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Abstract

Background—aBrain health may be affected by modifiable lifestyle factors; consuming fish and
anti-oxidative omega-3 fatty acids may reduce brain structural abnormality risk.

Purpose—To determine whether dietary fish consumption is related to brain structural integrity
among cognitively normal elders.

Methods—Data were analyzed from 260 cognitively normal individuals from the Cardiovascular
Health Study with information on fish consumption from the National Cancer Institute Food
Frequency Questionnaire and brain magnetic resonance imaging (MRI). The relationship between
fish consumption data collected in 1989-1990 and brain structural MRI obtained in 1998-1999
was assessed using voxel-based morphometry in multiple regression analyses in 2012. Covariates
were age, gender, race, education, white matter lesions, MRI-identified infarcts, waist/hip ratio,
and physical activity as assessed by the number of city blocks walked in 1 week. Volumetric
changes were further modeled with omega-3 fatty acid estimates to better understand the
mechanistic link between fish consumption, brain health, and Alzheimer disease.

Results—Weekly consumption of baked or broiled fish was positively associated with gray
matter volumes in the hippocampus, precuneus, posterior cingulate, and orbital frontal cortex even
after adjusting for covariates. These results did not change when including omega-3 fatty acid
estimates in the analysis.
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Conclusions—Dietary consumption of baked or broiled fish is related to larger gray matter
volumes independent of omega-3 fatty acid content. These findings suggest that a confluence of
lifestyle factors influence brain health, adding to the growing body of evidence that prevention
strategies for late-life brain health need to begin decades earlier.

Introduction

Alzheimer’s disease (AD) is the most common cause of dementia and is characterized by a
progressive decline in multiple cognitive domains.! There are approximately 24.3 million
cases of dementia worldwide, and this number is projected to double every 20 years. This
increase will result in over 80 million persons afflicted with dementia by 2040.2 Lifestyle
factors are recognized as risk modifiers for the clinical expression of the disorder. We have
previously shown and replicated in separate large cohorts the deleterious influence of
obesity on brain structure.3-> In addition, there is an identifiable benefit of physical activity
on preserving brain structure and reducing the risk for dementia.5-8 Reducing physical
inactivity, obesity, and smoking by 10%-25% may reduce the number of people afflicted by
dementia by 1-3 million worldwide and by 184,000-492,000 per year in the U.S.° Chronic
diseases resulting from suboptimal lifestyle habits have been linked to an increased risk of
dementia.1%-12 Critical to the role of preventative medicine is that these modifiable lifestyle
factors and their medical consequences have a cumulative effect over decades.

Other lifestyle factors such as diet are of increasing interest as another means to influence
risk of dementia.13-15 For example, the consumption of fish may reduce risk for cognitive
decline owing to the presence of anti-oxidative omega-3 fatty acids through their effects on
the attenuation of cerebrovascular disease,16 improvement of mood-related disorders,1’ and
their support of neuronal health.1® However, although some studies have shown improved
brain function and gray matter (GM) structure in elderly subjects using long-chain omega-3
fatty acids,1? others have not.16 Higher plasma eicosapentaenoic acid (EPA) levels are
associated with a lower rate of atrophy over 4 years in the right mesial temporal lobe.20
Lower red blood cell docosahexaenoic acid (DHA) levels are associated with lower total
brain volume and greater white matter lesion (WML) volumes?! that have also been
reported in the oldest-old.1> A double-blind trial (26 weeks) of dietary supplementation
found increases in grey matter volume and decreases in WMLSs in cognitively normal people
given fish oil daily.1?

