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Breakfast Staple Types Affect Brain Gray Matter Volume
and Cognitive Function in Healthy Children
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Abstract

Childhood diet is important for brain development. Furthermore, the quality of breakfast is thought to affect the cognitive
functioning of well-nourished children. To analyze the relationship among breakfast staple type, gray matter volume, and
intelligence quotient (IQ) in 290 healthy children, we used magnetic resonance images and applied voxel-based
morphometry. We divided subjects into rice, bread, and both groups according to their breakfast staple. We showed that
the rice group had a significantly larger gray matter ratio (gray matter volume percentage divided by intracranial volume)
and significantly larger regional gray matter volumes of several regions, including the left superior temporal gyrus. The
bread group had significantly larger regional gray and white matter volumes of several regions, including the right
frontoparietal region. The perceptual organization index (POI; IQ subcomponent) of the rice group was significantly higher
than that of the bread group. All analyses were adjusted for age, gender, intracranial volume, socioeconomic status, average
weekly frequency of having breakfast, and number of side dishes eaten for breakfast. Although several factors may have
affected the results, one possible mechanism underlying the difference between the bread and the rice groups may be the
difference in the glycemic index (Gl) of these two substances; foods with a low Gl are associated with less blood-glucose
fluctuation than are those with a high GI. Our study suggests that breakfast staple type affects brain gray and white matter
volumes and cognitive function in healthy children; therefore, a diet of optimal nutrition is important for brain maturation

during childhood and adolescence.
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Introduction

Brain development continues throughout childhood and
adolescence [1]. Thus, adequate diet during these periods is
thought to affect brain development and cognitive function.
Recent studies have shown that eating breakfast has an immediate
positive effect on cognitive function in children [2—4]. Moreover,
skipping breakfast affects problem solving [3], short-term memory
[5], and attention [6] in children. Although other studies have
shown that eating breakfast does not significantly affect verbal
memory [7-9], a recent review suggested that eating breakfast was
associated with several positive effects on the cognitive functioning
of well-nourished children [10]. Several studies of school breakfast
programs have also shown the positive long-term effects of eating
breakfast on the cognitive performance of well-nourished children
[11,12]. Therefore, it is thought that having breakfast has both
short- and long-term positive effects on the cognitive functioning of
children. In addition, several studies have focused on the effects of
the quality of typical breakfasts, such as their contributions of
energy content and macronutrient composition, on the cognitive
performance of healthy children. For example, high-quality
breakfasts are associated with better scholastic performance in
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well-nourished children [13,14]. In addition, other studies have
focused on the contribution of glycemic properties to the
correlation between the quality of breakfast and cognitive
functioning [7,15]. The glycemic index (GI) is one measure of
glycemic properties [16]. It measures the rate at which digestion of
a food increases and maintains blood-glucose levels. In general,
high-GI foods include rapidly digested low-fiber high-carbohy-
drate foods, which lead to an initial sharp peak in blood-glucose
levels, followed by an overall decrease in circulating blood-glucose
levels after a 2-h period. Conversely, low-GI foods cause a lower
blood-glucose peak and generally result in a more sustained blood-
sugar response, resulting in less fluctuation in blood-glucose levels
and a more stable and efficient glucose supply to the brain
compared with high-GI foods. Although few studies have
addressed the correlation between the GI of breakfast foods and
cognitive functioning, a recent study has shown that a breakfast of
low-GI foods has immediate positive effects on such cognitive
functions as attention [17]. Taken together, these findings suggest
that the quality of breakfast staples may affect the cognitive
functioning of well-nourished children.

As for the correlation between brain structure and cognitive
function in children, several studies have focused on intelligence
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quotient (IQ)) as a measure of cognitive function. Those studies
have shown a significant positive correlation between brain
regional gray matter volume and IQ [18-21]. Several gray matter
regions are significantly correlated with IQ), including the
prefrontal cortex [21], orbitofrontal cortex [18], and cingulate
gyrus [18,19]. Because of the correlation between breakfast staple
type and several cognitive functions, it is plausible that a
correlation also exists between breakfast staple type and gray
matter volume. Because childhood and adolescence are crucial
periods for acquiring cognitive function, revealing the correlations
among type of breakfast staple, gray matter volume, and cognitive
function is an important issue during development. However, little
is known about these relationships in children.

