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Macronutrient intake is associated
with intelligence and neural
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Introduction: Macronutrient intake can be one of the most influential factors
in cognitive and neural development in adolescents. Adolescence is a specific
period of cognitive and neural development, and nutritional effects during this
period could be life-long. Therefore, understanding the effects of macronutrient
intake on cognitive and neural development in adolescents is crucially important.
We thus examined the association across macronutrient intake, intelligence,
and neural development using population-based cohort data.

Methods: We conducted two studies. In study 1, we included a total of 1,734
participants (boys, 907, age [mean + standard deviation] 171.9 + 3.44 months;
range 163.0-186.0 months) from the Tokyo TEEN Cohort (TTC) to examine
the association between macronutrient intake and intelligence quotient (IQ). In
study 2, we included a total of 63 participants (boys, 38, age 174.4 + 7.7 months;
range 160.7-191.6 months) to investigate the effect of nutrition intake on neural
development using graph theory analysis for resting-state functional magnetic
resonance imaging (rs-fMRI) derived from a subset of the TTC.

Results: TTC data revealed that a higher IQ was associated in boys with increased
protein intake (f=0.068, p=0.031), and in girls, with reduced carbohydrate
intake (8 =—-0.076, p = 0.024). Graph theory analysis for rs-fMRI at approximately
age 12 has shown that impaired local efficiency in the left inferior frontal
gyrus was associated with higher carbohydrate and fat intake ([x, y, z] =[-51,
23, 81, Pror-comectea = 0.00018 and 0.02290, respectively), whereas increased
betweenness centrality in the left middle temporal gyrus was associated
with higher carbohydrate, fat, and protein intake ([x, y, z] =[-61, —43, —13],
Pror-comected = 0.0027, 0.0029, and 0.00075, respectively). Moreover, we identified
a significant moderating effect of fat and protein intake on the relationship
between change in betweenness centrality over a 2-year measurement gap in
the left middle temporal gyrus and intelligence (8=12.41, p =0.0457; p=12.12,
p =0.0401, respectively).

Conclusion: Our study showed the association between macronutrient intake
and neural development related to intelligence in early adolescents. Appropriate
nutritional intake would be a key factor for healthy cognitive and neural
development.
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1 Introduction

During adolescence, the neural network undergoes a fundamental
reorganization (1) related to development and maturation of cognitive
functions (1, 2). Recent neuroimaging studies have illuminated
structural and functional connectivity changes occurring during the
transition from childhood to young adulthood, beginning in the
primary sensorimotor areas and moving to the higher-order
association areas, such as the prefrontal cortex and lateral temporal
cortex, that mirror improvement in cognitive abilities (3). In addition,
the manifestation of age-related neural reorganization could differ
between boys and girls (4), leading to sexual differences in neural and
cognitive development (5-7).

Nutrition intake and diet may be one of the most influential
factors in neural development (8), cognitive functions, and academic
achievement in children (8, 9), among various physical and social
environmental factors, such as urbanicity, socio-economic
characteristics, and the experience of racism (10). For instance, the
effects of several specific nutrients, including omega-3
polyunsaturated fatty acids, iron, and vitamin BI2 on brain
development and cognitive functions have been shown (11). Research
clarifying the effects of macronutrients (such as carbohydrates, fat,
and protein) and dietary patterns on development of neural and
cognitive functions in children and adolescents has shown that
increased fat consumption was significantly associated with decreased
hippocampal volume in healthy children (12); the intake of healthier
foods (such as whole grains, fish, fruits and/or vegetables) was
positively associated with enhanced executive function, whereas that
of less-healthy snack foods, sugar-sweetened beverages, and red/
processed meats was negatively associated with executive function
among children and adolescents (13). In concert with various
environmental factors—such as parental aggressiveness or
hyperactivity and low education or income status—high fat/sugar
intake may contribute to poor inhibitory control (14). A large
population-based prospective cohort study showed that high intake
of snack and processed foods at age 1 and age 8 years was negatively
correlated with global brain volumes at age 10years, while global
brain volumes mediated the relationships between dietary patterns at
ages 1 and 8 years and children’s IQ at age 13 years (15). This study
indicated that unhealthy dietary patterns such as the western diet—
rich in saturated fats and refined carbohydrates—can impair brain
development and cognitive functions in children. In addition, a diet
high in protein led to improved cognitive ability of children (16, 17).
Further, excess body mass—often caused by overconsumption of
foods high in fat and sugar (18)—is associated with poor executive
functions in children (19). Therefore, macronutrient intake would
mediate brain development and cognitive functions in children.

Because intelligence can be defined as the mental ability to
integrate various cognitive functions for reasoning, problem solving,
and learning (20), different cognitive functions are associated with
intelligence. Given this nature of intelligence, various neural circuits

Frontiers in Nutrition

are involved in intelligence (20). For instance, a neuroimaging study
in children has shown that higher intelligence quotient (IQ) is
associated with greater neural connectivity in the attention system,
while lower IQ was related to greater neural connectivity in the
default mode, emotion, and language systems, after controlling for
the effects of age, sex, and age-by-sex interaction (4). Macronutrient
intake may influence the neural development underlying intelligence
and, given sex differences in neural and cognitive development (4-7),
the impact of nutrient intake on this neural development could differ
between boys and girls. The adolescent period is a narrow window of
neural and cognitive development, during which nutritional effects
on neural and cognitive development could be prolonged or life-long.
Therefore, while understanding the influence of macronutrient intake
on neural development and intelligence in children is critical,
research focusing on the relationship between macronutrient intake
and neural development or intelligence in children is scarce. Here,
we aimed to examine the associations across macronutrient intake,
intelligence, and neural development in children aged 12-15years
using an adolescent cohort and resting-state functional magnetic
resonance imaging (rs-fMRI) data from subsamples of the cohort.

We hypothesized that—since increased sugar and fat intake were
associated with declined cognitive functions (12-14)—higher
carbohydrate and fat intake would negatively impact intelligence or
neural development associated with intelligence; conversely, given that
protein intake was positively related to intelligence (16, 17), higher
protein intake would positively impact intelligence or greater neural
development. In addition, such impact of macronutrient intake on
intelligence or neural development would differ between boys and
girls, given sexually determined differences in neural and cognitive
development (4, 5, 7).

