed by mothers to survey
maternal intake via recording of foods consumed, the frequency
of consumption and the portion size (Cade et al. 2002). The
FFQs were filled within 30 days of the MRI scan (all postpartum,
with the median and mean age for FFQ on day 30.0 and day
31.7 after birth, standard deviation = 18.1 days, and median and
mean at 0 and 4.7 days after the MRI, standard deviation of

https://clinicaltrials.gov/ct2/show/NCT02058225
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Table 1 Cohort characteristics

Demographics (N = 92) Mean ± SD (range) or N (%)

Female 44/92 (47.8%)
Gestational age (weeks) 39.04 ± 1.20 (35.7–42.0)
Birth weight (kg) 3.27 ± 0.03
Age at scan (days) 27.00 ± 14.85 (10–52)
Mother’s age (years) 32.08 ± 2.12
Mother’s ethnicity

Hispanic or Latino 14/92 (15.2%)
Non-Hispanic or Latino 77/92 (83.7%)
Unknown 1/92 (1.1%)

Mother’s race
White 57/92 (62.0%)
Black or African/American 16/92 (17.4%)
Asian 6/92 (6.5%)
More than one race 3/92 (3.3%)
Unknown 10/92 (10.9%)

Mother’s education
Less than high school 1/92 (1.1%)
High school diploma or
equivalency (GED)

13/92 (14.1%)

Associate degree (junior
college)

10/92 (10.9%)

Bachelor’s degree 30/92 (32.6%)
Master’s degree 25/92 (27.1%)
Doctorate professional 11/92 (12.0%)
Other 2/92 (2.2%)

Family income
Less than $24 999 8/92 (8.7%)
$25 000 through $49 999 8/92 (8.7%)
$50 000 through $99 999 26/92 (28.3%)
$100 000 and greater 46/92 (50.0%)
Don’t know/no response 4/92 (4.3%)

differences in time = 16.3 days). Many FFQs used today are exten-
sions from either the Block FFQ that was originally developed in
1986 at the National Cancer Institute (Block et al. 1986) or the
Willet FFQ that was originally developed in 1987 (Willet et al.
2017). This study used the proprietary 139-item modified version
of the Block 2005 FFQ (NutritionQuest) that has been exten-
sively validated (Block et al. 1990; Subar et al. 2001; Potischman
et al. 2006; Hartert et al. 2010; Plumptre et al. 2018) to survey
mother’s food intake and multivitamin intake. In general, the
139 questions were used to query the volume and frequency
of mother’s food intake in the past 3 months, including all
meals or snacks as well as any supplements. To convert the FFQ
into nutrient measurements, we used the standardized com-
mercial software and service from NutritionQuest (http://www.
nutritionquest.com) (Apovian et al. 2010; Freedman et al. 2011;
Payne et al. 2012). We thus obtained 73 nutrient measurements
that were classified into 6 nutrient categories: total energy, car-
bohydrates, fats, minerals, vitamins and antioxidants, and fibers
(Table 2).

MRI Protocols
Structural MRI acquisition with T1-weighted magnetization-
prepared rapid-acquisition gradient-echo (MPRAGE) was per-
formed for all subjects on a Siemens Trio 3T scanner at Boston
Children’s Hospital with a 32-channel head coil. Imaging param-
eters consisted of repetition time = 2520 ms, echo time = 1.74 ms,

flip angle = 7o, field of view = 160 cm, voxel size = 1.00 × 1.00 ×
1.00 mm3, and field-of-view 160 × 160 × 128 mm3.

MRI Analysis
All MPRAGE structural MRI images went through the N4 bias
correction (Tustison et al. 2010; http://insight-journal.org/
browse/publication/640), field-of-view normalization (Ou et al.
2018; https://www.nitrc.org/projects/normalizefov), automated
multiatlas-based skull stripping (Doshi et al. 2013; Ou et al. 2015;
https://www.med.upenn.edu/sbia/mass.html), and structural
segmentation into 61 nonoverlapping neonatal-specific regions
of interests (ROIs) that cover the full brain (Doshi et al. 2016;
https://www.med.upenn.edu/sbia/muse.html) (see the list of
ROIs in Table 3). The 61 ROIs for infant MRI were based on
nonrigidly transferring adult MRI atlases with 151 expert-
defined ROIs (Wang and Yushkevich 2013) into neonatal atlases
(Ou et al. 2017), from which an expert pediatric neuroradiologists
checked and merged into 61 ROIs specifically for the use in
the neonatal and early pediatric population. The pipeline has
been extensively validated in clinical pediatric and infant MRI
analysis (Ou et al. 2015, 2017; Lauer et al. 2017; Pinto et al. 2018).