Therefore, the purpose of this study was to determine whether a
correlation among breakfast staple type, brain gray matter volume,
and IQ) exists. In addition, we also analyzed the correlation
between type of breakfast staples and brain white matter volume.
These analyses were accomplished by acquiring brain magnetic
resonance (MR) images, data related to daily breakfast habits, and
intelligence quotient data from 290 healthy children aged 5-18
years. With regard to breakfast type, boiled white rice and white
bread are the two major breakfast staples in Japan. Therefore, we
divided subjects into rice, bread, and both groups by their
breakfast staple. The rice group consisted of subjects who
habitually ate boiled white rice for breakfast, and the bread group
consisted of subjects who habitually ate white bread for breakfast.
The both group consisted of subjects who habitually ate both white
bread and boiled white rice for breakfast, but ate either of the
staples at a breakfast. We compared global and regional gray and
white matter volumes and IQ) among rice, bread, and both groups
by applying voxel-based morphometry (VBM) [22]. VBM is an
established automated neuroimaging technique that enables the
global analysis of brain structure without a priori identification of a
region of interest. It is not biased toward any specific brain region
and permits the identification of potential brain structure
differences or abnormalities. All analyses included two operations:
the main analysis involved comparisons among bread, rice, and
both groups; and the secondary analysis involved comparisons
between bread and rice groups to highlight inter-group differences
in gray and white matter volumes and 1Qs. The GI of boiled white
rice is lower than that of white bread [23]. Although several factors
other than GI, such as additional factors related to health status
and the quality of breakfast foods, are also presumably associated
with the correlations among type of breakfast staple, brain gray
matter volume, and IQ), we initially hypothesized that the gray
matter volume and IQ) of the rice group would be significantly
higher than those of the bread group.

Methods

Ethics statement

In accordance with the Declaration of Helsinki (1991), written
informed consent was obtained from each subject and his/her
parent after a full explanation of the purposes and procedures of the
study was provided. Approval for these experiments was obtained
from the institutional review board of Tohoku University.

Participants

All subjects were healthy Japanese children who were recruited
in the following manner. First, we distributed 29,740 advertise-
ments summarizing the study to various kindergartens, elementary
schools, junior high schools, and high schools in Miyagi Prefecture,
Japan. Then, 1,423 parents of interested subjects contacted us by
mail. Next, we mailed both a child version and a parent version of
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detailed study information to those parents. Then, 776 parents and
subjects who were willing to participate contacted us again by
mail. Subjects who had any history of malignant tumors, head
trauma with a loss of consciousness lasting more than five minutes,
developmental disorders, epilepsy, psychiatric diseases, or claus-
trophobia were excluded through a preliminary telephone
interview, a mail-in health questionnaire, and an oral interview.
Of the remaining subjects, brain MR images were not collected
from eight subjects due to claustrophobia (3 subjects) and tiredness
(5 subjects). Thus, we collected brain MR images from 290
subjects (145 boys, 145 girls; age range: 5.6 to 18.4 years) in the
order in which the notifications of their intention to participate in
the project arrived by mail. Trained examiners assessed 1Q by
administering the Japanese version of the Wechsler adult
intelligence scale (WAIS; version 3) [24] to subjects whose ages
were equal to or above 16 years. For subjects younger than 16
years old, we applied the Japanese version of the Wechsler
mtelligence scale for children (WISC version 3) [25]. We
calculated the full-scale 1Q), verbal 1Q) (vIQ), and performance
1Q (pIQ) for each subject from their WAIS/WISC scores. In
addition, we also calculated four composite scores, including the
Verbal Comprehension Index (VCI), Perceptual Organization
Index (POI), Processing Speed Index (PSI), and Working Memory
Index (WMI) [24,25]. We also collected information about the
breakfast habits of each subject using mail-in questionnaires. We
collected data from each subject in detail (if the subject was less
than 10 years old, his/her parent answered all questions) as
follows: “How many times per week does he/she eat breakfast?”’;
“Which main dish does he/she eat for breakfast: rice, bread, or
both?”’; “Which side dish(es) does he/she usually eat with the main
dish: dairy products, vegetables, eggs, meat, fish or soybeans, soup
of any kind, fruit, bean paste soup, fruit juice, black tea or coffee,
or Japanese tea?”’; and “How many side dishes does he/she usually
eat with the main dish?”. We also collected data regarding the
family’s socioeconomic status from each subject’s parent(s) by
collecting family annual income information. Annual income data
were collected using discrete variables as follows: annual income
below 20,000 US dollars (if the currency exchange rate sets one
US dollar as equal to one hundred yen), 1; 20,000-40,000 US
dollars, 2; 40,000-60,000 US dollars, 3; 60,000-80,000 US
dollars, 4; 80,000-100,000 US dollars, 5; 100,000-120,000 US
dollars, 6; =120,000 US dollars, 7. Next, we divided subjects into
rice, bread, and both groups by their breakfast staple. The
characteristics of each group are shown in Table 1.

Image acquisition

All images were collected using a 3-T Philips Intera Achieva
scanner. Using a Magnetization Prepared Rapid Gradient Echo
(MPRAGE) sequence, three-dimensional high-resolution T1-
weighted structural images (240x240 matrix, TR =6.5 ms,
TE=3 ms, FOV=24 cm, 162 slices, 1.0 mm slice thickness,
voxel size = 1x1x1 mm) were collected.

Image analysis of global gray and white matter volumes

After image acquisition, all T1-weighted MR images were
analyzed using the Statistical Parametric Mapping 2 (SPM2)
software [26] in MATLAB (MathWorks, Natick, MA). First, T1-
weighted MR images were transformed into the same stereotactic
space [27] by registering each of the images to the same template
image. The template image used was derived from all subjects in
this study. Then, tissue segmentation from the raw images to the
gray matter, white matter, cerebrospinal fluid (CSF) space, and
non-brain tissue segments was performed using the SPM2 default
segmentation procedure. The voxel values of each segmented
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Table 1. Characteristics of the Rice Group, the Both Group, and the Bread Group.