Among various adaptations to computational techniques for
neuroimaging data to capture brain network development (21),
we adapted graph theoretical analysis in this study to examine
functional connectivity patterns (22). Graph theoretical analysis has
recently played a significant role in understanding complex brain
connectivity architecture, and can provide access to topological
properties that characterize the local and global architecture of the
entire brain network connectivity (23). Graph theoretical analysis is
thus favorable to examine associations between macronutrient intake
and whole-brain neural networks.

2 Materials and methods

2.1 Study design

We conducted two studies. In study 1, we examined the
association between macronutrient intake and intelligence using
data from the Tokyo TEEN Cohort (TTC) study, a current
prospective population-based cohort study that aims to investigate
the developmental trajectory of adolescents (24). We performed
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study 2 to investigate the effect of nutrition intake on neural
development using rs-fMRI data derived from a subset brain
imaging cohort [the population-neuroscience study of the TTC
(pn-TTC)] (25).

2.2 Study 1: associations between
macronutrient intake and intelligence

2.2.1 Participants

We randomly extracted children born between September 2002
and August 2004 in three local governments in Tokyo (Setagaya,
Mitaka, and Chofu) using the Basic Resident Register when the
children were 10 years old. Trained interviewers collected data used in
this study during home visits when the children were aged 12 (2nd
wave) and 14 (3rd wave), achieving a follow-up rate of 94.8% at age 12
(n=3,007) and 84.1% at age 14 (n=2,667). We excluded participants
for whom data on weight, height, dietary history, intelligence,
household income, age, and sex were missing. Thus, in this study,
we included a total of 1,734 participants (boys, 907: girls 827) (Table 1;
Figure 1). All procedures were approved by the ethics committees of
three research institutes: Tokyo Metropolitan Institute of Medical
Science (approval number: 12-35); The University of Tokyo (10057);
and SOKENDAI (The Graduate University for Advanced Studies;
2,012,002). We obtained written informed consent from the children’s
primary caregivers and informed assent from the children during each
wave of the study.

2.2.2 Measures

We estimated the children’s general intellectual ability at age 12 by
a Full Scale IQ (FIQ) of the Wechsler Intelligence Scale for Children
(WISC-IIT) (26).

We estimated macronutrient and calorie intake at age 14 using a
brief self-administered dietary history questionnaire (BDHQ) for
Japanese children and adolescents (BDHQ-15y) (27, 28). The

TABLE 1 Demographics of participants in study 1.

All participants
(n=1734)

Mean + S.D. (range)

Boys (n =907)
Mean + S.D. (range)

10.3389/fnut.2024.1349738

BDHQ-15y assesses the quantities of nutrients habitually consumed
from foods usually eaten (excluding intake from dietary supplements)
as individual units, and is designed to obtain each individual’s nutrient
intake, food intake, and information based on a few markers of dietary
behaviors. According to a previous longitudinal cohort study, leaving
the parental home and completing education were identified as
significant factors contributing to changes in diet, including an
increase in the consumption of confectionery and sugar-sweetened
beverages (29). Thus, it could be assumed that the dietary habits of
12-year-old children (measured for intelligence) and 14-year-old
children (measured for dietary habits), who typically live at home and
attend compulsory education in Japan, would not differ significantly.

Because socioeconomic status (SES) can influence executive
function and brain development in children (30), we assessed annual
household income by the self-report questionnaire. Annual household
income was divided into 11 categories. 1: 0-990,000 Japanese Yen
[JPY]/year, 2: 1,000,000-1,990,000 JPY/year, 3: 2,000,000-2,990,000
JPY/year, 4: 3,000,000 -3,990,000 JPY/year, 5: 4,000,000-4,990,000
JPY/year, 6: 5,000,000-5,990,000 JPY/year, 7: 6,000,000-6,990,000
JPY/year, 8: 7,000,000-7,990,000 JPY/year, 9: 8,000,000-8,990,000
JPY /year, 10: 9,000,000-9,990,000 JPY/year, 11: 10,000,000 and more
JPY/year.

At the 2nd and 3rd waves, trained interviewers measured each
participant’s height and weight. We then calculated body mass index
(BMI) for age (BMI-for-age),—a child’s BMI for their age and sex
relative to the reference population, using the WHO criteria (31).

For this study, we did not include parental educational level as a
potential confounder because it can be highly correlated with
household income, and a previous large cohort study in adolescents
(n=3,892 children) has shown that among the socioeconomic factors,
including parental education and family income, family income best
explains individual differences in cognitive test scores, cortical
volume, and thickness (32). In addition, although -certain
environmental factors such as school type and local environment may
influence cognitive development (10), this cohort study randomly

Girls (n = 827)
Mean + S.D. (range)

Sex differences

p-value Wilcoxon
statistic

Age (months) at 3rd wave 171.89+3.44 (163.00-186.00) 171.87 +3.54 (163.00-183.00) 171.91+3.34 (164.00-186.00) 0.47 374,294
BM-for-age (z-value) at 3rd —0.16%0.94 (~3.79-2.90) —0.21%1.03 (~3.79-2.90) —0.1240.82 (~3.16-2.41) 0.009 350,250
wave

Full Scale IQ at 2nd wave 111.26 +14.82 (43.79-152.30) 110.31+15.30 (43.79-149.65) 112.30+14.22 (51.82-152.30) 0.003 346,283
Socioeconomic status® 8.12+2.61 (1.00-11.00) 8.04+2.70 (1.00-11.00) 8.21+2.50 (1.00-11.00) 0.41 366,519
Macronutrient intake at 3rd

wave

Carbohydrate (g/day) 350.56 +155.95 (66.52-1375.75) 399.49+170.05 (66.52-1375.75) 296.90+117.46 (96.52-1306.08) 1.0 535,141
Fat (g/day) 81.09+30.64 (12.80-278.99) 86.25+32.45 (20.36-278.99) 75.44 +27.47 (12.80-237.62) 1.0 454,585
Protein (g/day) 85.48+32.73 (18.94-266.98) 93.23 +34.67 (20.31-266.98) 76.98+28.12 (18.94-236.42) 1.0 491,862
Total calorie intake at 3 2509.58 £950.64 (2333.33-2766.67) = 2791.14+1023.12 (569.68-8591.68) | 2200.78 +751.91 (639.42-7,637) 1.0 520,607
wave (kcal/day)