Understanding the effects of fish consumption on brain structure is critical for the
determination of modifiable factors that can decrease the risk of cognitive deficits and
dementia in the elderly population by intervention earlier in life.22 Greater dietary intake of
omega-3 fatty acids?® and less intake of meat products2* are associated with increased total
grey matter volume; local effects of DHA and EPA are seen in the amygdala and anterior
cingulate gyrus.2®

The purpose of this study was to investigate the relationship between dietary consumption of
fish and brain structure among cognitively normal elderly subjects. The tested hypothesis is
that frequency of fish consumption correlates with higher gray GM volumes in the brain
areas responsible for memory and cognition in an elderly population. A second tested
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hypothesis predicts that the omega-3 fatty acid content of the consumed fish is itself related
to specific increases in the volume of brain regions frequently targeted by AD in frontal,
temporal, and parietal areas.

The analysis modeled the relationship between dietary fish consumption data collected in
1989-1990 and brain structural magnetic resonance imaging (MRI) obtained in 1998-1999
using voxel-based morphometry in multiple regression analyses performed in 2012. The
study sample was drawn from participants in the Cardiovascular Health Study Cognition
Study (CHS-CS), which is nested within the larger Cardiovascular Health Study (CHS,
www.chs-nhlbi.org). The CHS was initiated in 1989-1990 as a prospective, population-
based, longitudinal study of risk factors for coronary heart disease and stroke in adults aged
65 years and older. Subjects were recruited if they were older than age 65, ambulatory, and
non-institutionalized. The initial sample size was 5,888.

The CHS-CS, initiated in 1998-1999, was designed to identify subjects who had developed
dementia or mild cognitive impairment (MCI) since 1992-1994.26: 27 The sample was
limited to the 3,608 participants who had a brain MRI between 1991 and 1994. The
classification in 1998-1999 of normal cognition, MCI, or dementia was determined by an
adjudication committee upon review of clinical data. A cross-sectional analysis was
conducted, which that analyzed MRI data from 260 CHS-CS participants from the
Pittsburgh site who met the following inclusion criteria: (1) diagnosed as cognitively normal
subjects in 1992 and 1998; (2) had a high-resolution MRI scan taken in 1998-1999 that met
quality control standards; and (3) had data on dietary intake. People with AD and MCI were
excluded from this analysis, as these conditions not only confound analysis of GM volume
but also associated memory loss could bias self-report of fish consumption.

Assessment of Fish Consumption in the Cardiovascular Health Study

Dietary intake was assessed in 1989-1990 using a picture-sort version of the National
Cancer Institute food frequency questionnaire (FFQ) (riskfactor.cancer.gov/diet/
usualintakes/method.html). In this standardized questionnaire, participants were asked to
indicate how often, on average, they had consumed various specific foods during the past
year. This included tuna fish, other broiled or baked fish, and fried fish or fish sandwiches.
This study specifically focused on consumption of broiled or baked fish because these
preparations of fish have been previously related to a higher level of dietary omega-3 fatty
acids in the CHS.28 These measures have been previously used to estimate total omega-3
fatty acid content at around study baseline in 1992-1993 that combines plasma phospholipid
EPA (20:5n-3) and DHA (22:6n-3).2%-31 The correlation between daily to weekly fish
consumption and calculated quartile levels of plasma omega-3 fatty acid in this population is
high (r =0.80, p<0.001).
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Brain Imaging

Brain MRI scans were completed using a 1.5-tesla General Electric scanner, as detailed
elsewhere.32 Briefly, a three-dimensional volumetric T;-weighted spoiled gradient recall
(SPGR) sequence was also obtained (TE/TR=5/25, flip angle=40°, NEX=1, slice
thickness=1.5 mm/0-mm interslice gap), with an in-plane acquisition matrix of 256 x 256 x
124 image elements, 250 x 250—-mm field of view, and an in-plane voxel of 0.98 mm3.
WMLs were rated using a 10-point standardized CHS visual grading system, ranging from 0
(normal) to 9 (mostly abnormal).33 WML ratings were based on the total extent of the
subcortical and periventricular hyperintensities on either axial To-weighted or spin-density
images. MRI-identified infarcts were characterized as lesions >3 mm on proton density—
weighted scans.