Rice group (n=152) Both group (n=87) Bread group (n=51) P2
Age [years], (mean = SD, range) 11.4%3.34, 5.9-18.3 11.0+2.78, 5.7-17.2 11.3+3.09, 5.6-17.1 n.s.
Gender (no. of male: female) 74:78 46 : 41 25:26 n.s.
Socioeconomic status® (mean, range) 4.11,1-7 3.59, 1-7 4.03, 2-7 <0.05°
Number of side dishes (mean, range) 3.74, 0-9 4.24, 0-8 2.71, 0-7 <0.01%, <0.001¢

Rice group: Subjects who habitually ate boiled white rice for breakfast.
Bread group: Subjects who habitually ate white bread for breakfast.

b. Comparison between the rice group and the both group.

. Comparison between the rice group and the bread group.

9. Comparison between the both group and the bread group.

million yen, 5; 10-12 million yen, 6; =12 million yen, 7.
doi:10.1371/journal.pone.0015213.t001

image consisted not of binary (i.e., 0 or 1), but of 256-grade (i.e.,
between 0/255 and 255/255) signal intensities according to their
tissue probability. The linear normalized, segmented images were
restored to the native space to determine the volumes of each
segment. The actual volumes of the entire normalized, segmented,
and restored segmented images were determined by summing
voxel volumes (I mm®) multiplied by each voxel value and divided
by 255. Next, we determined the gray matter ratio (GMR) as the
percentage of the gray matter volume divided by the intracranial
volume. Intracranial volume was calculated by adding gray matter
volume, white matter volume, and CSF space volume. White
matter ratio (WMR) was calculated in the same manner.

Image analysis of regional gray and white matter
volumes

All T1-weighted MR images were analyzed using SPM2 in
Matlab. First, the T'1-weighted whole brain structural MR images
from each subject were transformed into the same stereotactic
space by the method described for the image analysis of global
gray matter volume. Then, tissue segmentation from the
transformed images to the gray matter, white matter, CSF space,
and non-brain was performed using the SPM2 default segmenta-
tion procedure. Next, the segmented gray matter images were
non-linearly normalized to the gray matter template described
above using 7 X8 x7 non-linear basis functions in three orthogonal
directions. These normalization parameters were reapplied to the
T1-weighted whole-brain structural images of each subject to
perform optimal spatial normalization. The optimally normalized
T1-weighted images were segmented into gray matter, white
matter, and CSF space. The normalized, segmented gray and
white matter images were then modulated by calculating the
Jacobian determinants, derived from the special normalization
step, and multiplying each voxel by the relative change in volume,
as in the method of Good et al. (2001) [28]. This modulation step
was performed to correct for volume change in the non-linear
normalization. The normalized, segmented, and modulated gray
and white matter images were smoothed by convoluting a 12-mm-
FWHM isotropic Gaussian kernel. This smoothing step was used
to remove individual variations in gyral anatomy and to render
data more normally distributed by the central limit theorem.

Statistical analyses

We consistently treated the three-group comparison as the main
analysis and the two-group comparison as an additional analysis.
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Both group: Subjects who habitually ate both boiled white rice and white bread for breakfast.

2 Significance levels were evaluated with the Scheffe test if the analysis of variance was significant.

€Socioeconomic status is divided as follows; annual income below 2 million yen (~20,000 US dollars), 1; 2-4 million yen, 2; 4-6 million yen, 3; 6-8 million yen, 4; 8 =10

The three-group comparisons involved analyses including the
bread, rice, and both groups. The two-group comparisons
involved analyses including the bread and rice groups. In terms
of the analyses of global gray and white matter volumes, to
illustrate the differences in GMRs and WMRs among the rice
group, the both group, and the bread group, we used analysis of
variance (ANOVA) to compare the GMRs and WMRs of the
groups in the three-group comparison. We also performed analysis
of covariance (ANCOVA) adjusted for age, gender, socioeconomic
status, average weekly frequency of eating breakfast, and the
number of side dishes included with breakfast in the two-group
analysis. The significance level was set at <<0.05. For analysis of
the regional gray and white matter volume, we performed
statistical analysis using SPM5 and VBMS5 software (http://dbm.
neuro.uni-jena.de/vbm/), an extension of SPM5. To illustrate the
differences in regional gray and white matter volumes in three-
group and two-group comparisons, we used the full factorial
model in SPM5. In the analysis, age, gender, socioeconomic status,
average weekly frequency of eating breakfast, and the number of
side dishes included with breakfast were used as covariates. The
level of statistical significance was set at <<0.05, corrected at the
non-isotropic adjusted cluster level [29], with an underlying voxel
level of P<<0.005. Non-isotropic adjusted cluster-size tests can and
should be applied when cluster-size tests are applied to data known
to be non-stationary (i.e., not uniformly smooth), such as VBM
data [29]. We used ANOVA to compare the scores obtained by
members of the three groups in the full-scale 1Q, verbal 1Q,
performance 1Q), VCI, POI, PSI, and WMI on the WAIS/WISC
(Version 3); we also performed ANCOVA to compare these
factors adjusted for age, gender, socioeconomic status, average
weekly frequency of eating breakfast, and number of side dishes
included with breakfast in the two-group comparison. The
significance level was set at <<0.05.