*Socioeconomic status is measured as annual household income divided into 11 categories. 1: 0-990,000 Japanese Yen [JPY]/year, 2: 1,000,000-1,990,000 JPY/year, 3: 2,000,000-2,990,000 JPY/
year, 4: 3,000,000-3,990,000 JPY/year, 5: 4,000,000-4,990,000 JPY /year, 6: 5,000,000-5,990,000 JPY/year, 7: 6,000,000-6,990,000 JPY/year, 8: 7,000,000-7,990,000 JPY /year, 9: 8,000,000
8,990,000 JPY/year, 10: 9,000,000-9,990,000 JPY/year, 11: 10,000,000 and more JPY/year. IQ, intelligence quotient; S.D., standard deviation.
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Tokyo TEEN Cohort study: the 2™ wave at age 12

Measurement
Full scale intelligence quotient, BMI-for-age

1 year
'y

The population-neuroscience
study of the Tokyo TEEN Cohort
Measurement
rs-fMRI scan, BMI-for-age

1 year
Y

Tokyo TEEN Cohort study: the 3 wave at age 14

Measurement
Brief self-administered dietary history questionnaire
BMl-for-age

Participants without information
|| of weight, height, dietary history,
intelligence, household income,
age, and sex were discarded

. /
Study 1 (n = 1,734)

1 year
'Y

The population-neuroscience
study of the Tokyo TEEN Cohort
Measurement
rs-fMRI scan, BMI-for-age

Study 2 (n = 63)

FIGURE 1

Study protocol of study 1 and 2. For study 1 (n = 1,734), we excluded
participants for whom data on weight, height, dietary history,
intelligence, household income, age, and sex were missing. For study
2 (n=63), we used rs-fMRI data at the 2nd and 3rd waves, excluding
participants without data for dietary history, intelligence, household
income, age, and sex.

selected children from three local governments in Tokyo (Setagaya,
Mitaka, and Chofu). Therefore, it is unlikely that there would
be significant variation in school type or learning environment within
this cohort. As a result, these potential confounding variables were not
incorporated into the primary statistical analysis.

2.2.3 Statistics

We performed all statistical analyses using R statistical software
(v4.3.0; R Foundation for Statistical Computing, Vienna, Austria).
First, we performed Z-score normalization for macronutrient intake,
total calorie intake, the measurement gap between FIQ and nutrition
intake measures (months), difference between BMI-for-age at age 12
and age 14, SES, and FIQ by subtracting the mean and dividing by the
standard deviation. Then, to examine associations between
macronutrient intake and intelligence, we performed multiple linear
regression analysis using normalized variables. We set the FIQ as a
dependent variable, and carbohydrate, fat, and protein intake, as
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explanatory variables. In addition, we set total calorie intake, the
measurement gap between FIQ and nutrition intake measures,
difference between BMI-for-age at age 12 and age 14, SES, and sex as
potential confounders.

Multiple linear regression analysis assumes that independent
variables are not highly correlated with each other, but the variance
inflation factor (VIF) for carbohydrate, fat, and protein intake and
total calorie intake were 1367.22, 242.36, 69.00, and 3007.77,
respectively, showing a high correlation. To address this
multicollinearity problem, we created three models—model 1,
dependent variable: FIQ, explanatory variable: carbohydrate intake;
model 2, dependent variable: FIQ, explanatory variable: fat intake;
and model 3, dependent variable: FIQ, explanatory variable: protein
intake. All three models also included the measurement gap between
FIQ and nutrition intake measures, difference between BMI-for-age
at age 12 and at age 14, SES, and sex as potential confounders.

Because sex differences in neural and cognitive development exist
during adolescence (4, 5, 7), we performed multiple linear regression
analysis using the above three models in boys and girls, separately.

2.3 Study 2: associations between
macronutrient intake and neural
connection

2.3.1 Participants

We subsampled and enrolled some participants from the TTC
(25) in study 2. We regarded participants in the TTC who showed
interest in the pn-TTC study as candidate participants and enrolled
some of them approximately one year later in the pn-TTC study.
We used rs-fMRI data at the 2nd and 3rd waves, excluding participants
without data for dietary history, intelligence, household income, age,
and sex. We included a total of 63 participants (boys, 38: girls 25) in
this study (Table 2; Figure 1).

2.3.2 Magnetic resonance imaging data
acquisition

All participants underwent rs-fMRI sessions at the 2nd and the
3rd waves. We instructed them to remain still and gaze at a black cross
on a white screen during the scanning, for one run (10 min 10s) at the
2nd wave, and four runs (5min 365 each) at the 3rd wave.

We acquired all MR images using a MAGNETOM Prisma 3.0 Tesla
scanner (Siemens Healthineers, Erlangen, Germany). At the 2nd wave,
we used a 64-channel head coil and acquired anatomical images using
a T1-weighted protocol (repetition time (TR)=1900ms, echo time
(TE)=2.53ms, flip angle (FA) =9°, field-of-view (FOV) =256 x 256 mm’,
and resolution 1.0 x 1.0 x 1.0mm?). For functional images, we acquired
T2*-weighted images using gradient-echo echo-planar imaging (EPI)
(TR=2,500ms, TE=30ms, 38 slices, FA=80°, FOV=212x212mm?
and resolution =3.3 x3.3 x4.0mm’) in ascending order. At the 3rd wave,
we used a 32-channel head coil and acquired anatomical images using
a Tl-weighted protocol (TR=2,400ms, TE=2.22ms, FA=8°,
FOV =256 x 256 mm?, resolution 0.8x 0.8 x0.8 mm?). For functional
images, we acquired T2*-weighted images using EPI with a multiband
acceleration factor 8 and generalized, auto-calibrating (TR=800ms,
TE=37ms, 72 FA=52°, FOV=208x208mm? and
resolution=2.0x2.0 x 2.0 mm?®) using an interleaved manner to reduce

slices,

the cross-talk of the slice selection pulse.

frontiersin.org


https://doi.org/10.3389/fnut.2024.1349738
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Nakamura et al. 10.3389/fnut.2024.1349738

TABLE 2 Demographics of participants in study 2.