In addition, we measured volume ratios at the voxel level.
Voxel-wise volume ratio analysis was employed to avoid errors
introduced by boundary creation in the segmentation process
and to enable subregional analysis that may not necessarily
coincide with the ROI parcellation. Specifically, we used the
Deformable Registration via Attribute Matching and Mutual-
Saliency Weighting algorithm (Ou et al. 2011), which has been
extensively validated (Ou et al. 2014, 2017) and is available
at https://www.nitrc.org/projects/dramms, to nonrigidly trans-
form each subject’s structural MRI into a normative infant atlas
(Ou et al. 2017). The subject-to-atlas registration generated a
Regional Analysis of Volumes Examined in Normalized Space
(RAVENS) density map for each subject. The RAVENS value at
a voxel quantified the volume ratio, which is > 1, =1, and <1
for volume expansion, preservation, and shrinkage, respectively,
compared to the same anatomy in the atlas (Davatzikos et al.
2001). Thus, when each brain’s MRPAGE is warped to match the
atlas, deformations at a voxel level are recorded for the deforma-
tions necessary to match the atlas. Voxel-wise analysis is a coun-
terpart of regional volume measurement but at the voxel level,
and hence can be used to represent voxel-wise morphometry
patterns of brains (Erus et al. 2015; Hartung et al. 2015), and has
been widely used to study subregional and voxel level morpho-
metric properties in various diseased or vulnerable populations
in adults and childhood (Tisserand et al. 2002; Ashburner et al.
2003; Resnick et al. 2003; Rojas et al. 2006; Koutsouleris et al.
2009; Davatzikos et al. 2014; Hartung et al. 2015). The atlas pro-
vides a standard reference for comparison across patients and
therefore remains constant across all comparisons to minimize
bias. We used the 0- to 3-month normative T1-weighted MPRAGE
atlas that was generated in-house, an extension of our previous
work (Ou et al. 2017). We smoothed the RAVENS maps with a
3D Gaussian kernel of 8 mm in each direction to encourage
similar properties in neighboring voxels. The smoothing kernel
size has been used in many other adult and pediatric studies
referred above. Despite smoothing, multiple comparisons at the
voxel level were still regarded as pseudo-independent, and the
correction was done at the voxel level with strict parameters,
to reduce the chance of false-positive findings as previously
reported (Koutsouleris et al. 2009; Hartung et al. 2015; Nassar
et al. 2018).

http://www.nutritionquest.com
http://www.nutritionquest.com
http://insight-journal.org/browse/publication/640
http://insight-journal.org/browse/publication/640
https://www.nitrc.org/projects/normalizefov
https://www.med.upenn.edu/sbia/mass.html
https://www.med.upenn.edu/sbia/muse.html
https://www.nitrc.org/projects/dramms
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Table 2 The 73 FFQ-converted nutrients

Category Explanation Category Explanation

Total energy Fat, g Vitamins and antioxidants Vitamin E as alpha-tocopherol, mg
Carbohydrate, g Selenium, mcg
Food energy, kcals Vitamin A, RAE (mcg)
Protein, g Vitamin D, IU

Carbohydrates Sugars, total, g Vitamin K as phylloquinone, mcg
Glycemic Index (glucose), average daily Dietary arginine, mg
Glycemic Load (glucose), average daily Thiamin (Vitamin B1), mg
Fructose, g Riboflavin (Vitamin B2), mg
Lactose, g Niacin, mg
Maltose, g Food folate, mcg
Galactose, g Vitamin B6, mg
Sucrose, g Folic acid, mcg
Glucose, g Vitamin B-12, mcg