Results

According to the ANOVA of global gray matter volume in the
three group-comparison, the GMR of the rice group was
significantly higher than that of the bread group (t1=—3.21,
P=0.002, and P<0.01 using Scheffe’s test) as shown in Figure 1
and Table 2. Additionally, the GMR of the rice group was
significantly higher than that of the bread group according to the
ANCOVA, after adjusting for age, gender, socioeconomic status,
average weekly frequency of having breakfast, and number of side
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Figure 1. Gray matter ratio of the rice group and the bread
group. The horizontal bars indicate gray matter mean ratio value in
each group.

doi:10.1371/journal.pone.0015213.g001

Rice

dishes eaten for breakfast in the two-group comparison (¢= 3.250,
P=0.001).

The global white matter volume analysis using ANOVA for the
three-group comparison revealed no significant differences in the
WMRs among the three groups (/= 1.66, P=0.193), as shown in
Figure 1 and Table 2. However, the WMR of the bread group was
significantly higher than that of the rice group after adjusting for
age, gender, sociocconomic status, average weekly frequency of
having breakfast, and number of side dishes eaten for breakfast
according to the ANCOVA in the two-group comparison
(t=2.390, P=0.018).

Next, we examined the possibility of a group-by-age interaction
involving the GMR and WMR of the bread and rice groups.
Because the mean age of all subjects in this study was 11.2 years
old, we divided subjects into younger (under 11.2 years) and older
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(over 11.2 years) groups and analyzed the group-by-age interaction
of GMR and WMR among the younger rice group, the younger
bread group, the older rice group, and the older bread group. The
mean and SD for age in each group was as follows: younger rice
group, 8.65, 1.411; younger bread group, 8.81, 1.58; older rice
group, 14.41, 1.85; and older bread group, 14.05, 1.68. We found
no significant difference between the younger bread and younger
rice groups ({= —0.46, P=0.643) or between the older rice and
older bread groups (¢= —0.87, P=0.386). The mean and SD of the
GMR in each group was as follows: younger rice group, 0.524,
0.017; younger bread group 0.517, 0.018; older rice group, 0.517,
0.017; and older bread group, 0.506, 0.017. The mean and SD of
the WMR in each group was as follows: younger rice group, 0.286,
0.011; younger bread group, 0.289, 0.008; older rice group, 0.295,
0.010; and older bread group, 0.299, 0.013. We used ANOVA to
examine the possibility that the GMRs and WMRs of the four
groups would differ significantly. Although we found no significant
difference between the GMR of the younger rice group and that of
the younger bread group (t= —1.86, P=0.066), the GMR of the
older rice group was significantly higher than that of the older
bread group (t=—2.85, P=0.005, and P<0.05 using Scheffe’s
test). We found no significant differences between the younger rice
group and the younger bread group (t=1.23, P=0.225) or
between the older rice group and the older bread group (¢=1.53,
P=0.131) in terms of WMR.

Although the three groups did not differ significantly according to
the regional gray matter volume analysis, the rice group had
significantly larger regional gray matter volumes in an anatomical
cluster in a gray matter region that included the left superior temporal
gyrus and left inferior frontal gyrus (x,y, z= —48, 32, —25; t=4.33,
P-value of non-stationarity adjusted cluster level (Propeced) =
0.043; P-value of family-wise error correction (Prwg.cornr) = 0.528),
and the bilateral caudate nuclei (left; x, y, z= —25, 14, 15; t=3.90;
Pcorrected = 00137 PH’\'E—corr = 09547 I'lght) X, ¥, 2= 247 207 14':
t=4.13; Peomectea <0.001; Prwpcomr =0.764) after adjusting for
age, gender, intracranial volume, socioeconomic status, average

Table 2. GMR and Intelligence Quotient (IQ) of the Rice Group, the Both Group, and the Bread Group.

Rice group Both group Bread group P

(n=152) (n=87) (n=51)

Mean (SD) Range Mean (SD) Range Mean (SD) Range
GMR 0.521 (0.017) 0.486-0.578 0.516 (0.018) 0.477-0.580 0.512 (0.018) 0.469-0.587 <0.01°
WMR 0.290 (0.012) 0.257-0.315 0.290 (0.012) 0.260-0.323 0.293 (0.012) 0.264-0.331 ns.
Full-scale 1Q 103.7 (12.52) 77-136 102.0 (11.90) 77-137 99.9 (12.21) 71-129 n.s.
Verbal 1Q 104.7 (13.93) 76-143 103.7 (13.93) 67-152 100.3 (11.91) 67-129 n.s.
Performance IQ 102.1 (12.25) 73-136 99.5 (12.64) 62-134 99.6 (14.32) 71-132 n.s.
vcl 104.6 (14.75) 73-145 103.2 (13.82) 64-151 100.3 (11.75) 65-126 ns.
POI 102.3 (13.71) 68-146 100.3 (12.72) 69-131 97.9 (14.30) 74-134 ns.
WMI 99.3 (14.16) 69-138 100.4 (11.66) 81-135 98.9 (12.64) 71-121 n.s.
PSI 103.1 (12.58) 72-136 100.4 (12.96) 66-136 104.8 (14.95) 69-133 n.s.

b: Comparison between the rice group and the bread group.
n.s.: not significant.