All participants (n = 63) Boys (n =38) Girls (n = 25) Sex differences
Mean + S.D. (range) Mean + S.D. (range) Mean + S.D. (range) .
p-value  Wilcoxon
statistic/
t-value

2nd wave
Age at rs-fMRI scan 174.41+7.65 (160.68-191.64) 173.63+7.68 (162.36-188.04) 175.60+7.60 (160.68-191.64) 0.32° —1.00"
(months)
BM-for-age at rs- —0.05+0.87 (—2.12-2.49) 0.09+0.97 (—2.12-2.49) —0.25+0.68 (—0.98-1.08) 0.95 479
fMRI scan (z-value)”
Full Scale IQ 110.84 +14.24 (79.52-141.09) 110.68 +14.22 (84.77-141.09) 111.07 +14.56 (79.52-136.84) 0.92° -0.11%
Socioeconomic 7.83+2.73 (1.00-11.00) 7.53+2.98 (1.00-11.00) 8.28+2.28 (4.00-11.00) 0.37 412
status™
3rd wave
Age at rs-fMRI scan 194.25+7.52 (179.40-208.20) 193.81+7.21 (179.88-207.24) 194.91+8.08 (179.40-208.20) 0.58* —0.56"
(months)
BM-for-age at rs- —0.20+0.96 (—2.83-2.44) —0.23+1.09 (—2.83-2.44) —0.14+0.75 (—1.33-1.58) 0.72% —0.35°
fMRI scan (z-value)
Macronutrient intake
Carbohydrate (g/day) 375.22+177.55 (108.79-1302.88) 433.60+197.13 (172.65-1302.88) 286.49+89.08 (108.79-447.99) 1.0 730
Fat (g/day) 87.64 +34.00 (30.07-259.89) 95.29 +38.49 (51.16-259.89) 76.01+21.65 (30.07-132.73) 1.0 623
Protein (g/day) 92.67+36.01 (34.01-241.60) 102.61 +39.13 (55.63-241.60) 77.56 +24.39 (34.01-119.46) 1.0 664
Total calorie intake 2698.34£1104.55 (856.91-8591.68) = 3047.65+1225.28 (1430.00-8591.68) | 2167.39+591.92 (856.91-3111.21) 1.0 727
(kcal/day)

*Socioeconomic status is measured as annual household income divided into 11 categories. 1: 0-990,000 Japanese Yen [JPY]/year, 2: 1,000,000-1,990,000 JPY/year, 3: 2,000,000-2,990,000 JPY/
year, 4: 3,000,000 -3,990,000 JPY/year, 5: 4,000,000-4,990,000 JPY/year, 6: 5,000,000-5,990,000 JPY /year, 7: 6,000,000-6,990,000 JPY/year, 8: 7,000,000-7,990,000 JPY /year, 9: 8,000,000~
8,990,000 JPY /year, 10: 9,000,000-9,990,000 JPY/year, 11: 10,000,000 and more JPY/year. *Statistical results of Student’s t-test. *Seven participants do not have BMI-for-age data. IQ,

intelligence quotient, S.D., standard deviation.

2.3.3 Image preprocessing

We preprocessed all rs-fMRI data using Statistical Parametric
Mapping 12 (SPM12) software with the CONN functional
connectivity toolbox (CONN, version 22a) (33). For rs-fMRI data at
the 2nd and 3rd waves, we performed conventional preprocessing
including slice-timing correction, realignment and unwarping,
denoising, normalization (onto the standard Montreal Neurological
Institute and Hospital space), and smoothing (6-mm full-width at
half-maximum Gaussian filter) using the default parameter settings of
SPM12. We estimated six motion parameters (three rotation and three
translation parameters) during the realignment step. We then used the
Artifact Detection Tools toolbox implemented in CONN to detect
potential outlier scans identified from the observed global blood-
oxygen-level-dependent (BOLD) signal and the amount of participant
motion. We flagged acquisitions with framewise displacement greater
than 0.9 mm or global BOLD signal changes greater than 5S.D.s as
potential outliers.

2.3.4 Graph theory analyses

We performed graph theory analyses using the default functional
connectivity processing pipeline in the CONN toolbox. We first
cleaned the preprocessed fMRI data using the CONN functional
connectivity toolbox denoising pipeline. This included ART-based
motion scrubbing, outlier volume removal, regression of white matter
and cerebrospinal fluid signals using the component-based noise
correction method (CompCor) strategy (34), band-pass temporal
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filtering (f=0.007-0.1 Hz), and linear detrending. We derived the
regions of interest (ROIs) used here from a freely available ROI atlas
(35) which included 200 ROIs generated by a gradient-weighted
Markov Random Field model that could parcelize neural regions
representing neurobiologically meaningful features of brain
organization using rs-fMRI data from 1,489 participants. We treated
each ROI as a “node” within a whole-brain network. We extracted the
BOLD time course for each ROI for each participant to create a graph
adjacency matrix. First, for all pairs of ROIs, we created an ROI-to-ROI
Correlation (RRC) matrix (y) using an extracted time course. We then
formed a graph adjacency matrix by thresholding the RRC matrix and
retaining 15% of the strongest positive correlations; thus, in each
participant graph, 15% of all possible edges were represented. These
graphs were undirected in that the association between regions was
bidirectional. From the resulting graphs, we computed a number of
measures addressing topological properties of each ROI within the
graph. Therefore, at the second level, we adapted the CONN toolbox’s
automated graph theory analysis algorithms' to explore associations
between graph theoretic metrics and macronutrient intake using
rs-fMRI from the 2nd wave, controlling for sex and SES using a false
discovery rate (FDR)-corrected p-value threshold of p<0.05 (all

1 Foradetailed description, see https://web.conn-toolbox.org/fmri-methods/

connectivity-measures/graphs-roi-level.
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reported p-values are two-tailed). We performed the same analysis in
boys and girls separately controlling for SES.