Voxel-Level Statistical Analysis

Results

To summarize the analyses, fish intake assessed in 1989-1990 was correlated with MRI-
derived voxel-level GM volume in 1998-1999. All MRI scans in this study were processed
using previously described methods.34 35 Whole brain voxel level-based statistical models
used multiple regression to relate daily to weekly baked or broiled fish consumption to GM
volume. This model consisted of fish consumption as an independent variable and GM
volume as the dependent variable. Covariates in the analysis were total intracranial volume
as a metric of head size, age, gender, race, education, WMLs, type two diabetes mellitus,
MRI-identified infarcts, waist/hip ratio, and physical activity as assessed by the number of
city blocks walked in 1 week. Fish consumption was defined with each participant classified
as either eating baked/broiled fish one to four times per week, or not. The analysis also
involved extracting the largest statistically significant clusters and eigenvariates for further
analysis using the volume of interest tool in SPM5 (Wellcome Department of Imaging
Neuroscience, University College, London) in an approach similar to previously described
methods.35

People who consumed baked or broiled fish at least one to four times per week had more
years of education and higher scores on the Modified Mini-Mental State Examination
(3MSE) than those who ate fish less frequently (Table 1). This relationship between fish
consumption and 3MSE score was not statistically significant after controlling for level of
education (rp =0.1, df=256, p=0.11). Fish consumption was unrelated to age (r= -0.02),
gender (r=0.09), race (minority, r=0.02), infarcts (r= —0.03), WMLSs (r= —-0.06), physical
activity (r =0.07), BMI (r= -0.06), or waist/hip ratio (r =0.02). Fish consumption was
associated with level of education (r =0.21, p<0.001).

Weekly consumption of baked or broiled fish was positively associated with GM volumes in
the hippocampus, precuneus, posterior cingulate, and orbital frontal cortex (Table 2). Figure
1 shows the main effects projected onto the standard single subject Montreal Neurological
Institute (MNI) template.38 Brighter colors represent a larger positive effect size of weekly
fish consumption on GM volume. As shown in the Figure 1, these neocortical regions
include the frontal cortex bilaterally (right greater than left) extending from the inferior
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regions to the dorsolateral areas. All of the VVoxel-Based Morphometry (VBM) analyses
used a statistical correction for multiple comparisons of a false discovery rate (p=0.05).37

In Figure 2, the main effect of fish consumption is projected onto the Standard Single
Subject MNI template, in radiologic convention. The gradient from green to yellow to red
color illustrates the range of correlation coefficients (lower to higher) between fish
consumption (at least weekly versus less than weekly) and GM volume. The specific region
highlighted at the crosshairs is the right anterior hippocampus, which is critical for normal
memory function and affected early in neurodegenerative processes such as AD.38-41

There were two large, significant regions related to fish consumption: the first was the right
frontal lobe including the right orbital frontal cortex with extension into the right anterior
cingulate gyrus (Cluster 1). The second cluster included the right and left posterior cingulate
gyrus and bilateral (right greater than left) hippocampus (Cluster 2). The analysis extracted
eigenvariates for each of these clusters from SPM and then regressed these values on age,
education, race, gender, hypertension, diabetes, WMLSs, fish consumption, and plasma levels
of omega-3s. The results of these analyses are shown in Table 2. The critical finding was
that although these brain areas were affected by the amount of dietary fish intake, there was
no significant association with plasma levels of omega-3 fatty acids. All statistically
significant clusters are described in Table 3.

Unstandardized regression coefficients were then utilized to estimate the effect of fish
consumption on regional volumes at the mean of each of the covariates. Consumption of fish
at least once per week resulted in a 4.3% increase in the volume of Cluster 1 (orbital frontal
and anterior cingulate regions), and a 14% increase in the size of Cluster 2 (mesial temporal
lobe).

Discussion

There are two main findings to this study. First, consuming baked or broiled fish at least
weekly is related to larger GM volumes (4.3% and 14%, respectively) in areas of the brain
responsible for memory and cognition in cognitively normal elderly individuals. Second,
although the volumes in these brain regions were significantly related to fish consumption,
they were not significantly associated with plasma omega-3 fatty acids. These findings
suggest additional evidence that it is lifestyle factors—in this case, dietary intake of fish—
and not necessarily the presumed biological factors that can affect the structural integrity of
the brain.

