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As the population ages worldwide, the prevalence of cognitive disorders including
mild cognitive impairment (MCI) is increasing. MCI appears in 10–20% of adults aged
65 years and older and is generally referred to as an intermediate stage between
normal cognitive aging and dementia. To develop timely prevention and early treatment
strategies by identifying biological factors, we investigated the relationship between
dietary consumption of fish, brain structure, and MCI in cognitively normal subjects. The
brain structure was assessed using neuroimaging-derived measures including the “gray-
matter brain healthcare quotient (GM-BHQ)” and “fractional-anisotropy brain healthcare
quotient (FA-BHQ),” which are approved as the international standard (H.861.1) by
the International Telecommunication Union Telecommunication Standardization Sector.
Dietary consumption of fish was calculated using the brief self-administered diet history
questionnaire (BDHQ), and MCI was assessed using the Memory Performance Index
(MPI) of MCI screening method (MCI Screen). This study showed that fish intake was
positively associated with both FA-BHQ and MPI, and FA-BHQ was more strongly
associated with MPI than fish intake. Our findings are in line with those in previous
studies, but our study further indicates that the condition of the whole brain integrity
measured by the FA-BHQ may mediate the relationship between fish intake and MCI
prevention in healthy people. In other words, FA-BHQ may be used to identify people at
high risk of MCI to provide the appropriate intervention.

Keywords: fractional-anisotropy brain healthcare quotient, gray-matter brain healthcare quotient, magnetic
resonance imaging data, MCI Screen, brief self-administered diet history questionnaire, fish intake

INTRODUCTION

As the population ages worldwide, the prevalence of cognitive disorders, including mild cognitive
impairment (MCI), is growing (Alzheimer’s Disease International, 2015). MCI appears in 10–20%
of adults aged 65 years and older (Langa and Levine, 2014) and is generally referred to as an
intermediate stage between normal cognitive aging and dementia (Vega and Newhouse, 2014).
Individuals with MCI are 6.7 times more likely to have Alzheimer’s disease (AD) than cognitively
normal individuals (Boyle et al., 2006). However, no medications have proven effective for MCI
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currently (Langa and Levine, 2014). Therefore, identification of
biological factors that may be implicated in MCI is essential for
timely prevention and early treatment.

Fish is an important source of omega-3 fatty acids (n-3 FAs)
that are present in the membranes of the brain tissue (Weiser
et al., 2016); therefore, a fish-oriented dietary intake has been
increasingly focused on to investigate the role of nutrition in
the prevention of cognitive disorders. Indeed, it was found that
a higher intake of n-3 FAs or total polyunsaturated fatty acids
was associated with a lower risk of MCI (Devore et al., 2009;
Zhang et al., 2015), probably because eicosapentaenoic acid
and docosahexaenoic acid (DHA) are protective factors in the
nervous system in humans (Calon and Cole, 2007; Kou et al.,
2008). In addition, fishery products are recommended as dietary
sources because fish consumption has been found to be associated
with a reduced risk of dementia (Huang et al., 2005) or AD
(Zhang et al., 2015).

However, some studies have shown that fish consumption
does not have a protective effect on MCI. A meta-analysis by
Zeng et al. (2017) found no statistically significant association
between fish intake and the risk of MCI. The inconsistency in
the association between fish intake and MCI may be due to
indirectness. In other words, the brain, the mediator between
fish consumption and cognitive ability, could be influenced by
many unpredictable biological and sociological factors other
than fish intake; therefore, a direct and significant relationship
between fish intake and MCI might be difficult to be observed.
Therefore, understanding the effect of fish consumption on brain
structure, rather than on MCI, is critical for the determination
of modifiable factors that can decrease the risk of cognitive
deficits and dementia by intervention earlier in life (Lopez
et al., 2013). Notably, a previous study found that daily fish
oil supplementation increased the gray matter (GM) volume
and decreased the white matter lesions (WMLs) in cognitively
normal people (Witte et al., 2013); another study demonstrated
that lower DHA levels in red blood cells were associated with
lower total brain volume and higher WML volumes (Bowman
et al., 2012; Tan et al., 2012). It has been demonstrated that a
member of the major facilitator superfamily transporters, i.e.,
major Facilitator Superfamily Domain Containing 2A (Mfsd2a),
previously an orphan transporter, is involved in the DHA uptake
into the brain (Nguyen et al., 2014). In addition, other previous
studies also indicate the link between brain structure and MCI.
For instance, one previous study found significant differences
in the white matter integrity between MCI patients with and
without cerebral amyloidopathy, indicating that alteration in
white matter integrity can serve as a potential biomarker of
MCI (Lee et al., 2017). In the same vein, several studies indicate
that WML is associated with cognitive decline and incident
dementia (Bokura et al., 2006; Buyck et al., 2009; Debette
et al., 2010; Debette and Markus, 2010). Moreover, WML
and cognitive deficits have been reported in various animal
models contributing to the mechanism clarification (Hainsworth
et al., 2012; Prins and Scheltens, 2015). For instance, in a
mouse model of vascular dementia, astroglial nuclear factor-kB
contributed to white matter damage and cognitive impairment
(Saggu et al., 2016).

Therefore, this study aimed to investigate the relationships
between dietary consumption of fish and brain structure
as well as between brain structure and MCI in cognitively
normal subjects. We examined the brain structure using
the neuroimaging-derived measures, including the gray-matter
brain healthcare quotient (GM-BHQ) and the fractional-
anisotropy brain healthcare quotient (FA-BHQ), which are
approved as the international standard (H.861.1) by International
Telecommunication Union Telecommunication Standardization
Sector (ITU-T). The fish intake volume was calculated using
the brief self-administered diet history questionnaire (BDHQ;
Sasaki et al., 2000), and MCI was assessed using the Memory
Performance Index (MPI) of MCI screening method (MCI
Screen; the Medical Care Corporation). The tested hypotheses
are presented as follows: (1) the frequency of fish consumption
correlates with higher FA-BHQ (and/or GM-BHQ) scores; (2)
The fish consumption frequency and the FA-BHQ (and/or GM-
BHQ) scores independently correlate with MPI, and the FA-BHQ
(and/or GM-BHQ) scores have a stronger association with MPI
than the fish consumption frequency.