We measured the following graph theoretic metrics: Betweenness
Centrality—a centrality measure of a ROI that acts as a bridge along
the shortest path between two other ROIs; Local Efficiency— a
measure of local integration or coherence, characterizing the degree
of inter-connectedness among all nodes within a node neighboring
sub-graph; Eigenvector Centrality—the influence of a ROI based on
its connectedness with other high-scoring nodes in a network; Degree
and Cost at each ROI—measures of network centrality, characterizing
the degree of local connectedness of each ROI within a graph; Average
Path Distance—a measure of node centrality within a network,
characterizing the degree of global connectedness of each ROI within
a graph; Clustering Coefficient— a measure of the degree to which
nodes in a graph tend to cluster together; Global Efficiency at a
node—a measure of this node centrality within the network,
characterizing the degree of global connectedness of each ROI;
Eccentricity—the maximum distance between an ROI and all other
ROIs. Each of these statistics emphasizes a distinct aspect of the
nodes’ varying roles in organizing information processing across the
brain [for a review of these graph theory metrics, please see (23)].

2.3.5 Associations across intelligence,
macronutrient intake, and neural development

To investigate not only the effect of neural development and
macronutrient intake on intelligence but also the potential moderating
effect of macronutrient intake on the relationship between neural
development and intelligence, we performed moderation analysis
using R statistical software (v4.3.0; R Foundation for Statistical
Computing, Vienna, Austria). First, regarding the ROIs that showed
significant associations with nutrient intake at the 2nd wave,
we calculated changes in ROI-specific graph theoretic metrics from
the 2nd to the 3rd waves and used them as neural development.
We then performed a multiple regression model in which we set FIQ
as the dependent variable, and macronutrient intake, neural
development, and an interaction term for neural development and
macronutrient intake as explanatory variables. We included sex in this
model as a potential confounder only when considering all
participants, but not when considering boys only or girls only.

3 Results

We performed two studies: Study 1 aimed to examine the
association between macronutrient intake and intelligence using large
adolescent cohort data (TTC), and Study 2 aimed to detect the effect
of nutrition intake on neural development using rs-fMRI data derived
from a subset TTC.

3.1 Study 1: macronutrient intake and
intelligence

Multiple linear regression was performed to examine associations
between macronutrient intake and intelligence. Multiple linear
regression showed a positive association between protein intake and
FIQ [beta coefficient ()=0.55, p=0.004], a negative association
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between total calorie intake and FIQ (f=-2.51, p=0.046), and a
positive association between SES and FIQ (#=0.29, p<0.001).
Carbohydrate and fat intake were not significantly associated with FIQ
(f=1.57,p=0.062; #=0.61, p=0.085). The measurement gap between
FIQ and nutrition intake measures, difference in BMI-for-age at age
12 and 14, and sex were not significantly associated with FIQ
(ps>0.090).

VIF for carbohydrate, fat, protein, and total calorie intake were
1367.22, 242.36, 69.00, and 3007.77, respectively, indicating high
correlation. To address this multicollinearity problem, we tested
associations between FIQ and each macronutrient separately.
However, we found no significant association between FIQ and
carbohydrate, fat, or protein intake (#=—0.029, p=0.233; =0.005,
p=0.845; f=0.029, p=0.216, respectively) (Table 3).

FIQ in boys was positively associated with protein intake
($=0.068, p=0.031), but not with carbohydrate (< —0.001, p=0.993)
or fat intake (#=0.036, p=0.251) (Table 3).

FIQ in girls was negatively associated with carbohydrate intake
(f=-0.076, p=0.024), but not with protein (f=-0.029, p=0.387) or
fat intake (f=—0.040, p=0.235) (Table 3).

3.2 Study 2: macronutrient intake and brain
networks

Using rs-fMRI at the 2nd wave, associations between several
graph theory metrics for ROIs and each macronutrient intake were
explored controlling for sex and SES. In all participants, greater
carbohydrate intake was associated with less local efficiency in the left
triangular part of the inferior frontal gyrus ([x, y, z] =[-51, 23, 8],
t=—5.49, Prpr correctea= 0.00018) and with greater betweenness centrality
in the left middle temporal gyrus ([x, y, z] = [—61, —43, —13], t=4.75,
Prprcorrectea= 0.0027). Greater fat intake was associated with less local
efficiency in the left triangular part of the inferior frontal gyrus ([x, y,
z]=[-51, 23, 8], t=—4.13, Prorcomectea=0.02290) and with greater
betweenness centrality in the left middle temporal gyrus ([x, v,
z] =[—61, —43, —13], t=4.72, Prpr.correctea=0.0029). Greater protein
intake was associated with greater betweenness centrality in the left
middle temporal gyrus ([x, y, z] =[—61, —43, —13], t=5.10, prpr.
corrected=0.00075) (Figure 2).

In boys, after statistically controlling for SES, greater carbohydrate
intake was associated with less local efficiency in the left triangular
part of the inferior frontal gyrus ([x, y, z] =[—51, 23, 8], t=—4.77, prpr.
correctea=0.0063) and with greater betweenness centrality in the left
middle temporal gyrus ([x, y, z] =[—61, —43, —13], t=4.95, pror.
cormectea=0.0037). Greater fat intake was associated with greater
betweenness centrality in the left middle temporal gyrus ([x, v,
z]=[—61, —43, —13], t=4.15, Prorcomectea=0.0404) and with less
eccentricity in the left posterior cingulate gyrus (brodmann area[BA]
23) ([x, v, z] =[5, =29, 27], t=—4.44, Prorcomectea=0.0173) and the
right precuneus ([, y, z] = [11, =74, 25], t = —4.05, Prpr comectea= 0.0270).
Greater protein intake was associated with greater betweenness
centrality in the left middle temporal gyrus ([x, y;, z] = [—61, —43, —13],
t=4.71, Prorcomeatea=0.0187).