Fats Saturated fat, g Total choline, mg
Monounsaturated fatty acids, g Free choline, mg
Polyunsaturated fatty acids (PUFA), g Phosphocholine, mg
Cholesterol, mg Glycerophosphocholine, mg
Trans fats, total, g Phosphatidylcholine, mg
Dietary PUFA (∼N-6) 18:2, g Betaine, mg
Dietary PUFA (∼N-3) 18:3, g Glutathione, total, mg
Dietary PUFA (∼N-3; SDA) 18:4, g Glutathione, reduced, mg
Dietary PUFA (∼N-6) 20:4, g Vitamin C, mg
Dietary N-3 PUFA 20:5 (EPA), g Retinol, mcg
Dietary N-3 PUFA 22:5 (DPA), g Alpha-carotene, mcg
Dietary N-3 PUFA 22:6 (DHA), g Beta-carotene, mcg
Avg. daily omega-6 FA, g Cryptoxanthin, beta, mcg
Avg. daily omega-3 FA, g Lutein-Zeaxanthin, mcg
Sphingomyelin (SM), mg Lycopene, mcg

Minerals Calcium, mg Isoflavones, total, mg
Phosphorus, mg Quercetin, mg
Iron, mg Cysteine (S-containing), mg
Sodium, mg Methionine (S-containing), mg
Potassium, mg Cystine (S-containing), mg
Zinc, total, mg Average daily Dietary Folate Equivalents, mcg
Copper, mg
Zinc, animal sources only, mg Fibers Dietary fiber, g
Magnesium, mg Dietary soluble fiber, g

Nutrient-MRI Correlation

Regional Nutrient-MRI Correlation
We generated a correlation matrix, where each element was a
Pearson’s correlation coefficient between the values of a nutri-
ent and the volumes of an ROI across subjects. We computed
both the direct correlation between an ROI and a nutrient and
the partial correlation controlling for postmenstrual age and
sex. All ROI volumes have been normalized by the participant’s
intracranial volume. To reduce type I error or false-positive
findings, we used false discovery rate (FDR) correction on the
multiple comparisons. Nutrient-region pairs with P < 0.05 and
q < 0.05 after correction are considered significantly correlated.

Voxel-wise Nutrient-MRI Correlation
We hypothesized that certain voxels, or cluster of voxels, which
may constitute only part of the ROIs or may span across ROIs,
may have their morphometry (relative volume) significantly
associated with certain nutrients. Therefore, we calculated the
Pearson’s correlation coefficient between the values of a nutri-
ent and RAVENS value at a voxel in the atlas space. This gen-
erated a correlation map in the atlas space for each of the

nutrients, which went through FDR correction. We computed
both direct correlations between nutrients and voxels and par-
tial correction controlling for postmenstrual age and sex. Those
voxels with P < 0.05, q < 0.05 and with more than 1250 connected
voxels in their clusters are considered significantly correlated
with a nutrient. Clusters with fewer than 1250 connected voxels
were considered as false positive, since a typical 1-month-old
brain contains ∼ 500 000 voxels at 1 mm3/voxel, which will have
a default false-positive rate of 1250 voxels (P and q both at 0.05).

Results
Correlation between Nutrient Intake and Regional Brain
Volume

The intake of all 73 micronutrients was assessed for correlation
with 61 regional brain volumes, both directly (no covariates,
Fig. 2, top row) and indirectly (controlling for postmenstrual age
and sex as covariates, Fig. 2, bottom row). Across the cohort,
there were similar patterns of association between maternal
nutrient intake and infant brain volumes. Volume was positively
correlated across most brain regions with maternal omega-3
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Table 3 The 61 ROIs in each brain MRI

Corpus callosum Left insula Parietal lateral GM right

Right ventral DC Frontal lateral GM right Parietal lateral GM left
Left ventral DC Frontal lateral GM left Parietal medial GM right
Vermis Frontal medial GM Right Parietal medial GM left
Right cerebellum Frontal medial GM left Parietal WM right
Left cerebellum Frontal opercular GM right Parietal WM left
Right basal ganglia Frontal opercular GM left Temporal inferior GM right
Left basal ganglia Frontal WM right Temporal inferior GM left
Right thalamus Frontal WM left Temporal lateral GM right
Left thalamus Limbic cingulate GM right Temporal lateral GM Left
Anterior limb IC right Limbic cingulate GM left Temporal supratemporal GM Right
Anterior limb IC left Limbic medial temporal GM right Temporal supratemporal GM left
PLIC right Limbic medial temporal GM left Temporal WM right
PLIC left Occipital inferior GM right Temporal WM left
Right amygdala Occipital inferior GM left Third ventricle
Right hippocampus Occipital lateral GM right Fourth ventricle
Left amygdala Occipital lateral GM left Right ventricle
Left hippocampus Occipital medial GM right Left ventricle
Right inferior GM Occipital medial GM left Brainstem
Left inferior GM Occipital WM right
Right insula Occipital WM left