MATERIALS AND METHODS

Subjects
Eighty-four healthy participants (47 females and 37 males)
were recruited in Kyoto, Japan, in May to June 2017, with
support of a personnel service company. Potential participants
who had a history of neurological, psychiatric, or medical
conditions that could affect the central nervous system were
excluded from the study. We administered the three items of
“Depression,” a subscale of the NEO-Five Factor Inventory (Costa
and McCrae, 1992), to screen for depression. Eight participants
whose Depression scores were higher than 9 points were excluded
from this study because they might be suffering from depression.
Finally, the study included 76 participants (45 females and 31
males), aged 31–59 years [mean (M) ± standard deviation (SD):
47.0 ± 7.1 years]. The average age of participants was lower
than other prior experiments regarding MCI (c.f., Langa and
Levine, 2014) because the purpose of the current study is to
clarify the association between brain structure and “cognitive
ability in healthy people.” This study was approved by the
Ethics Committees of Kyoto University (approval number 27-
P-13) and was performed in accordance with the guidelines
and regulations of the institute. All participants provided
written informed consent before participation, and participant
anonymity has been preserved.

Fish Intake Scale
We employed the following two of the four fish dietary habit
questions, which are included in the validated BDHQ (Sasaki
et al., 2000), to assess the frequency of fish intake: “how often
have you eaten grilled fish during the preceding month?” and
“how often have you eaten tempura or fried fish during the
preceding month?” Participants were requested to respond to the
following items on a 7-point scale: (1) 2 times and more daily,
(2) 1 time daily, (3) 4–6 times weakly, (4) 2–3 times weakly,
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(5) 1 time weakly, (6) less than 1 time weakly, and (7) did not
eat. The amount of fish consumed (gram) was calculated from
the combined figure of these items by a computer algorithm using
the Standard Tables of Food Composition in Japan (Science and
Technology Agency, 2010). Hereafter, we call this figure “Fish
Intake.” We did not include other two questions of the four fish
dietary habit questions, which are related to “sashimi and sushi”
and “boiled fish, stew, soup, and miso soup,” because we thought
these two questions are ambiguous and might be differently
perceived by different individuals.

Assessment of MCI
MCI was assessed using the Japanese version of the MCI
Screen. MCI Screen is a 10 min staff-administered test to
assess memory, executive function, and language (Shankle et al.,
2005); it was developed by the Medical Care Corporation
(Irvine, CA, United States) based on the protocol of the
Consortium to Establish a Registry for Alzheimer’s Disease 10-
word recall test. The score of MPI is computed by the results
of sequential tasks, including three immediate recall tasks, a
triadic comparison task, a judgment task, a delayed free recall
task, a cued-recall task, and a rehearsed recall task. MPI ranges
from 0 to 100 and larger values indicate better performance.
The score can be used to discriminate amnestic or mixed
cognitive MCI from normal aging with a 97% accuracy rate
(Shankle et al., 2005).

MRI Data Acquisition
All magnetic resonance imaging (MRI) data were collected
using a 3-T Siemens scanner (Verio, Siemens Medical Solutions,
Erlangen, Germany or MAGNETOM Prisma, Siemens, Munich,
Germany) with a 32-channel head array coil. A high-resolution
structural image was acquired using a three-dimensional (3D)
T1-weighted magnetization-prepared rapid-acquisition gradient
echo (MP-RAGE) pulse sequence. The parameters were as
follows: repetition time (TR), 1900 ms; echo time (TE), 2.52 ms;
inversion time (TI), 900 ms; flip angle, 9◦; matrix size, 256× 256;
field of view (FOV), 256 mm; and slice thickness, 1 mm. DTI
data were collected with spin-echo echo-planar imaging (SE-
EPI) with GRAPPA (generalized autocalibrating partially parallel
acquisitions). The image slices were parallel to the orbitomeatal
(OM) line. The parameters were as follows: TR, 14,100 ms; TE,
81 ms, flip angle, 90◦; matrix size, 114 × 114; FOV, 224 mm;
slice thickness, 2 mm. A baseline image (b = 0 s/mm2) and 30
different diffusion orientations were acquired with a b value of
1000 s/mm2.

GM-BMQ and FA-BHQ
T1-weighted images were preprocessed and analyzed using
Statistical Parametric Mapping 12 (SPM12; Wellcome Trust
Centre for Neuroimaging, London, United Kingdom) running
on MATLAB R2015b (Mathworks Inc., Sherborn, MA,
United States). Each MPRAGE image was segmented into
GM, white matter (WM), and cerebrospinal fluid (CSF) images.
The segmented GM images were spatially normalized using the
diffeomorphic anatomical registration through exponentiated lie
algebra (DARTEL) algorithm (Ashburner, 2007). A modulation

step was also incorporated into the preprocessing model to
reflect regional volume and preserve the total GM volume from
before the warp. As a final preprocessing step, all normalized,
segmented, modulated images were smoothed with an 8
mm full width at half-maximum (FWHM) Gaussian kernel.
Intracranial volume (ICV) was also calculated by summing the
GM, WM, and CSF images for each subject. Proportional GM
images were generated by dividing smoothed GM images by
ICV to control for differences in whole-brain volume across
participants. Using these proportional GM images, mean
and standard deviation (SD) images were generated from all
participants. Next, we calculated the GM brain healthcare
quotient (BHQ), which is similar to the intelligence quotient
(IQ). The mean value was defined as BHQ 100 and SD was
defined as 15 BHQ points. By this definition, approximately
68% of the population is between BHQ 85 and BHQ 115,
and 95% of the population is between BHQ 70 and BHQ
130. Individual GM quotient images were calculated using
the following formula: 100 + 15 × (individual proportional
GM–mean)/SD. Regional GM quotients were then extracted
using an automated anatomical labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002) and averaged across regions to produce
participant-specific GM-BHQs.