In girls, after statistically controlling for SES, we found no
significant associations between graph theory metrics and each
macronutrient intake.
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TABLE 3 Multiple linear regression models describing the association between Full Scale 1Q scores at the 2nd wave and macronutrient intakes at the

3rd wave.
Dependent @ Explanatory variables [beta coefficient (8), p-value]
variable
All participants
Model 1
FIQ Carbohydrate intake The measurement gap between Difference between BMI-for-age at | SES sex
FIQ and nutrition intake measures | age 12 and age 14
p=-0.029,p=0.233 p=-0.007, p =0.766 $=0.003, p=0.915 $=0.292,p <0.001 $=0.095, p =0.057
Model 2
FIQ Fat intake The measurement gap between Difference between BMI-for-age at | SES sex
FIQ and nutrition intake measures | age 12 and age 14
£ =0.005, p =0.845 p=-0.006, p=0.784 $=0.001,p =0.972 $=0.292, p <0.001 $=0.116,p =0.015
Model 3
FIQ Protein intake The measurement gap between Difference between BMI-for-age at | SES sex
FIQ and nutrition intake measures | age 12 and age 14
£=0.029, p=0.216 B =—0.005, p =0.819 B <0.001, p =1.00 =0291,p<0.001 | A=0.130,p=0.008
Boys
Model 1
FIQ Carbohydrate intake The measurement gap between Difference between BMI-for-age at | SES
FIQ and nutrition intake measures | age 12 and age 14
p <—0.001, p =0.993 £ =0.004, p =0.895 £ =0.002, p =0.960 $=0.313, p <0.001
Model 2
FIQ Fat intake The measurement gap between Difference between BMI-for-age at | SES
FIQ and nutrition intake measures | age 12 and age 14
$=0.036, p =0.251 $=0.005, p=0.878 $<0.001, p =0.994 $=0.312,p <0.001
Model 3
FIQ Protein intake The measurement gap between Difference between BMI-for-age at | SES
FIQ and nutrition intake measures | age 12 and age 14
$=0.068, p=0.031 $=0.006, p =0.848 p=-0.001,p=00.973 p=0.311, p <0.001
Girls
Model 1
FIQ Carbohydrate intake The measurement gap between Difference between BMI-for-age at | SES
FIQ and nutrition intake measures | age 12 and age 14
p=-0.076, p =0.024 p=-0.023, p =0.503 $=0.005, p=0.888 $=0.266, p <0.001
Model 2
FIQ Fat intake The measurement gap between Difference in BMI-for-age between | SES
FIQ and nutrition intake measures | age at 12 to 14
p=—0.040, p =0.235 p=-0.022,p =0.516 $=0.001, p =0.965 $=0.267,p <0.001
Model 3
FIQ Protein intake The measurement gap between Difference between BMI-for-age at | SES
FIQ and nutrition intake measures | age 12 and age 14
p=-0.029, p=0.387 p=-0.022,p=0.522 $=0.001,p =0.971 $=0.267, p <0.001

BMI, Body mass index; FIQ, Full scale intelligence quotient; SES, Socioeconomic status.

3.3 Study 2: associations across
macronutrient intake, neural development,
and intelligence

Moderation analysis was conducted using rs-fMRI at waves 2 and

3 to examine the effects of neural development and macronutrient
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intake on intelligence and the potential moderating effect of

macronutrient intake on the relationship between neural development

and intelligence. In all participants, we found no significant

moderation effect of carbohydrate intake on the relationship between

intelligence and change in local efficiency in the left triangular part of

the inferior frontal gyrus or change in betweenness centrality in the
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left middle temporal gyrus (p=0.294 and p=0.1093, respectively).
Likewise, we found no significant moderation effect of fat intake on
the relationship between intelligence and change in local efficiency in
the left triangular part of the inferior frontal gyrus (p=0.26), but
contrastingly, the moderation effect of fat intake on the relationship
between intelligence and change in betweenness centrality in the left
middle temporal gyrus was significant (f=12.41, p=0.0457) (Figure 3;
Table 4). Similarly, the moderation effect of protein intake on the
relationship between intelligence and change in betweenness centrality
in the left middle temporal gyrus was significant (f=12.12, p=0.0401)
(Figure 3; Table 4).

In boys, the moderation effect of carbohydrate intake on the
relationship between intelligence and change in local efficiency in the
left triangular part of the inferior frontal gyrus was not significant
(p=0.109), whereas the moderation effect of carbohydrate intake on
the relationship between intelligence and change in betweenness
centrality in the left middle temporal gyrus was significant (f=3.074,
p=0.008) (Figure 3; Table 4). The moderation effect of fat intake on
the relationships between intelligence and change in local efficiency
in the left triangular part of the inferior frontal gyrus, or change in
eccentricity in the left posterior cingulate gyrus or in the right
precuneus were not significant (ps>0.261), whereas the moderation
effect of fat intake on the relationship between intelligence and
change in betweenness centrality in the left middle temporal gyrus
was significant (f=16.72, p=0.008) (Figure 3; Table 4). The
moderation effect of protein intake on the relationship between
intelligence and change in betweenness centrality in the left middle
temporal gyrus was significant (f=17.45, p=0.003) (Figure 3;
Table 4).

4 Discussion

Here we aimed to examine the impact of macronutrient intake
on the association between intelligence and neural development in
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adolescents. Using a large adolescent cohort, we found that higher
general intelligence was associated with increased protein intake in
boys, and in girls, with lower carbohydrate intake. In addition,
rs-fMRI data showed that lower carbohydrate and fat intake were
associated with higher inter-connectedness in the left triangular part
of the inferior frontal gyrus, and all macronutrient intake was
positively correlated with greater centrality in the left temporal gyrus
in all participants. Also, in boys, lower carbohydrate intake was
associated with greater inter-connectedness in the left triangular part
of the inferior frontal gyrus, whereas all macronutrient intake was
positively correlated with greater centrality in the left temporal gyrus.
Additionally, in boys, higher fat intake was associated with lower
long-range connectivity in the left post cingulate gyrus and right
precuneus. Moreover, in boys, but not girls, carbohydrate, fat, and
protein intake moderated the relationship between general
intelligence and neural development in the left middle temporal
gyrus, indicating that the impact of neural development in the middle
temporal gyrus on general intelligence differs depending on the level
of macronutrient intake. Generally, in accordance with our
hypothesis, protein intake was positively associated with higher
general intelligence, while carbohydrate and fat intake were negatively
associated with general intelligence and neural connectivity. These
associations between macronutrient intake and intelligence or neural
connectivity varied depending on sex.