These data and others#2-44 are of particular relevance to clinicians who care for individuals
in the 40-60-year age range and for the development of rational preventative interventions.
The medical consequences of the so-called “Western” lifestyle, including hypertension and
diabetes, are increasingly recognized as independent risk factors for cognitive impairment
and dementia; interventions to modify this lifestyle have been proposed as disease-
modifying approaches.? 4° Previous work has shown how obesity (i.e., BMI >30) is related
to deficits in brain structure in both cognitively normal older individuals® and persons with
MCI or AD.# In fact, the hippocampus, a brain region critically important for normal
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memory function?8 that is affected early in AD,* is exquisitely sensitive to the deleterious
effects of obesity.#8 By contrast, physical activity can increase brain volumes and reduce
AD risk.5 Thus, based on this range of data, a key implication is if these lifestyle factors can
be modified during the middle-age years of life in the 40s and 50s (or prevented altogether),
this will reduce burden on brain structure and function, increase brain and cognitive
reserve,*? %0 and decrease incidence of clinical dementia.

This study showed that the effects of fish consumption on brain structure were independent
of any effects of omega-3 fatty acids. This is consistent with previous studies that showed
that omega-3 fatty acid supplementation has little effect on the prevention of dementia®! and
does not improve cognition in AD patients.>2 However, it may also be the case that other
components contained in fish such as selenium, or in the diet of individuals who consume
fish, can improve brain structure and decrease the risk for AD.33 One recent systematic
review identified 11 observational studies of which nine demonstrated a relationship
between a Mediterranean diet and improved cognition and lower risk of developing AD.5* It
may also be the case that eating baked or broiled fish with some regularity is a marker of a
healthier lifestyle, of which consuming fish is only one part. The fact that the CHS
participants who consumed fish were more educated than those who were not may also
indicate that this study could be measuring a general lifestyle effect, and not necessarily a
diet-specific effect. Indeed, the Three City Study reported that fish consumption was not
only associated with education, but also with higher income.5°

This is not to suggest that omega-3 fatty acids are not relevant to brain health; in fact, a
systematic review identified 13 animal studies that demonstrate a positive influence on brain
structure and reduced AD pathology.>® That same review also identified 14 studies
demonstrating the benefits of long-chain omega-3 fatty acids in slowing cognitive decline.
Previous work also found a dissociation between blood omega-3 levels and brain DHA
levels.>” Additionally, a postmortem study found that DHA levels decline significantly in
the aging orbitofrontal cortex.>8 By contrast, a diet high in saturated fats (which may also
indicate a less healthy overall lifestyle) may increase AD risk.>° Also, the level of omega-3
fatty acids is inversely related to BMI.50

There are several mechanisms through which consumption of fish could benefit brain
structure independent of other associated lifestyle factors. DHA and EPA can affect synaptic
function and cognitive abilities by enhancing plasma membrane fluidity at the synapse.18
This has the effect of optimizing membrane permeability to cations and can potentiate the
action of neurotrophic factors such as brain-derived neurotrophic factor (BDNF).61 BDNF in
turn can promote neuronal growth and metabolism in such regions as the hippocampus.®2 By
contrast, animals fed diets deficient in omega-3 fatty acids have increased AD pathology
caused by dysregulation of insulin-mediated amyloid clearance pathways.83 Fish
consumption may also reduce dementia risk by reducing the burden of vascular risk factors,
as manifested by infarcts and small vessel ischemic disease in the brain, as well as by
reducing cellular inflammation.%4

The main strengths of this study are its well-characterized population with extensive data on
demographic, clinical, and lifestyle factors including dietary choices such as type and
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preparation of fish. This information, combined with quantitative analysis of volumetric
MRI allows these findings to lend insight into how lifestyle choices may influence brain
structure. The cross-sectional nature of this work, however, cannot establish causal
relationships. Additionally, this study did not control for medications that may be associated
with brain atrophy. These results should therefore stimulate a more extensive analysis of the
genetic, epigenetic, behavioral, environmental, and dietary factors in the pathogenesis of
cognitive decline. Future studies should examine, to the greatest extent possible, differences
in diet among individuals as they change from a state of normal cognition to mild
impairment and subsequently dementia.