DTI data were preprocessed using FMRIB Software Library
(FSL) 5.0.11 (Jenkinson et al., 2012). First, all diffusion images
were aligned with the initial b0 image, and motion correction
and eddy current distortion correction was performed using
eddy_correct. Following these corrections, FA images were
calculated using dtifit. FA images were then spatially normalized
into the standard Montreal Neurological Institute (MNI) space
using FLIRT and FNIRT. After spatial normalization we
smoothed the data with an 8-mm FWHM. Mean and SD images
were generated from all the FA images, and individual FA
quotient images were calculated using the following formula:
100 + 15 × (individual FA–mean)/SD. Regional FA quotients
were extracted using Johns Hopkins University (JHU) DTI-
based white-matter atlases (Mori et al., 2008) and averaged
across regions to produce participant-specific FA-BHQs. For
more details, please see Nemoto et al. (2017).

Statistical Analysis
The hierarchical regression analysis was employed to assess the
correlation between MPI, FA-BHQ, and Fish Intake. In the model
with FA-BHQ scores as the dependent variables, we entered the
control variables (including GM-BHQ scores) in Step 1 and Fish
Intake in Step 2. In the model with MPI as the dependent variable,
we entered the control variables in Step 1 and the main effects of
FA-BHQ or Fish Intake in Step 2. In Step 3, we entered all the
variables simultaneously. We added these variables to the models
based on the following hypotheses: Fish Intake is closely related
to FA-BHQ; FA-BHQ or Fish Intake is closely related to MPI;
and FA-BHQ is more closely related to MPI than Fish Intake
after adjusting for demographic information. Body mass index
(BMI) was included in the model because obesity has been found
to be associated with an approximately 50–70% increased risk of
MCI (Wang et al., 2017). In addition, length of education was
also included in the model because a 7-year period longitudinal
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study has revealed that the education level modulates the effects
of WML on the risk of MCI (Mortamais et al., 2014), possibly
because of stronger myelination and more richly connected fiber
tracts in the white matter in highly educated people (Teipel et al.,
2009). Annual income, occupation with the longest tenure in
her/his life, and the occupation tenure were also included in the
regression analysis because income and occupation were found to
correlate significantly with MCI in a previous study (Kengsakul
et al., 2015). The significance level was determined at p < 0.05.
All statistical analyses were performed using IBM SPSS Statistics
Version 20 (IBM Corp., Armonk, NY, United States). Data used
for the analysis is provided in Supplementary Table S1.

RESULTS

As the population ages worldwide, the prevalence of cognitive
disorders including MCI is increasing. To develop timely
prevention and early treatment strategies by identifying
biological factors, we investigated the relationship between
dietary consumption of fish, brain structure, and MCI in
cognitively normal subjects. The brain structure was assessed
using neuroimaging-derived measures including GM-BHQ and
FA-BHQ. Dietary consumption of fish was calculated using
BDHQ, and MCI was assessed using the MPI of MCI Screen.
MPI ranges from 0 to 100 and larger values indicates better
performance. Descriptive statistics of subjects and correlation
coefficients between scales are shown in Table 1. FA-BHQ
scores correlated with Fish Intake (r = 0.304, p < 0.01) and MPI
(r = 0.370, p < 0.01). In addition, GM-BHQ scores correlated
with age (r = -0.411, p < 0.001), sex (r = 0.273, p < 0.05), BMI
(r = -0.259, p < 0.05), and annual income (r = -0.340, p < 0.01),
but not with Fish Intake (r = -0.014, p > 0.05) or MPI (r = 0.163,
p > 0.05). Therefore, we decided to include the GM-BHQ score
in the model as a control variable, but not as a main variable, in
the following analyses.

Table 2 shows the results of regression analyses. In Step 1,
none of the control variables significantly correlated with FA-
BHQ scores. In addition, in the model with MPI as the dependent
variable, age (R= 0.695, b= -0.483, p< 0.001), length of education
(R = 0.695, b = 0.275, p = 0.018), and special/technical occupation
(R = 0.695, b = 0.259, p = 0.021) significantly correlated with
MPI, indicating that MPI is higher in those with younger ages,
high educational backgrounds, and special/technical occupation
than in those with older ages, low educational backgrounds, and
other occupations. In Step 2, Fish Intake (R = 0.493, b = 0.309,
p = 0.016) was significantly associated with higher FA-BHQ
scores, and FA-BHQ scores (R = 0.760, b = 0.336, p < 0.001),
Fish Intake (R = 0.720, b = 0.206, p = 0.042), and annual
income (R = 0.760/720, b = -0.304/-0.299, p = 0.025/0.039)
were significantly associated with higher MPI. In Step 3, FA-
BHQ scores (R = 0.766, b = 0.301, p = 0.003) were significantly
associated with MPI, but Fish Intake (R = 0.766, b = 0.113,
p = 0.251) was not.

In summary, Fish Intake had a positive correlation with FA-
BHQ scores after adjusting for demographic information. Fish
Intake or FA-BHQ scores had a positive correlation with MPI

after adjusting for demographic information. In addition, FA-
BHQ scores had a higher positive correlation with MPI than
Fish Intake did.

We next examined the appropriate frequency of fish intake in
Tables 3, 4. Figure 1 is drawn using the information appeared
in Table 3. Multiple comparison of the adjusted-mean FA-
BHQ scores with analysis of covariance (ANCOVA) revealed
significant differences between “less than 1 time per week” and
“2 times per week” (p = 0.005) and between “less than 1 time
per week” and “more than 2 times per week” (p = 0.034),
consistent with the result of regression model Step 2 (with FA-
BHQ as the dependent variable) in Table 2. In addition, multiple
comparisons using adjusted-mean MPI scores with ANCOVA
found significant differences between “less than 1 time per week”
and “more than 2 times per week” (p = 0.037), consistent with
the result of regression model Step 2 (with MPI as the dependent
variable) in Table 2. However, no significant differences were
found if FA-BHQ scores were used as control variables, consistent
with the result of regression model Step 3 (with MPI as the
dependent variable) in Table 2. Further, multiple comparison of
the non-adjusted mean FA-BHQ scores using one-way analysis
of variance (ANOVA) with the Scheffe’s post hoc test revealed
significant differences between “less than 1 time per week” and
“2 times per week” (p = 0.017), but not between “less than 1
time per week” and “more than 2 times per week” (p = 0.152).
However, multiple comparisons of the non-adjusted mean scores
of MPI using ANOVA with the Scheffe’s post hoc test showed no
significant differences.