In line with the hypothesis, higher protein intake was positively
associated with greater intelligence in boys, partially replicating
previous studies. Wang and colleagues reported a high protein dietary
pattern in children aged 10-15years was associated with greater
mathematical ability after controlling for sex, age, nationality,
household registration, school type, parental education level, family
learning environment, annual household income, and family size (16).
Another study showed a positive association in children aged 6-8 years
between protein intake and higher cognitive function related to
attention after controlling for age (17). Thus, protein intake during
adolescence would facilitate general intelligence in boys.
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TABLE 4 Associations across macronutrient intake, neural development, and intelligence.
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Dependent = Explanatory variables [beta coefficient (8), p-valuel
variable
All participants
FIQ The moderation effect of Carbohydrate intake Change in betweenness centrality in the left middle temporal Sex

carbohydrate intake gyrus

p=1.792,p=0.109 $=0.012, p=0.393 p=-1,001, p =0.089 p=0.252, p=0.954
FIQ The moderation effect of fat Fat intake Change in betweenness centrality in the left middle temporal Sex

intake gyrus

B=12.41, p =0.046 $=0.110, p =0.132 B =—1,406, p =0.046 £ =0.482, p =0.905
FIQ The moderation effect of Protein intake Change in betweenness centrality in the left middle temporal Sex

protein intake gyrus

p=12.12, p =0.040 $=0.104, p =0.094 p=-1,397,p =0.055 p=1.184,p=0.776
FIQ The moderation effect of Carbohydrate intake Change in local efficiency in the left inferior frontal gyrus Sex

carbohydrate intake

P =—0.065, p=0.294 $=0.014, p =0.397 P =38.948, p =0.421 $=1.848, p =0.664
FIQ The moderation effect of fat Fat intake Change in local efficiency in the left inferior frontal gyrus Sex

intake

p=-0.347, p =0.261 $=0.096, p =0.212 p =38.425, p =0.447 $=1.600, p =0.683
Boys
FIQ The moderation effect of Carbohydrate intake Change in betweenness centrality in the left middle temporal

carbohydrate intake gyrus

S =3.074, p =0.008 $=0.02217,p =0.118 B =-2068, p=0.003
FIQ The moderation effect of fat Fat intake Change in betweenness centrality in the left middle temporal

intake gyrus

p=16.72, p =0.008 $=0.129, p =0.085 p=-2,328,p=0.003
FIQ The moderation effect of Protein intake Change in betweenness centrality in the left middle temporal

protein intake gyrus

p=17.45, p =0.003 $=0.133, p =0.035 P =-2,449, p =0.002
FIQ The moderation effect of Carbohydrate intake Change in local efficiency in the left inferior frontal gyrus

carbohydrate intake

p=-0.110, p =0.109 $=0.030, p =0.101 P =63.176, p =0.261
FIQ The moderation effect of fat Fat intake Change in eccentricity in the left posterior cingulate gyrus

intake

p=-0.039, p=0.877 S =0.060, p =0.349 P =2.695, p =0.904
FIQ The moderation effect of fat Fat intake Change in eccentricity in the right precuneus

intake

f=—0.078,p =0.621 £=0.058, p =0.346 f=1476,p=0387

FIQ, Full scale intelligence quotient.

As we expected, higher carbohydrate intake was negatively
associated with general intelligence in girls. A previous study
demonstrated that an unhealthy dietary pattern, such as the western
diet, was connected with impaired brain development and lower IQ
in early adolescents (15). In addition, another study with greater
sample size (n=17,348 school children) showed the connection
between more frequent high-calorie food intake and children’s weaker
academic achievement (9). Therefore, in line with these results, our
findings suggest that in girls, higher carbohydrate intake would
be connected with lower intelligence.

Brain imaging data showed that, in all participants and boys,
higher carbohydrate intake was negatively associated with lower local

Frontiers in Nutrition

efficiency in the left triangular part of the inferior frontal gyrus. The
triangular part of the inferior frontal gyrus acts as the hub that links
the sensory/somatomotor network, the default mode network (DMN),
and the dorsal and ventral attention network (36). This region is also
involved in verbal and non-verbal context recognition (37), language
processing (38), and unconscious information processing (39).
Therefore, higher local efficiency in this region would indicate effective
information processing—such as passing information through various
brain networks, including the sensory/somatomotor network, DMN,
and dorsal and ventral attention network—to facilitate an
understanding of various contexts, which is a cognitive function
implicated in intelligence (20, 40). The current study found a negative
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association between carbohydrate and fat intake and local efficiency
in the triangular part of the inferior frontal gyrus. Additionally,
carbohydrate intake was negatively associated with intelligence in
girls. These findings suggest that excessive habitual carbohydrate
intake may impair local efficiency in the triangular part of the inferior
frontal gyrus and have a negative impact on intelligence in children,
or at least girls.

We found that higher fat intake was linked to lower long-range
connectivity in the left post cingulate gyrus and right precuneus in
boys. The post cingulate gyrus (BA 23) is a part of the frontoparietal
control network (38) and the DMN (41), constituting a core hub in the
human connectome (42), with a relatively large-scale neural network
(43), and is involved in various cognitive functions, including memory,
spatial navigation, self-reflection and self-imagery, and decision
making (44). The precuneus, involved in the visual field (38) and the
DMN (45), has a large-scale neural network (46). Serving as a global
hub, it is likely to be integrated in early adolescence (4). This region has
a role in facilitating successful episodic memory retrieval (47). For
instance, a previous fMRI study demonstrated the activation of this
region during memory retrieval tasks (48). Further, the precuneus
could be involved in executive functions, such as cognitive flexibility
(49). Thus, long-range connectivity with the precuneus is related to
various cognitive functions. Collectively, the post cingulate gyrus and
precuneus have a long-range connectivity and play various roles in
intelligence. Long-range functional connectivity—rather than short-
range functional connectivity—could contribute to IQ (50). In
addition, higher fat and sugar intake could be connected with
attenuated IQ (12, 13, 15). As demonstrated by the current results,
long-range connectivity in the post cingulate gyrus and precuneus were
negatively associated with fat intake in boys; fat intake would negatively
impact developing long-range functional connectivity in the post
cingulate gyrus and precuneus and be connected with lower intelligence.