Abbreviations: DC, diencephalon; IC, internal capsule; PLIC, posterior limb of the internal capsule.

fatty acid intake. However, after correction for multiple test-
ing, none of the nutrient-ROI pairs was significantly correlated,
which provided an additional motivation for us to search at the
voxel level.

Nutrient Intake Correlation with Voxel-level Tissue
Density

Correlation maps were generated between voxel-based relative
volume (RAVENS) and maternal nutrient intake. Figure 3 shows
6 randomly selected, uncorrected correlation maps between
voxel-wise tissue densities and representative nutrients in each
of the 6 nutrient categories based on the type of macromolecule.
The correlation was after controlling for sex and postmenstrual
age. Fat intake demonstrated distinct spatial distribution of
volume effects compared to other nutrients such as iron or
soluble fiber. After FDR correction of multiple comparisons, only
6 nutrients—including 4 individual omega-3 fatty acids (steari-
donic acid [SDA], eicosapentaenoic acid [EPA], docosapentaenoic
acid [DPA], and DHA) and 2 vitamins/antioxidants (retinol, which
is also known as Vitamin A, and vitamin B12)—were positively
correlated, with statistical significance, with voxel-wise tissue
densities (Fig. 4). Of those 6 nutrients, all 4 omega-3 fatty acids
demonstrated similar spatial patterns; retinol, the predomi-
nant form of vitamin A, and vitamin B12 had smaller net vol-
ume effects. No nutrients were found negatively correlated,
with statistical significance, with RAVENS values at any brain
locations.

Discussion
Our goal was to identify nutrients that are significantly associ-
ated with early-life brain morphometry. Such nutrients would
be candidates to optimize in maternal or infant diets in order to
improve neurodevelopment. We examined correlations between
73 major nutrients from 6 major nutrient categories and 61
autosegmented brain regions in 3D that cover the full brain. This

regional analysis identified no significant correlations between
nutrients and regional brain volumes after correction for mul-
tiple comparisons, suggesting that the effect of nutrients may
exist in subregions or smaller clusters of voxels potentially
across regions. To test this hypothesis, we used relative volume
ratios at the voxel level (RAVENS values) to avoid segmentation
error or arbitrary regional assignments. Using this approach,
increased relative volume (RAVENS value) was observed in the
subregions of frontal cortex and corpus callosum in subjects
whose mothers had higher omega-3 fatty acid, retinol (vitamin
A), and vitamin B12 acid intake. This statistically significant
correlation persisted after correction for postmenstrual age and
sex, as well as correction for testing of multiple nutrients and
multiple brain regions. DHA is the most abundant omega-3 fatty
acid in the neonatal brain, and prior to routine supplementa-
tion of formula with DHA, it was found that breastfed infants
accumulated greater amounts of DHA in frontal cortex than
those fed formula (Martinez 1992; Makrides et al. 1994). While
DHA is obtained from the diet, it can be synthesized from other
omega-3 fatty acids including ALA, SDA, EPA, and DPA. There has
been particular attention to the potential benefit of dietary or
supplemental omega-3 fatty acids on neurodevelopment. Initial
studies in term infants suggested a benefit of omega-3 fatty
acid supplementation on visual acuity, but more recent system-
atic reviews emphasize the lack of consistent demonstration
of benefit (Simmer 2001; Jasani et al. 2017). Although a recent
randomized control study of 53 infants at risk for developmental
delay identified no statistically significant benefit from 2 years
of supplementation (Andrew et al. 2018), another randomized
study of omega-3 supplementation in toddlers demonstrated a
positive correlation between red blood cell levels of omega-3
fatty acid and cognitive scores at 24 months in males (Devlin
et al. 2017). This may be mediated in part by genetic influences
on the efficacy of omega-3 fatty acids, or because of different
forms of omega-3 fatty acids administered to mothers or directly
to infants (Innis 2014; Cheatham et al. 2015; Lupu et al. 2015;
Scholtz et al. 2015; Yeates et al. 2015; Ding et al. 2016; Tam et al.,
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Figure 2. Correlations between maternal nutrient intake and infant regional brain volumes in unadjusted (a) and partially adjusted (b; adjusted for postmenstrual age