GMR: gray matter ratio.

WMR: white matter ratio.

VCI: Verbal Comprehension Index.

POI: Perceptual Organization Index.

WMI: Working Memory Index.

PSI: Processing Speed Index.
doi:10.1371/journal.pone.0015213.t002
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% Significance levels were evaluated with the Scheffe test when the analysis of variance was significant.
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frequency of eating breakfast, and number of side dishes eaten for
breakfast according to the two-group comparison, as shown in
Figure 2. Conversely, the bread group had significantly larger
regional gray matter volumes in an anatomical cluster in a gray
matter region of the bilateral orbitofrontal gyri (left; x, y, z= —27, 35,
—25;1=5.38; Peoected = 0.003; Prwg-core = 0.012; right; x,y, z= 26,
41, —27; t=4.75; Peoected <0.001; Ppwp-corr =0.150) and the
regions including the right precentral gyrus and the postcentral gyrus
x,y,2=57, —15, 51; t=4.30; Promectea <0.001; PrwE-conr = 0.426)
after adjusting for age, gender, intracranial volume, socioeconomic
status, average frequency of eating breakfast, and number of side
dishes eaten for breakfast in the two-group comparison, as shown in
Figure 3.

Although the three groups did not differ significantly according
to the regional white matter volume analysis, the bread group had
significantly larger regional gray matter volumes in an anatomical
cluster in a gray matter region that included the right precentral
gyrus and the postcentral gyrus (x, y, z=18, —45, 65; t=3.77,
Peorrectea =0.026; Prwp-corr =0.822) after adjusting for age,
gender, intracranial volume, socioeconomic status, average
frequency of eating breakfast, and number of side dishes eaten
for breakfast in the two-group comparisons, as shown in Figure 4.

Figure 2. Gray matter regions with significantly larger volumes
in the rice group as compared with the bread group after
adjusting for age, gender, socioeconomic status, average
weekly frequency of eating breakfast, and number of side
dishes eaten for breakfast. Significant regions are superimposed
onto a brain surface of a SPM template brain, as well as onto axial
images of the mean normalized gray matter segments derived from all
the subjects. The left side of the image represents the left side of the
brain. Color scales indicate the t-score. The number at the bottom of
the right side of each image indicates the value of the z-axis in the
Talairach stereotaxic space.

doi:10.1371/journal.pone.0015213.9002
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Figure 3. Gray matter regions with significantly larger volumes
in the bread group as compared with in the rice group after
adjusting for age, gender, socioeconomic status, average
weekly frequency of having breakfast, and number of side
dishes eaten for breakfast. Details are the same as in Figure 2.
doi:10.1371/journal.pone.0015213.g003

No white matter regions were larger in the rice than in the bread
group.

Although analysis of the relationship between IQ) and breakfast
staples showed no significant difference among the three groups in
the three-group comparisons, as shown in Table 2, the full-scale
1Q) of the rice group was substantially higher than that of the bread
group (¢=1.892, p=0.06) after adjusting for age, gender,
socloeconomic status, average frequency of eating breakfast, and
number of side dishes in the two-group comparison. Neither vIQ
nor plQ was significantly different between the rice and bread
groups (vIQ, ¢t=1.702, p=0.090; plQ, ¢t=1.621, p=0.107). With
respect to the four composite scores of the full-scale 1Q, POI was
significantly higher in the rice group than in the bread group
(t=2.333, p=0.021) after adjusting for age, gender, socioeconomic
status, average frequency of eating breakfast, and number of side
dishes in the two-group comparison. No significant difference in
SCI (t=1.689, p=0.093), WMI (:=0.285, p=0.776) or PSI
(t=0.308, p=0.759) was found between the two groups.

Discussion

To our knowledge, this is the first study to reveal the
relationships among breakfast staple type, brain gray matter
volume, and IQ) by using brain magnetic resonance (MR) images
in a wide age range of healthy children. Specifically, this study
provided four novel findings. First, as hypothesized, the GMR of
the rice group was significantly larger than those of the bread and
both groups according to the global gray matter volume analysis in
the three-group comparison. Additionally, the GMR of the older
rice group was significantly higher than that of the older bread
group, whereas we found no significant difference between the
GMR of the younger rice and the younger bread groups. Second,
the regional gray matter volume analysis showed that the rice
group had significantly larger regional gray matter volumes in the
left superior temporal gyrus and the bilateral caudate nuclei,
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Figure 4. White matter regions with significantly larger volumes in the bread vs. the rice group after adjusting for age, gender,
socioeconomic status, average weekly frequency of having breakfast, and number of side dishes eaten for breakfast. Color scales

indicate t-scores.
doi:10.1371/journal.pone.0015213.9g004

whereas the bread group had significantly larger regional gray
matter volume in the bilateral orbitofrontal gyri and the right
precentral gyrus in the two-group comparison. Third, the WMR
of the bread group was significantly larger than that of the rice
group in the two-group comparison, and the regional white matter
volume analysis showed that the bread group had significantly
larger regional white matter volumes in the right precentral gyrus
and the postcentral gyrus than did the rice group. Fourth, full-scale
1Q and the POI scores were both substantially and significantly
higher in the rice group compared with the bread group in the
two-group comparison.