Figures 2, 3 show images of MRI for subjects with the highest
and the lowest scores of FA-BHQ, respectively.

DISCUSSION

As the population ages worldwide, the prevalence of cognitive
disorders, including MCI, is growing (Alzheimer’s Disease
International, 2015). MCI appears in 10–20% of adults aged
65 years and older (Langa and Levine, 2014) and is generally
referred to as an intermediate stage between normal cognitive
aging and dementia (Vega and Newhouse, 2014). To develop
timely prevention and early treatment strategies, we investigated
the relationship between dietary consumption of fish and the
brain structure as well as between the brain structure and MCI
in cognitively normal subjects. The brain structure was assessed
using neuroimaging-derived measures including GM-BHQ and
FA-BHQ, which are approved as the international standard
(H.861.1) by ITU-T. Dietary consumption of fish was calculated
using BDHQ (Sasaki et al., 2000), and MCI was assessed using the
MPI of MCI Screen (the Medical Care Corporation). MPI ranges
from 0 to 100 and larger values indicate better performance. The
present study indicates that fish intake is positively associated
with both FA-BHQ and MPI, and FA-BHQ scores are more
strongly associated with MPI than fish intake.

One previous study found significant differences in the
white matter integrity between MCI patients with and without
cerebral amyloidopathy, indicating that alteration in white
matter integrity can serve as a potential biomarker of MCI
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TABLE 1 | Descriptive statistics of subjects and correlations coefficients between scales.

Variable Mean SD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 Age 47.026 7.129

2 Sex (male = 1,
female = 2)

1.592 0.495 0.067

3 BMI 22.697 3.388 −0.100 -0.533***

4 Length of
education

14.763 1.688 −0.463***−0.229* 0.205

5 Annual income 6.355 3.595 0.130 −0.622*** 0.313** 0.058

6 Tenure 5.039 1.076 0.165 −0.170 0.051 −0.156 0.255*

7 Management 0.053 0.225 0.099 −0.284* 0.341** 0.068 0.307** 0.102

8 Special/
Technical

0.224 0.419 0.047 −0.068 −0.038 −0.094 0.212 0.098 −0.127

9 Office worker 0.355 0.482 0.180 0.225 −0.286* −0.092 −0.143 0.127 −0.175 -0.398***

10 Sales 0.132 0.340 −0.100 0.006 0.028 −0.015 0.059 −0.160 −0.092 −0.209 −0.289*

11 Service 0.145 0.354 −0.107 0.113 −0.014 −0.031 −0.188 −0.085 −0.097 −0.221 −0.305**−0.160

12 Security 0.013 0.115 −0.017 −0.139 0.009 0.085 0.118 0.104 −0.027 −0.062 −0.086 −0.045 −0.048

13 Production 0.026 0.161 −0.093 −0.031 0.129 0.121 −0.039 −0.160 −0.039 −0.088 −0.122 −0.064 −0.068 −0.019

14 Transportation 0.013 0.115 −0.163 −0.139 0.046 0.223 0.021 −0.112 −0.027 −0.062 −0.086 −0.045 −0.048 −0.013 −0.019

15 Unemployed 0.039 0.196 −0.106 −0.107 0.232* 0.150 −0.266* −0.071 −0.048 −0.109 −0.150 −0.079 −0.083 −0.023 −0.033 −0.023

16 GM-BHQ 99.792 5.578 −0.411*** 0.273* −0.259* 0.046 −0.340**−0.109 −0.007 −0.093 0.061 −0.211 0.175 −0.094 0.126 0.063 0.022

17 FA-BHQ 96.477 3.429 −0.114 0.149 −0.071 0.081 0.029 −0.066 0.068 0.045 −0.040 0.149 −0.144 0.056 0.055 −0.077 −0.108 0.153

18 Fish Intake 41.921 26.027 0.025 −0.156 0.162 0.091 0.220 −0.062 −0.010 −0.021 0.022 0.125 −0.066 0.043 −0.012 −0.107 −0.047 −0.014 0.304**

19 MPI 73.510 7.434 −0.546*** 0.068 0.089 0.412***−0.189 −0.078 0.032 0.145 −0.192 −0.003 0.063 0.013 −0.114 0.042 0.077 0.163 0.370** 0.125

n = 76; *p < 0.05; **p < 0.01; ***p < 0.001. BMI, body mass index; FA-BHQ, fractional-anisotropy brain healthcare quotient; GM-BHQ, gray-matter brain healthcare quotient; MPI, memory performance index.

Frontiers
in

A
ging

N
euroscience

|w
w

w
.frontiersin.org

5
M

arch
2020

|Volum
e

12
|A

rticle
76

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-00076 March 19, 2020 Time: 17:15 # 6

Kokubun et al. Fish, Brain, and Cognitive Ability

TABLE 2 | Multiple regression analysis of FA-BHQ, Fish Intake, and MPI.

FA-BHQ MPI

Step 1 Step 2 Step 1 Step 2 Step 3

βa,b p-value βa,b p-value βa,b p-value βa,b p-value βa,b p-value βa,b p-value

Demographic variables

Age −0.039 0.811 −0.096 0.542 −0.483 <0.001*** −0.470 <0.001*** −0.521 <0.001*** −0.492 <0.001***

Sex (male = 1, female = 2) 0.277 0.132 0.291 0.101 0.142 0.324 0.049 0.713 0.151 0.281 0.064 0.634

BMI 0.021 0.894 −0.050 0.748 0.098 0.433 0.091 0.425 0.051 0.681 0.066 0.569

Length of education 0.111 0.445 0.067 0.633 0.275 0.018* 0.238 0.026* 0.246 0.031* 0.226 0.035*

Annual income 0.161 0.380 0.087 0.627 −0.249 0.088 −0.304 0.025* −0.299 0.039* −0.325 0.017*

Tenure −0.035 0.789 0.006 0.960 0.042 0.684 0.054 0.568 0.069 0.493 0.067 0.475

Management 0.105 0.460 0.171 0.222 0.168 0.137 0.133 0.199 0.212 0.060 0.160 0.131