at MRI scan and sex) models, both before correction and after FDR correction for multiple testing (c). Brain regions are listed in rows and nutrients in columns. The
nutrients are grouped into seven categories. Red for positive correlation and blue for negative correlation, and the darkness for the magnitude of correlation (see the
color bar to the right of the correlation matrix).
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Figure 3. Correlation between infant brain voxel-wise tissue densities and maternal intake of example nutrients from each category. Note that the correlations in
the figure are examples before the FDR correction for multiple testing. Results that remain significant after FDR correction will be shown in Figure 4. Total calories,
maltose, SDA, iron, vitamin D, and soluble fiber correlations are depicted. For each nutrient, there are representative axial, sagittal, and coronal views at the same level.
Directionality and strength of nominal correlations are denoted by color, with key at the bottom of the figure.

2016a; Devlin et al. 2017). Here, the positive correlation between
maternal omega-3 fatty acid intake and regional brain volume
in breastfed infants supports the efficacy of supplementation
to breastfeeding mothers. Importantly, the omega-3 fatty acids
remained significantly correlated with infant brain volumes
though the quantitative and spatial effects were reduced for
all omega-3 fatty acids other than SDA. Future studies in the
area are planned, reflecting a fundamental expectation that
nutritional optimization can improve neurodevelopment (Gould
et al. 2018)

Nutrition has a profound impact on infant development,
though our understanding of the precise impact of maternal

diet on infant development remains incomplete. It is known
that dietary macronutrient intake such as that of protein has
a significant effect on overall growth in very low birth-weight
infants (Tonkin et al. 2014). Deficiency of micronutrients, such
as vitamin D or iron, is associated with infantile disorders such
as rickets and neurodevelopmental impairment (Morse 2012;
Angulo-Barroso et al. 2016; Algarin et al. 2017; Santos et al. 2018).
Improved knowledge of the role that specific nutrients have in
neurodevelopment of term infants without a specific dietary
deficiency would allow for population-based interventions to
improve health and outcomes on a large scale. To best design
future studies, use of a proximal marker, such as brain volumes
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Figure 4. Infant brain voxel-wise relative volumes (RAVENS values, normalized by the intracranial volume) positively correlated with maternal nutrient intake, after
the FDR correction and after controlling for postmenstrual age and sex. For each nutrient there are representative axial, sagittal, and coronal views at the same level.
Four omega-3 fatty acids—SDA (FA184), EPA (FA205), DPA (FA225), and DHA (FA226)—as well as retinol (RET, aka Vitamin A) and Vitamin B12 (VB12) were positively
correlated with absolute brain volume in the regions highlighted in red. Total volume increase is listed below each series of images; there were no significantly

negatively correlated volumes.

on MRI, may be helpful in determining the necessary dose and
timing of supplementation. MRI biomarkers have great poten-
tial to identify specific effects of nutrient dose and timing by
providing brain structure and growth measures before nuanced
neurodevelopmental testing is age appropriate. For example, if
nutrients such as omega-3 fatty acids are beneficial for frontal
cortex growth during the first month of life, that effect may be
difficult to identify at 5 years of age after many other modi-
fiers of brain growth have subsequently modified frontal cortex
development. MRI-based identification of critical periods for the
effect of specific nutrients will result in a more complete under-
standing of the temporally specific roles that dietary nutrients
play in the complex process of brain development. Additionally,
in the above example, patients who already have decreased
frontal cortex thickness may be more likely to benefit from
omega-3 supplementation, such that MRI characterization of
brain phenotypes can help with population risk stratification.
Finally, there are likely to be genetic or other factors that modify
the ability of a specific nutrient to change brain structure, and

delineation of responsive and nonresponsive cohorts will allow
for determination of such factors.