We showed that GMR was significantly higher in the rice group
than in the bread group in the global gray matter volume analysis
in the three-group comparison. In addition, we also showed that
the rice group had larger regional gray matter volumes of the left
inferior frontal gyrus and the bilateral caudate nuclei in the
regional gray matter volume analysis of the two-group compar-
ison. Moreover, the GMRs of the older rice group were
significantly higher than those of the older bread group, whereas
we found no significant difference between the younger rice and
the younger bread groups in terms of GMR. These results indicate
that the rice group had larger global gray matter volume and
larger regional gray matter volume in several areas compared with
the bread group, and that dietary habits influence gray matter
volume in the long term. Although we adjusted for age, gender,
socioeconomic status, average weekly frequency of having
breakfast, and number of side dishes eaten for breakfast, the
significant difference in GMR among the three groups suggests
that several factors such as energy content, glycemic properties,
and macronutrient composition may be reflected in the results.
Indeed, a recent study showed that the total amount of energy
obtained from breakfast was slightly lower in Japanese younger
adults who habitually ate white rice than in those who habitually
ate bread [30]. Therefore, the total amount of energy in the two
breakfast groups in this study can be interpreted as not
significantly different. With respect to glycemic properties, both
boiled white rice and white bread have a large amount of
carbohydrates. Carbohydrates are an important macronutrient
included in daily human calorie requirements and have a high
metabolism rate in the human body. In addition, carbohydrates
are the most important source of brain energy, as they provide a
large amount of blood glucose. A main difference between the
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components of boiled white rice and white bread is in their
respective Gls. The GI of Japanese boiled white rice is reported to
be lower than that of white bread (boiled white rice: white bread
=68 : 100) [23]. After the intake of a low GI food, a relatively
small rise in blood glucose occurs, followed by a stable blood-
glucose concentration [31], suggesting that low-GI foods provide a
more stable and efficient glucose supply than do high-GI foods.
Because a major portion of the glucose consumed by the brain is
used for the maintenance of resting membrane potential in
neurons [32], stable and efficient glucose supply is important for
neurons. In addition, cerebral metabolic rates of glucose utilization
are approximately two times higher in children compared with
adults [33] because the mean number of synapses per neuron
increases in preadolescence [34,35]. Therefore, an efficient supply
of glucose is important for brain maturation in children. The fat
content of the two staples should be considered in examinations of
macronutrient composition. Given the same amount of carbohy-
drates, white bread has a higher fat content than does boiled white
rice [36]. In addition, the total amount of fat in breakfast is slightly
higher in Japanese young adults who habitually eat white bread
than in those who habitually eat boiled white rice [30].
Importantly, a high-fat diet reduces the expression of brain-
derived neurotrophic factor [37], which plays a critical role in the
synaptic activity and plasticity of mature neurons [38,39]. Thus,
one of the possible reasons that the GMRs of the rice group were
significantly higher than those of the bread group concerns
differences in the GI and fat content of boiled white rice and white
bread.

The regional gray matter volume analysis showed that the rice
group had significantly larger regional gray matter volumes in the
left superior temporal gyrus and the bilateral caudate nuclei,
whereas the bread group showed significantly larger regional gray
matter volumes in the bilateral orbitofrontal gyri and the right
precentral gyrus in the two-group comparison. Although we do not
have a clear explanation for the regional gray matter volume
differences between the two groups, a recent study showed that a
postnatal diet high in nutrients is associated with larger caudate
volume and higher vIQ in adolescents [40]. That study suggested
that nutrition quality has long-term effects on regional gray matter
volume in the caudate nucleus, as well as on cognitive function [40].
It may be that the rice group had larger regional gray matter volume
in the bilateral caudate nuclei due to a more efficient supply of
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glucose compared with the bread group. However, further studies
focusing on the correlation between brain function and several kinds
of nutrition are needed to explain the mechanisms underlying the
finding that the bread group had a larger regional gray matter
volume in the right precentral gyrus.

We also demonstrated that the rice group had substantially
higher full-scale IQ) scores and significantly higher POI compared
with the bread group in the two-group comparison. Recent studies
have suggested that vIQ), but not pIQ), is particularly influenced by
nutrition [40-42]. Although we did not find significant differences in
vIQ) between the rice and bread groups in this study, the POI (vIQ)
subcomponent) of the rice group was significantly higher than that
of the bread group in the two-group comparison. Therefore, our
results are partly consistent with recent studies. One of the above-
mentioned studies showed that the volume of the caudate nucleus
was significantly correlated with vIQ [40]. Moreover, a recent
lesion-mapping study showed that the right caudate nucleus is
related to POI [43]. Because caudate nucleus regional gray matter
volume was larger in the rice group than in the bread group, the
higher POI of the rice group may be explained by regional gray
matter volume differences between the two groups.