Special/Technical 0.085 0.542 0.111 0.409 0.259 0.021* 0.230 0.024* 0.276 0.012* 0.243 0.018

Sales 0.176 0.215 0.150 0.271 0.012 0.914 −0.047 0.645 −0.005 0.961 −0.051 0.621

Service −0.126 0.353 −0.098 0.453 0.038 0.720 0.081 0.411 0.057 0.585 0.086 0.378

Security 0.095 0.442 0.090 0.448 0.035 0.721 0.003 0.975 0.031 0.740 0.004 0.962

Production 0.033 0.795 0.067 0.591 −0.161 0.116 −0.172 0.066 −0.139 0.165 −0.159 0.091

Transportation −0.079 0.534 −0.024 0.843 −0.048 0.628 −0.022 0.811 −0.012 0.903 −0.005 0.959

Unemployed −0.049 0.733 −0.022 0.871 −0.049 0.660 −0.033 0.747 −0.032 0.772 −0.025 0.806

GM-BHQ 0.191 0.226 0.115 0.457 −0.094 0.450 −0.158 0.169 −0.145 0.241 −0.179 0.123

Main variables

FA-BHQ 0.336 <0.001*** 0.301 0.003**

Fish Intake 0.309 0.016* 0.206 0.042* 0.113 0.251

R 0.404 0.693 0.493 0.308 0.695 <0.001*** 0.760 <0.001*** 0.720 <0.001*** 0.766 <0.001***

R2 0.163 0.243 0.482 0.577 0.518 0.586

n = 76; *p < 0.05; **p < 0.01; ***p < 0.001. aStandardized regression coefficient. b Independent variables were selected using the forced entry method. Step1 includes
control variables only. Step 2 includes control variables and either FA-BHQ or Fish Intake. Step3 includes all the variables.

TABLE 3 | Fish intake frequency and FA-BHQ.

Fish intake frequency Number of subjects Non-adjusted meanc Adjusted meand p-value of multiple comparisons

0 Less than 1 time per week 17 94.336 ± 3.591 94.369

1 1 time per week 24 96.451 ± 3.010 96.552 0.0700−1

2 2 times per week 21 97.842 ± 3.251 97.641 0.0050−2**, 0.3131−2

3 More than 2 times per week 14 97.074 ± 3.208 97.163 0.0340−3*, 0.6131−3, 0.6932−3

n = 76; *p < 0.05; **p < 0.01; ***p < 0.001. c non-adjusted for any demographic variables d adjusted for age, sex, BMI, length of education, annual income, tenure,
occupation, and GM-BHQ by ANCOVA method. 0−1 p-value derived from comparison between “less than 1 time” and “1 time” by ANCOVA method. 0−2 p-value derived
from comparison between “less than 1 time” and “2 times” by ANCOVA method. 0−3 p-value derived from comparison between “less than 1 time” and “more than 2
times” by ANCOVA method. 1−2 p-value derived from comparison between “1 time” and “2 times” by ANCOVA method. 1−3 p-value derived from comparison between
“1 time” and “more than 2 times” by ANCOVA method. 2−3 p-value derived from comparison between “2 times” and “more than 2 times” by ANCOVA method.

TABLE 4 | Fish intake frequency and MPI.

Fish intake frequency Number of subjects Non-adjusted meanc Adjusted meand p-value of multiple comparisons

0 Less than 1 time per week 17 72.764 ± 5.883 70.875

1 1 time per week 24 73.387 ± 7.238 74.722 0.0680−1

2 2 times per week 21 73.516 ± 8.845 72.810 0.3290−2, 0.3121−2

3 More than 2 times per week 14 74.617 ± 7.814 75.681 0.0370−3*, 0.6501−3, 0.1792−3

n = 76; *p < 0.05; **p < 0.01; ***p < 0.001. c non-adjusted for any demographic variables d adjusted for age, sex, BMI, length of education, annual income, tenure,
occupation, and GM-BHQ by ANCOVA method. 0−1 p-value derived from comparison between “less than 1 time” and “1 time” by ANCOVA method. 0−2 p-value derived
from comparison between “less than 1 time” and “2 times” by ANCOVA method. 0−3 p-value derived from comparison between “less than 1 time” and “more than 2
times” by ANCOVA method. 1−2 p-value derived from comparison between “1 time” and “2 times” by ANCOVA method. 1−3 p-value derived from comparison between
“1 time” and “more than 2 times” by ANCOVA method. 2−3 p-value derived from comparison between “2 times” and “more than 2 times” by ANCOVA method. ANCOVA,
analysis of covariance.
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FIGURE 1 | Fish intake frequency and FA-BHQ. The graph shows mean and
standard error.

70 130

FIGURE 2 | MRI image of the highest FA-BHQ score.

(Lee et al., 2017). In addition, several studies indicate that WML
is associated with cognitive decline and incident dementia
(Bokura et al., 2006; Buyck et al., 2009; Debette et al., 2010.
Debette and Markus, 2010). Further, longitudinal studies reveals
that WM DTI indices, including FA, can be used to predict
cognitive decline and medial temporal lobe atrophy in subjective
cognitive impairment (SCI) and MCI patients, indicating that
DTI-derived information can be used as the predictor of
conversion from MCI to AD (Selnes et al., 2013). Moreover,
lower DHA levels in red blood cells are associated with greater
WML volumes (Bowman et al., 2012; Tan et al., 2012), and
daily fish oil supplementation has been found to decrease
WMLs in cognitively normal people (Witte et al., 2013). In
addition, it has been demonstrated that a member of the
major facilitator superfamily, Mfsd2a (previously an orphan
transporter), is the major transporter for DHA uptake into the
brain (Nguyen et al., 2014).

The present results were derived from healthier and younger
participants than those in most other studies. Our findings are in
line with those in previous studies, but our study further found

70 130

FIGURE 3 | MRI image of the lowest FA-BHQ score.

that the whole brain integrity measured by the FA-BHQ might
be involved in the interaction between fish intake and MCI in
healthy people. In other words, FA-BHQ may be used to identify
people at high risk of MCI to provide the proper intervention.
The findings in our study suggest that people with a good whole
brain health condition, measured by FA-BHQ, tend to have
lower risks of MCI. Although some previous studies found a
direct effect of fish intake on prevention of MCI, the findings
were limited and inconsistent (Zeng et al., 2017). Notably, the
present study indicates that broader approaches can be used
to prevent MCI by focusing on not only dietary factors but
also FA-BHQ scores.