Existing nutrition-MRI studies are mostly confined to either
older adults (>65 years of age) or preterm infants, but not
term-born infants. The older populations are outside the crit-
ical period of infantile neurodevelopment and do not inform
approaches for optimizing neurodevelopmental outcomes. In
preterm infants, who face nutritional deficits in combination
with other risks to neurodevelopment, early postnatal growth
failure has been associated with decreased fractional anisotropy
on MRI, reflecting a reduction in brain microstructure (Keunen
et al. 2015). Observational studies of preterm infant born at 24–
32 weeks of gestational age correlated higher omega-3 fatty
acid concentrations with lower rates of intraventricular hem-
orrhage and improved neurodevelopmental outcomes at 30–
36 months (Tam et al. 2016b). Early enrichment of preterm
infant diets with high-nutrient supplements was associated
with improved verbal intelligence and significant increases in
brain volume as adolescents (Isaacs et al. 2008). However, supple-
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mentation of maternal or infant diets with omega-3 fatty acids
has not demonstrated consistent neurodevelopmental benefits
at school age (Smith and Rouse 2017). Other specific nutrients
have also been implicated as modulators of neurodevelopment
in preterm infants, as those supplemented with glutamine were
found to have increased fractional anisotropy and increased
brain volumes compared to controls (de Kieviet et al. 2012). How-
ever, the effect of glutamine was believed to be indirect and due
to a lower infection rate in the treated cohort. Many additional
candidate supplements have failed to have demonstrable ben-
efits to neurodevelopment on meta-analysis of studies, likely
due to the complex neurodevelopmental risks faced by the many
preterm infants.

Term infants can face many of the same risks to neurode-
velopment as preterm infants, such as infection or nutrient
deficiency, but have different trajectories of brain development
(Georgieff 2007; Deoni 2018). Despite these differences, many
of the same factors have been shown to affect MRI measures
of brain growth. For example, term infants with intrauterine
growth restriction have reduced hippocampal volumes (Lody-
gensky et al. 2008). However, a comprehensive study of the
effects of maternal diet on neonatal brain development in term
infant via MRI has not been reported. This is an important gap
in our knowledge of neurodevelopment as the vast majority
of infants are born at term. The current cross-sectional and
structural MRI study is the first step toward future time-series
and multiparametric MRI studies of the effects of nutrition on
neurodevelopment.

Additional studies to delineate the relative contributions of
in utero and postnatal maternal nutrition to fetal brain devel-
opment are necessary to better understand when maternal
nutritional interventions could be effective in improving infant
neurodevelopment. To begin to address the potential role of
postnatal maternal nutrient transfer, we performed a subcohort
analysis of the 54 mother–infant dyads that were 100% breast-
fed, which validated the positive correlation between maternal
intake of omega-3 fatty acids—SDA (FA184), EPA (FA205), DPA
(FA225), and DHA (FA226)—and infant brain volumes in the
frontal cortex and corpus callosum. However, the magnitude of
volume effects was smaller for this subcohort, indicating that
maternal omega-3 intake may have larger effects among infants
receiving some formula in their diet. By contrast, vitamin A
and vitamin B12 were no longer significant among exclusively
breastfed individuals. Though maternal vitamin A deficiency is
known to affect breast milk concentration of Vitamin A, early
breast milk has very high concentrations of vitamins A and B12
so the effects of maternal intake may be less likely to affect milk
concentrations in the first months of breastfeeding (Stoltzfus
and Underwood 1995; Dror and Allen 2018). Conversely, maternal
intake of vitamin B12 has not been demonstrated to be con-
sistently correlated with breast milk concentrations, such that
maternal intake may have less influence during breastfeeding
compared to during gestation (Dror and Allen 2018). We antici-
pate future larger scale studies to quantify how the proportion of
breast milk modifies the correlation between maternal nutrition
and infant development, correlations between maternal diet
and breast milk contents, as well as the relative influences of
nutrition during pregnancy and postnatal maternal nutrition.

Strengths of the current study include hypothesis-free, data-
driven, large-scale exploration of MRI-nutrition correlations; the
use of automated MRI segmentation; the relatively large cohort
size; and the homogenous patient population. Our analysis thor-
oughly examined the correlations of values of 73 nutrients and

volumes of 61 brain regions, whereas existing studies typically
quantified the association between a single or just few nutri-
ents with only very few ROIs. The subsequent exploration of
correlation between 73 nutrients and relative volumes (RAVENS
values) at ∼ 500 000 voxels in the brain MRI, which has not been
previously reported in MRI-nutrient studies, allowed us to avoid
segmentation error and arbitrariness and to find significantly
correlated subregions or cluster of voxels that span several brain
anatomical regions.