Several discrepancies between the results of the three-group and
those of the two-group comparisons emerged in this study. These
inconsistencies may be derived from the lack of homogeneity in
the subjects in the both group given that we placed subjects into
the both group if they habitually ate both white bread and boiled
white rice as a staple for breakfast, irrespective of frequency.
Therefore, some subjects may have primarily eaten white boiled
rice, whereas other subjects may have primarily eaten white bread
for breakfast. For these reasons, the frequency with which
participants in the both group ate white boiled rice or white
bread may have differed. However, our results suggest that GMR
tended to increase as a function of more frequent consumption of
boiled white rice, as shown in Figure 1. Furthermore, full-scale and
verbal IQs tended to increase as a function of eating boiled white
rice, as shown in Table 2. Therefore, we propose that both two-
group and three-group comparisons are important for revealing
the correlations among type of breakfast staple, brain gray, and
white matter volumes, and 1Q),

This study had several limitations. First, this was a cross-
sectional study. Therefore, we have shown a relationship between
breakfast staple type, gray matter volume, and I1Q), but we cannot
identify the causal factor. Longitudinal studies are needed to
clarify the causal factor. Second, to clarify the direct relationship
between the type of the breakfast staple, gray matter volume, and
1Q, we adjusted for age, gender, socioeconomic status, average
weekly frequency of having breakfast, and number of side dishes
eaten for breakfast. However, we cannot rule out other
environmental confounding factors that might affect the correla-
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In conclusion, we have analyzed the relationships among
breakfast staple type, gray matter volume, and IQ in 290 healthy
children. We showed that the GMR of the rice group was
significantly larger than that of the bread group using global gray
matter volume analysis. In this analysis, the rice group was shown
to have significantly larger regional gray matter volume in several
regions, including the left superior temporal gyrus, and the bread
group was shown to have significantly larger regional gray matter
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The full-scale IQ and the POI of the rice group were substantially
and significantly higher than those of the bread group. Our study
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optimal nutrition is important for brain maturation during
childhood and adolescence.

Acknowledgments

We would like to thank Drs. Yuka Kotozaki and Rui Nouchi and Ms. Yuki
Yamada for collecting the data.

Author Contributions

Conceived and designed the experiments: YT HH YS HT MA KA RK.
Performed the experiments: YT HH YS HT MA KA. Analyzed the data:
YT. Contributed reagents/materials/analysis tools: YT HH YS HT MA
KA RK. Wrote the paper: YI' HH YS HT MA KA RK.

7. Mahoney CR, Taylor HA, Kanarek RB, Samuel P (2005) Effect of breakfast
composition on cognitive processes in elementary school children. Physiol Behav
85: 635-45.

8. Busch CR, Taylor HA, Kanarek RB, Holcomb PJ (2002) The effects of a
confectionery snack on attention in young boys. Physiol Behav 77: 333-40.

9. Pollitt E, Leibel RL, Greenfield D (1981) Brief fasting, stress, and cognition in
children. Am J Clin Nutr 34: 1526-33.

10. Hoyland A, Dye L, Lawton CL (2009) A systematic review of the effect of
breakfast on the cognitive performance of children and adolescents. Nutrition
Research Reviews 22: 220-43.

11. Vera Noriega JA, Dominguez Ibanez SE, Pena Ramos MO, Montiel
Carbajal MM (2000) Evaluation of the effects of a school breakfast program
on attention and memory. Arch Latinoam Nutr 50: 35—41.

12. Shemilt I, Harvey I, Shepstone L, Swift I, Reading R, et al. (2004) A national
evaluation of school breakfast clubs: evidence from a cluster randomized
controlled trial and an observational analysis. Child Care Health Dev 30: 413-27.

December 2010 | Volume 5 | Issue 12 | e15213



20.

21.

22.

23.

24.

. Herrero Lozano R, Fillat Ballesteros JC (2006) A study on breakfast and school

performance in a group of adolescents. Nutr Hosp 21: 346-52.

. Fernandez Morales I, Aguilar Vilas MV, Mateos Vega C]J, Martinez Para MC

(2008) Relation between the breakfast quality and the academic performance in
adolescents of Guadalajara (Castilla-La Mancha). Nutr Hosp 23: 383-7.

. Wesnes KA, Pincock C, Richardson D, Helm G, Hails S (2003) Breakfast

reduces declines in attention and memory over the morning in schoolchildren.
Appetite 41: 329-31.

. Jenkins DJ, Wolever TM, Taylor RH, Barker H, Fielden H, et al. (1981)

Glycemic index of foods: a physiological basis for carbohydrate exchange.
Am ] Clin Nutr 34: 362-6.