Additionally, multiple comparisons showed that FA-BHQ
scores were significantly different between “less than 1 time
per week” and “2 times per week” as well as between “less
than 1 time per week” and “more than 2 times per week” fish
intakes. These results indicate that fish diet should be taken
at least 2 times a week to maintain high FA-BHQ scores. As
shown in Figure 1, FA-BHQ scores of “more than 2 times per
week” were marginally lower than those of “2 times per week”
because intake of fish dishes is more likely to be accompanied
with salad oil consumption, thus negatively affecting appropriate
balance between omega-6 and omega-3 fatty acids and increasing
the risk for overweight/obesity and coronary heart disease
(Simopoulos, 2008).

Our analysis showed no association between fish intake
and GM-BHQ. The result contradicts with the finding in the
study by Raji et al. (2014), which indicates that consuming
fish dishes at least weekly is related to larger GM volumes
in the brain areas responsible for memory and cognition in
cognitively normal elderly individuals. The discrepancy may
result from the fact that many factors, including not only
biological but also sociological factors, affect GM-BHQ, as
shown in our previous studies (Nemoto et al., 2017; Kokubun
et al., 2018; Kokubun and Yamakawa, 2019). In this sense,
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our findings are in line with another finding that although the
brain volume was significantly related to fish consumption, it was
not significantly associated with intake of plasma omega-3 fatty
acids, suggesting that lifestyle factors accompanied by dietary
intake of fish can also affect GM-BHQ (Raji et al., 2014).

Our study showed no association between GM-BHQ and
MPI. This result is in line with that in a previous study, which
indicates that WM tract degeneration is prominent in SCI and
MCI patients and is at least in part independent of overlying
gray matter atrophy (Selnes et al., 2012). In addition, Agosta
et al. (2014) found that compared with healthy controls and
cognitively unimpaired Parkinson’s disease patients, patients with
Parkinson’s disease and MCI showed WM abnormalities in the
anterior superior corona radiata, genu, and corpus callosum
and the anterior inferior fronto-occipital, uncinate, and superior
longitudinal fasciculi bilaterally, although no GM atrophy was
found (Agosta et al., 2014).

This study has two limitations. First, the association of brain
health with actual diseases was not examined in this study, and
the illustration of the association of brain health with actual
diseases may have improved the validity of the results. Second,
the sample size was small in this study, and studies with a larger
sample size may have increased the generalizability of the results.
Therefore, future studies are needed to explore the relationship
between FA-BHQ and actual diseases using larger sample sizes to
discern the mechanisms.
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cognitive impairment in Parkinson’s disease is associated with a distributed
pattern of brain white matter damage. Hum. Brain Mapp. 35, 1921–1929. doi:
10.1002/hbm.22302

Alzheimer’s Disease International, (2015). World Alzheimer Report 2015: The
Global Impact of Dementia. Available at: https://www.alz.co.uk/research/world-
report-2015 (accessed November 22, 2019).

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm.
Neuroimage 38, 95–113. doi: 10.1016/j.neuroimage.2007.07.007

Bokura, H., Kobayashi, S., Yamaguchi, S., Iijima, K., Nagai, A., Toyoda, G., et al.
(2006). Silent brain infarction and subcortical white matter lesions increase the
risk of stroke and mortality: a prospective cohort study. J. Stroke Cerebrovasc.
Dis. 15, 57–63. doi: 10.1016/j.jstrokecerebrovasdis.2005.11.001

Bowman, G. L., Silbert, L. C., Howieson, D., Dodge, H. H., Traber, M. G.,
Frei, B., et al. (2012). Nutrient biomarker patterns, cognitive function, and
MRI measures of brain aging. Neurology 78, 241–249. doi: 10.1212/WNL.
0b013e3182436598

Boyle, P. A., Wilson, R. S., Aggarwal, N. T., Tang, Y., and Bennett, D. A.
(2006). Mild cognitive impairment: risk of Alzheimer disease and rate of
cognitive decline. Neurology 67, 441–445. doi: 10.1212/01.wnl.0000228244.104
16.20

Buyck, J. F., Dufouil, C., Mazoyer, B., Maillard, P., Ducimetière, P., Alpérovitch,
A., et al. (2009). Cerebral white matter lesions are associated with the risk of
stroke but not with other vascular events: the 3-City Dijon Study. Stroke 40,
2327–2331. doi: 10.1161/STROKEAHA.109.548222

Calon, F., and Cole, G. (2007). Neuroprotective action of omega-3 polyunsaturated
fatty acids against neurodegenerative diseases: evidence from animal studies.
Prostaglandins Leukot Essent Fatty Acids 77, 287–293. doi: 10.1016/j.plefa.2007.
10.019

Costa, P. T. Jr., and McCrae, R. R. (1992).Revised NEO Personality Inventory (NEO-
PI-R) and NEO Five-Factor (NEO-FFI) Inventory Professional Manual. Odessa,
FL: Psychological Assessment Resources.

Debette, S., Beiser, A., DeCarli, C., Au, R., Himali, J. J., Kelly-Hayes, M., et al.
(2010). Association of MRI markers of vascular brain injury with incident
stroke, mild cognitive impairment, dementia, and mortality: the Framingham
Offspring Study. Stroke 41, 600–606. doi: 10.1161/STROKEAHA.109.570044

Debette, S., and Markus, H. S. (2010). The clinical importance of white matter
hyperintensities on brain magnetic resonance imaging: systematic review and
meta-analysis. BMJ 341:c3666. doi: 10.1136/bmj.c3666

Devore, E. E., Grodstein, F., van Rooij, F. J., Hofman, A., Rosner, B., Stampfer,
M. J., et al. (2009). Dietary intake of fish and omega-3 fatty acids in relation to
long-term dementia risk. Am. J. Clin. Nutr. 90, 170–176. doi: 10.3945/ajcn.2008.
27037