It is worthwhile to clarify some components in the approach.
RAVENS value is a measure of relative density or relative volume
at a voxel. It is relative to an atlas. Loosely speaking, when the
subject image is deformed into the atlas, it quantifies how many
voxels in the subject image will be mapped into a unit voxel
in the atlas image at every voxel in the atlas image. Due to its
sensitivity at the voxel level and its being free from regional seg-
mentations, RAVENS values have found successful applications
in many childhood and adult morphometry studies (Tisserand
et al. 2002; Ashburner et al. 2003; Resnick et al. 2003; Rojas et al.
2006; Koutsouleris et al. 2009; Davatzikos et al. 2014; Hartung
et al. 2015). Also, our data include gestational age, mother age,
mother ethnicity/race, mother race, family income, and other
socioeconomic status (SES) factors, which will be accounted for
as covariates in our future studies. Combining all these factors in
a unified multivariate machine learning framework, our future
work will identify how to change nutrition at the individual level
to affect MRI-manifested brain development.

Limitations include the use of reported diet, as discrepancies
have been noted between reported nutritional intake and
prevalence of associated nutrient deficiencies (Bailey et al.
2017). However, these approaches have been validated in the
past to be both accurate and reliable over time. Furthermore, we
examined only single correlations between nutrients and MRI
features, though it may be that nutrients act in combination
to enact biological changes during brain development. Future
multivariate analysis will further explore the more likely
scenario that multiple nutrients affect multiple brain regions.
As infant nutrition is also influenced by in utero nutrient
transfer, assessment of maternal nutrition during pregnancy
is an important area for future study. Maternal nutritional
status has many well-defined effects on birth outcomes and
fetal growth (Abu-Saad and Fraser 2010). Future work also
includes correlating among maternal dietary patterns, maternal
milk nutrients, and infant brain MRI. This will help establish a
pathway to better understand how to optimize diet to impact on
milk components that are key to infant brain development. Also,
our measures were obtained at a single point in time, though
ongoing work will include using time-series to better under-
stand the temporal effects of nutrients in the brain development
trajectory. Next, socioeconomic factors are potential modifiers
for the maternal nutrient and infant brain relationship. In this
study, we did not find significant correlation of maternal race,
maternal ethnicity, maternal education, and family income with
any of the nutrients or any of the volume measurement in the
regional or voxel level. Adding these SES variables as covariates
did not change the findings in Figures 3, 4 or Supplementary
Figure 2. This might be because that our cohort was more
homogenous in many features than the national population.
The demographics of our cohort (>80% non-Hispanic including
∼ 60% Caucasian in the whole cohort; > 40% with Master’s or
Doctoral degrees; delivery at an average of 32 years of age;
∼ 50% with a family income $100 000 or more) differ from the
national average. Next steps will include application of our
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analytical method to a more representative cohort. In addition,
we only found significant correlation between nutrition and
MRI morphometry, but it is not yet clear how morphometry
patterns (e.g., greater or smaller subregional volume) correlate
with neurocognitive development. Also morphometry (volume)
of brain MRI is only one metric, our future study will more
thoroughly study maternal diet’s effects on surface area, cortical
thickness, as well as diffusion directionality and magnitude at
the regional level, voxel level, and along whiter matter fiber
tracts and major fiber bundles. Finally, in our partial correlation,
we controlled for postmenstrual age and sex but not for parental
intelligence quotient or SES measures, as these measures were
fairly consistent throughout this cohort. In future studies, we
will also consider other covariates previously demonstrated to
impact neurodevelopment.

Conclusions
We found that increased maternal intake of omega-3 fatty acids
was positively correlated with increased infant brain voxel vol-
umes predominantly in the frontal lobes and corpus callosum
in term infants. This finding indicates that providing moth-
ers with supplemental omega-3 fatty acids might positively
influence development in these brain regions. Future studies
are needed to determine if these volumetric differences are
associated with differences in neurodevelopmental outcomes.
In addition, future studies that include more diverse socioeco-
nomic and ethnic groups are needed to elucidate the relative
contributions of, and interactions between, nutrition and non-
nutritional factors in infant neurodevelopment.
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Supplementary material is available at Cerebral Cortex online.
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