Lifestyle factors affect a variety of body systems, and can have long-term effects on the
health of the citizenry. The long-term impact of these factors on the brain, and on vascular
systems that affect brain health, critically affects brain reserve capacity.% 66 By reducing
these risk factors, the long-term improvement in brain health will likely result in a delay in
the clinical expression of any age-related neurodegenerative condition. The challenge is to
implement prevention strategies decades prior to the peak time of dementia incidence when
there are few, if any, signs of brain structural or functional abnormalities.
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Figure 1. Main effect of weekly to daily baked or broiled fish consumption on gray matter
This figure shows the main effect of daily to weekly fish consumption on brain structure in

260 cognitively normal individuals in the Cardiovascular Health Study. People who eat fish
at least one to four times a week have larger gray matter volumes, as shown in the shaded
regions, compared to those who do not eat fish on at least a weekly basis. Hotter colors
denote a stronger main effect, seen here in the frontal lobes.
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Figure 2. Main effect of weekly to daily consumption of baked or broiled fish on the
hippocampus
This figure shows the main effect of daily to weekly fish consumption on brain structure in

cardinal sections projected onto the standard single subject Montreal Neurological Institute
template brain. People who eat fish at least one to four times a week have larger gray matter
volumes, as shown in the green, yellow, and red regions, compared to those who do not eat
fish on at least a weekly basis. This includes the right hippocampus, as labeled and specified
in the crosshairs.
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Subject demographics

Table 1

Page 14

Variable of interest Daily/weekly fish consumption Infrequent fish consumption t-test/chi-square  p-value
(n=163 (n=97
Age 78.3 (3.54) 78.4 (3.31) 0.37 0.71
Gender (percent (n) male) 44 (71) 34 (33) 231 0.15
Education (percent (n) >grade 12) 71 (116) 58 (56) 49 0.03
Race (percent (n) white) 95 (155) 96 (93) 0.90 1.0
APOE4 allele® 76 (116) 75 (70) 0.04 0.88
Hypertension® 53 (87) 60 (58) 122 0.30
WMG 342 65 (105) 59 (57) 0.83 0.43
MR infarcts® 75 (122) 72 (70) 0.23 0.37
3MSE 96.7 (3.67) 95.5 (5.41) -2.21 0.03

a
Percent (n) present.

3MSE, Modified Mini-Mental State examination; APOE4, apolipoprotein E4; MRI, magnetic resonance imaging; WMG, white matter grade
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Standardized regression coefficients from analyses of brain region of interest volumes related to fish

consumption

Table 2

Orbital frontal cortex®

Posterior cingulate/hippocampusb

Gender (female) -0.26*
Age -0.10
Education (<high school) -0.13*
White matter grade (+3) -0.24*
Blocks walked per week 0.002
BMI -0.03
Hypertension (present) -0.10
Fish consumption (weekly) 0.29*
Plasma omega-3 -0.08

-0.04
-0.09
-0.11
-0.16*
0.02
-0.02
-0.13*
0.21*
0.05

Note: Boldface indicates statistical significance.
Cluster 1, F (7, 248)=14.8, p<0.001.

bCluster 2, F (7, 248)=5.41, p<0.001.
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Table 3

Statistically significant clusters from the main effect of regular fish consumption on gray matter volume

Cluster locations/size Montreal Neurological Institute coordinates/cluster size  t-score
Orbital frontal cortex =27, 46, —14/164015 5.42
Hippocampus/posterior cingulate gyrus 7,-34, 16/3559 45
Superior temporal cortex -41,-14, -13/17611 4.4
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