Hainsworth, A. H., Brittain, J. F., and Khatun, H. (2012). Pre-clinical models of
human cerebral small vessel disease: utility for clinical application. J. Neurol.
Sci. 322, 237–240. doi: 10.1016/j.jns.2012.05.046

Huang, T. L., Zandi, P. P., Tucker, K. L., Fitzpatrick, A. L., Kuller, L. H., Fried, L. P.,
et al. (2005). Benefits of fatty fish on dementia risk are stronger for those without
APOE epsilon 4. Neurology 65, 1409–1414. doi: 10.1212/01.wnl.0000183148.
34197.2e

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., and Smith, S. M.
(2012). FSL. Neuroimage 62, 782–790. doi: 10.1016/j.neuroimage.2011.09.015

Frontiers in Aging Neuroscience | www.frontiersin.org 8 March 2020 | Volume 12 | Article 76

https://www.frontiersin.org/articles/10.3389/fnagi.2020.00076/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2020.00076/full#supplementary-material
https://doi.org/10.1002/hbm.22302
https://doi.org/10.1002/hbm.22302
https://www.alz.co.uk/research/world-report-2015
https://www.alz.co.uk/research/world-report-2015
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.jstrokecerebrovasdis.2005.11.001
https://doi.org/10.1212/WNL.0b013e3182436598
https://doi.org/10.1212/WNL.0b013e3182436598
https://doi.org/10.1212/01.wnl.0000228244.10416.20
https://doi.org/10.1212/01.wnl.0000228244.10416.20
https://doi.org/10.1161/STROKEAHA.109.548222
https://doi.org/10.1016/j.plefa.2007.10.019
https://doi.org/10.1016/j.plefa.2007.10.019
https://doi.org/10.1161/STROKEAHA.109.570044
https://doi.org/10.1136/bmj.c3666
https://doi.org/10.3945/ajcn.2008.27037
https://doi.org/10.3945/ajcn.2008.27037
https://doi.org/10.1016/j.jns.2012.05.046
https://doi.org/10.1212/01.wnl.0000183148.34197.2e
https://doi.org/10.1212/01.wnl.0000183148.34197.2e
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-00076 March 19, 2020 Time: 17:15 # 9

Kokubun et al. Fish, Brain, and Cognitive Ability

Kengsakul, M., Chaikittisilpa, S., Hemrungrojn, S., Panyakhamlerd, K., Jaisamrarn,
U., and Taechakraichana, N. (2015). The factors associated with mild cognitive
impairment (MCI) in surgical menopause women. J. Med. Assoc. Thai. 98,
327–333.

Kokubun, K., Nemoto, K., Oka, H., Fukuda, H., Yamakawa, Y., and Watanabe, Y.
(2018). Association of fatigue and stress with gray matter volume. Front. Behav.
Neurosci. 12:154. doi: 10.3389/fnbeh.2018.00154

Kokubun, K., and Yamakawa, Y. (2019). Association between food patterns and
gray matter volume. Front. Hum. Neurosci. 13:384. doi: 10.3389/fnhum.2019.
00384

Kou, W., Luchtman, D., and Song, C. (2008). Eicosapentaenoic acid (EPA)
increases cell viability and expression of neurotrophin receptors in retinoic
acid and brain-derived neurotrophic factor differentiated SH-SY5Y cells. Eur.
J. Nutr. 47, 104–113. doi: 10.1007/s00394-008-0703-1

Langa, K. M., and Levine, D. A. (2014). The diagnosis and management of mild
cognitive impairment: a clinical review. JAMA 312, 2551–2561. doi: 10.1001/
jama.2014.13806

Lee, S., Jeong, H. G., and Youn, H. C. (2017). Comparison of gray matter volume
and fractional anisotropy in mild cognitive impairment patients with and
without amyloidopathy. Alzheimers Dement 13, 1350. doi: 10.1016/j.jalz.2017.
06.2084

Lopez, O. L., Becker, J. T., and Kuller, L. H. (2013). Patterns of compensation and
vulnerability in normal subjects at risk of Alzheimer’s disease. J. Alzheimers Dis.
33, S427–S438. doi: 10.3233/JAD-2012-129015

Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., et al. (2008). Stereotaxic
white matter atlas based on diffusion tensor imaging in an ICBM template.
Neuroimage 40, 570–582. doi: 10.1016/j.neuroimage.2007.12.035

Mortamais, M., Portet, F., Brickman, A. M., Provenzano, F. A., Muraskin, J.,
Akbaraly, T. N., et al. (2014). Education modulates the impact of white matter
lesions on the risk of mild cognitive impairment and dementia. Am. J. Geriatr.
Psychiatry 22, 1336–1345. doi: 10.1016/j.jagp.2013.06.002

Nemoto, K., Oka, H., Fukuda, H., and Yamakawa, Y. (2017). MRI-based Brain
healthcare quotients: a bridge between neural and behavioral analyses for
keeping the brain healthy. PLoS One 12:e0187137. doi: 10.1371/journal.pone.
0187137

Nguyen, L. N., Ma, D., Shui, G., Wong, P., Cazenave-Gassiot, A., Zhang, X.,
et al. (2014). Mfsd2a is a transporter for the essential omega-3 fatty acid
docosahexaenoic acid. Nature 509, 503–506. doi: 10.1038/nature13241

Prins, N. D., and Scheltens, P. (2015). White matter hyperintensities, cognitive
impairment and dementia: an update. Nat. Rev. Neurol. 11, 157–165. doi: 10.
1038/nrneurol.2015.10

Raji, C. A., Erickson, K. I, Lopez, O. L., Kuller, L. H., Gach, H. M., Thompson, P. M.,
et al. (2014). Regular fish consumption and age-related brain gray matter loss.
Am. J. Prev. Med. 47, 444–451. doi: 10.1016/j.amepre.2014.05.037

Saggu, R., Schumacher, T., Gerich, F., Rakers, C., Tai, K., Delekate, A., et al. (2016).
Astroglial NF-kB contributes to white matter damage and cognitive impairment
in a mouse model of vascular dementia. Acta Neuropathol. Commun. 4:76.
doi: 10.1186/s40478-016-0350-3

Sasaki, S., Ushio, F., Amano, K., Morihara, M., Todoriki, T., Uehara, Y., et al.
(2000). Serum biomarker-based validation of a self-administered diet history
questionnaire for Japanese subjects. J. Nutr. Sci. Vitaminol. 46, 285–296. doi:
10.3177/jnsv.46.285

Science and Technology Agency, (2010). Standard Tables of Food Composition in
Japan. Tokyo: Official Gazette Co-operation of Japan.