. Ingwersen J, Defeyter MA, Kennedy DO, Wesnes KA, Scholey AB (2007) A low

glycaemic index breakfast cereal preferentially prevents children’s cognitive
performance from declining throughout the morning. Appetite 49: 240—4.

. Frangou S, Chitins X, Williams SC (2004) Mapping I1Q and gray matter density

in healthy young people. Neuroimage 23: 800-5.

. Wilke M, Sohn JH, Byars AW, Holland SK (2003) Bright spots: correlations of

gray matter volume with IQ) in a normal pediatric population. Neuroimage 20:
202-15.

Haier RJ, Jung RE, Yeo RA, Head K, Alkire MT (2004) Structural brain
variation and general intelligence. Neuroimage 23: 425-33.

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, et al. (2006) Intellectual
ability and cortical development in children and adolescents. Nature 440: 676-9.
Ashburner J, Friston KJ (2000) Voxel-based morphometry—the methods.
Neuroimage 11: 805-21.

Foster-Powell K, Holt SH, Brand-Miller JC (2002) International table of
glycemic index and glycemic load values: 2002. Am J Clin Nutr 76: 5-56.
Fujita K, Mackawa H, Dairoku H, Yamanaka K (2006) Japanese Wechsler
Adult Intelligence Scale, 3rd ed. Tokyo: Nihon Bunka Kagakusha.

. Azuma H, Ueno K, Fujita K, Maekawa H, Ishikuma T, Sano H (1998) Japanese

Wechsler Intelligence Scale for Children, 3rd ed. Tokyo: Nihon Bunka
Kagakusha.

. Friston KJ, Holmes AP, Worsley KJ, Poline J-P, Frith CD, et al. (1995) Statistical

parametric maps in functional imaging: a general linear approach. Human Brain

Mapping 2: 189-210.

. Talairach J, Tournoux P (1988) Co-planar Stercotaxic Atlas of the Human

Brain: 3-dimensional approach system: an approach to cerebral imaging.
Stuttgart: Georg Thieme Verlag.

@ PLoS ONE | www.plosone.org

28.

30.

31.

32.

38.

39.

40.

41.

42.

43.

44.

Breakfast, Gray Matter Volume, and Intelligence

Good CD, Johnsrude IS, Ashburner J, Henson RNA, Friston KJ, et al. (2001) A
voxel-based morphometric study of ageing in 465 normal adult human brains.
Neuroimage 14: 21-36.

. Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE (2004)

Nonstationary cluster-size inference with random field and permutation
methods. Neuroimage 22: 676-87.

Sasaki S, Shimoda T, Karagiri A, Tsuji T, Amano K (2002) Eating frequency of
rice vs. bread at breakfast and nutrient and food-group intake among Japanese
female college students. J Community Nutr 4: 83-9.

Roberts SB (2000) High-glycemic-index foods, hunger, and obesity: is there a
connection? Nutr Rev 58: 163-9.

Mata M, Fink DJ, Gainer H, Smith CB, Davidsen L, et al. (1980) Activity-
dependent energy metabolism in rat posterior pituitary primarily reflects sodium
pump activity. J Neurochem 34: 213-5.

. Chugani HT (1998) A critical period of brain development: studies of cerebral

glucose utilization with PET. Prev Med 27: 184-8.

. Huttenlocher PR (1979) Synaptic density in human frontal cortex—developmen-

tal changes and effects of aging. Brain Res 163: 195-205.

. Huttenlocher PR, Dabholkar AS (1997) Regional differences in synaptogenesis

in human cerebral cortex. J] Comp Neurol 387: 167-78.
Science and Technology Agency J (1997) Standard Tables of Food Composition
in Japan, 5th revised ed. Tokyo: Printing Bureau, the Ministry of Finance.

. Molteni R, Barnard RJ, Ying Z, Roberts CK, Gomez-Pinilla I (2002) A high-fat,

refined sugar diet reduces hippocampal brain-derived neurotrophic factor,
neuronal plasticity, and learning. Neuroscience 112: 803-14.

Lu B (2003) BDNF and activity-dependent synaptic modulation. Learning and
Memory 10: 86-98.

Poo MM (2001) Neurotrophins as synaptic modulators. Nature Reviews
Neuroscience 2: 24-32.

Isaacs EB, Gadian DG, Sabatini S, Chong WK, Quinn BT, et al. (2008) The
effect of early human diet on caudate volumes and IQ), Pediatr Res 63: 308-14.
Lucas A, Morley R, Cole TJ (1998) Randomised trial of early diet in preterm
babies and later intelligence quotient. BMJ 317: 1481-7.

Horwood LJ, Darlow BA, Mogridge N (2001) Breast-milk feeding and cognitive
ability at 7-8 years. Arch Dis Child Fetal Neonatal Ed 84: F23-7.

Glascher J, Tranel D, Paul LK, Rudrauf D, Rorden C, et al. (2009) Lesion
mapping of cognitive abilities linked to intelligence. Neuron 61: 681-91.

Paus T (2010) Growth of white matter in the adolescent brain: myelin or axon?
Brain Cogn 72: 26-35.

December 2010 | Volume 5 | Issue 12 | e15213