Brain imaging data also showed that, at the 2nd wave, greater
intake of carbohydrate, fat, and protein was positively associated with
greater betweenness centrality in the left middle temporal gyrus in all
participants. Moreover, the moderation analysis revealed that the
impact of neural development in betweenness centrality in the middle
temporal gyrus on intelligence differs depending on the level of the
moderation effect of carbohydrate, fat, and protein intake in boys, and
the moderation effect of fat and protein intake in all participants. The
middle temporal gyrus is a part of the frontoparietal control network
(38) and involved in the regulation of perceptual attention (51), and
also seems to be a part of the traditional sensory language area (52).
Further, the region could be associated with the DMN (53) and creative
ability (54). The middle temporal gyrus is thus involved in various
cognitive functions related to intelligence. Given that the ROI with
higher betweenness centrality more frequently lies on the shortest
paths between other RO, greater betweenness centrality in the left
middle temporal gyrus would suggest greater integrated functional
connectivity within this region. The current results, consistent with
previous studies (16, 17), suggest that higher protein intake in boys is
associated with increased IQ. This supports our hypothesis that protein
intake moderates connectivity integration in the middle temporal
gyrus during development and promotes general intelligence.

The relationship between macronutrient intake and general
intelligence, as well as the moderating effect of macronutrient intake
on the relationship between neural development and general
intelligence, are influenced by sex, which is consistent with our
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hypothesis. In a previous large-cohort study, sex differences in
multiple cognitive functions appeared during the progression from
early teens to late teens (5), and could be connected with brain
maturation. Gray matter and white matter volumes in the frontal,
temporal, and parietal regions show the effect of interaction between
age and sex in adolescents (5). The functional and structural
connectivity in the post cingulate gyrus also mediates sex differences
in cognitive functions (6). Further, compared to boys, girls show
earlier white matter development, and such sex difference influences
cognitive performance (7). Thus, earlier brain maturation in girls is
associated with their earlier cognitive development. Moreover,
significant effects of sex, IQ, and age interactions on microstructures
of the white matter were seen in frontoparietal areas (55). In the
current study, only boys showed moderation effects of macronutrient
intake on the association between IQ and neural development in the
middle temporal gyrus, a part of the frontoparietal control network.
These results suggest that neural development in boys at mid-teens is
susceptible to macronutrient intake because of late maturation in the
middle temporal gyrus. Given the link between structural and
functional brain development and the surge of gonadal hormones (5),
sex differences in neural and cognitive development may be attributed
to gonadal hormones, in concert with which other factors—such as
social and cultural factors (56)—may also contribute to such sex
differences,. Further studies are needed to elucidate the cause of sex
differences in neural and cognitive development.

Certain limitations should be considered in interpreting the current
findings. First, although we included socioeconomic status,
BMI-for-age, and sex as confounders, we did not include other potential
confounders that may affect intelligence or neural development, such as
environmental factors (10). Future studies should consider including
these potential confounders to examine the effect of nutrition intake on
intelligence or neural development in adolescents. Second, the number
of participants for the imaging study and moderation analysis would not
be adequate. Suitable sample sizes for functional neuroimaging studies
using graph theory analysis have been debated, and a group size of
approximately 20 was suggested as sufficient (57). Thus, in our study,
the sample size for the rs-fMRI analysis could be acceptable. For the
moderation analysis, we performed sample size estimation for the
multiple regression analysis using G*Power (58) with the following
parameters: number of predictors =3, power=0.80, =0.05 and small
(£=0.02), medium (£=0.15) or large (f=0.35) effect sizes. Estimated
sample size for small, medium, and large effect sizes were 550, 77, and
36, respectively, indicating that the sample size for the moderation
analysis may not be satisfactory, and the results of moderation analysis
should be interpreted with caution. Third, we only had IQ data or
dietary records at a single point in time. Previous studies have shown
that the limited malleability of IQ by schooling and/or training (59) and
IQ in early childhood are significant predictors of IQ through middle
childhood into early adolescence (60). While other studies have
suggested that the largest increase in human IQ is observed from 2 to
12years, and by the age of 19-20, IQ reaches its maximum (61), and
during this period, the effect of education on IQ development is
observed (62). Thus, changes in IQ and nutrition intake over
development should be considered in future studies to gain an in-depth
understanding of associations across nutrient intake, neural
development, and intelligence. Lastly, because of the age difference
between the measurement of dietary habits (at age 14) and intelligence
(at age 12), the current study could not examine the possibility that
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decreased inhibitory control, which is associated with lower general
intelligence (63), could lead to increased consumption of an appetitive
diet high in fat and sugar. Rodent studies consistently demonstrate that
a diet high in fat and sugar can impair cognitive function, including
memory (64) and spatial learning (65). Furthermore, considering the
findings of a prior study that identified leaving the parental home and
completing education as significant factors in altering dietary habits
(29), it is unlikely that there will be a significant difference in the dietary
habits of 12-year-old children (measured for intelligence) and 14-year-
old children (measured for dietary habits) who typically reside at home
and attend compulsory education in Japan. Thus, changing dietary
habits between the ages of 12 and 14 is unlikely to have a significant
impact on intelligence or cognitive function. However, to gain a
complete understanding of the relationship between nutrition intake,
intelligence, and neural development, further research is necessary.

In summary, our study examined the association between
macronutrient intake, intelligence, and neural development in
adolescents. Protein intake was positively associated with IQ in boys,
whereas carbohydrate intake was negatively associated with IQ in girls
in a large-cohort sample. Graph theory analysis of rs-fMRI data
derived from a subsample of the large-cohort sample demonstrated
that macronutrient intake was positively correlated with neural
integration in the middle temporal gyrus in boys, but not in girls.
Moreover, the impact of neural integration during development in the
middle temporal gyrus on general intelligence differed depending on
the level of macronutrient intake in boys. These results suggest that
macronutrient intake in early adolescents influences neural
development related to intelligence, and such influence of nutrition
intake differs between boys and girls. Appropriate nutrition intake is
therefore a key factor in healthy neural and cognitive development.
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