Selnes, P., Aarsland, D., Bjørnerud, A., Gjerstad, L., Wallin, A., Hessen, E., et al.
(2013). Diffusion tensor imaging surpasses cerebrospinal fluid as predictor of

cognitive decline and medial temporal lobe atrophy in subjective cognitive
impairment and mild cognitive impairment. J. Alzheimers Dis. 33, 723–736.
doi: 10.3233/JAD-2012-121603

Selnes, P., Fjell, A. M., Gjerstad, L., Bjørnerud, A., Wallin, A., Due-Tønnessen, P.,
et al. (2012). White matter imaging changes in subjective and mild cognitive
impairment. Alzheimers Dement 8, S112–S121. doi: 10.1016/j.jalz.2011.
07.001

Shankle, W. R., Romney, A. K., Hara, J., Fortier, D., Dick, M. B., Chen, J. M., et al.
(2005). Methods to improve the detection of mild cognitive impairment. Proc.
Natl. Acad. Sci. U.S.A. 102, 4919–4924. doi: 10.1073/pnas.0501157102

Simopoulos, A. P. (2008). The importance of the omega-6/omega-3 fatty acid
ratio in cardiovascular disease and other chronic diseases. Exp. Biol. Med. 233,
674–688. doi: 10.3181/0711-MR-311

Tan, Z. S., Harris, W. S., Beiser, A. S., Au, R., Himali, J. J., Debette, S., et al. (2012).
Red blood cell omega-3 fatty acid levels and markers of accelerated brain aging.
Neurology 78, 658–664. doi: 10.1212/WNL.0b013e318249f6a9

Teipel, S. J., Meindl, T., Wagner, M., Kohl, T., Bürger, K., Reiser, M. F., et al. (2009).
White matter microstructure in relation to education in aging and Alzheimer’s
disease 1. J. Alzheimers Dis. 17, 571–583. doi: 10.3233/JAD-2009-1077

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.2001.0978

Vega, J. N., and Newhouse, P. A. (2014). Mild cognitive impairment: diagnosis,
longitudinal course, and emerging treatments. Curr. Psychiatry Rep. 16:490.
doi: 10.1007/s11920-014-0490-8

Wang, F., Zhao, M., Han, Z., Li, D., Zhang, S., Zhang, Y., et al. (2017). Association
of body mass index with amnestic and non-amnestic mild cognitive impairment
risk in elderly. BMC Psychiatry 17:334. doi: 10.1186/s12888-017-1493-x

Weiser, M., Butt, C., and Mohajeri, M. (2016). Docosahexaenoic acid and cognition
throughout the lifespan. Nutrients 8:99. doi: 10.3390/nu8020099

Witte, A. V., Kerti, L., Hermannstädter, H. M., Fiebach, J. B., Schreiber, S. J.,
Schuchardt, J. P., et al. (2013). Long-chain omega-3 fatty acids improve brain
function and structure in older adults. Cereb. Cortex. 24, 3059–3068. doi: 10.
1093/cercor/bht163

Zeng, L. F., Cao, Y., Liang, W. X., Bao, W. H., Pan, J. K., Wang, Q., et al. (2017). An
exploration of the role of a fish-oriented diet in cognitive decline: a systematic
review of the literature. Oncotarget 8:39877. doi: 10.18632/oncotarget.16347

Zhang, Y., Chen, J., Qiu, J., Li, Y., Wang, J., and Jiao, J. (2015). Intakes of fish
and polyunsaturated fatty acids and mild-to-severe cognitive impairment risks:
a dose-response meta-analysis of 21 cohort studies–3. Am. J. Clin. Nutr. 103,
330–340. doi: 10.3945/ajcn.115.124081

Conflict of Interest: YY was employed by NTT Data Institute of Management
Consulting, Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Kokubun, Nemoto and Yamakawa. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2020 | Volume 12 | Article 76

https://doi.org/10.3389/fnbeh.2018.00154
https://doi.org/10.3389/fnhum.2019.00384
https://doi.org/10.3389/fnhum.2019.00384
https://doi.org/10.1007/s00394-008-0703-1
https://doi.org/10.1001/jama.2014.13806
https://doi.org/10.1001/jama.2014.13806
https://doi.org/10.1016/j.jalz.2017.06.2084
https://doi.org/10.1016/j.jalz.2017.06.2084
https://doi.org/10.3233/JAD-2012-129015
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1016/j.jagp.2013.06.002
https://doi.org/10.1371/journal.pone.0187137
https://doi.org/10.1371/journal.pone.0187137
https://doi.org/10.1038/nature13241
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1016/j.amepre.2014.05.037
https://doi.org/10.1186/s40478-016-0350-3
https://doi.org/10.3177/jnsv.46.285
https://doi.org/10.3177/jnsv.46.285
https://doi.org/10.3233/JAD-2012-121603
https://doi.org/10.1016/j.jalz.2011.07.001
https://doi.org/10.1016/j.jalz.2011.07.001
https://doi.org/10.1073/pnas.0501157102
https://doi.org/10.3181/0711-MR-311
https://doi.org/10.1212/WNL.0b013e318249f6a9
https://doi.org/10.3233/JAD-2009-1077
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1007/s11920-014-0490-8
https://doi.org/10.1186/s12888-017-1493-x
https://doi.org/10.3390/nu8020099
https://doi.org/10.1093/cercor/bht163
https://doi.org/10.1093/cercor/bht163
https://doi.org/10.18632/oncotarget.16347
https://doi.org/10.3945/ajcn.115.124081
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Fish Intake May Affect Brain Structure and Improve Cognitive Ability in Healthy People
	Introduction
	Materials and Methods
	Subjects
	Fish Intake Scale
	Assessment of MCI
	MRI Data Acquisition
	GM-BMQ and FA-BHQ
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


