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Abstract

Increased physical activity and higher adherence to a Mediterranean-type diet (MeDi) have been
independently associated with reduced risk of Alzheimer’s disease (AD). Their association has not
been investigated with the use of biomarkers. This study examines whether, among cognitively
normal (NL) individuals, those who are less physically active and show lower MeDi adherence
have brain biomarker abnormalities consistent with AD.

Methods—Forty-five NL individuals (age 54 + 11, 71% women) with complete leisure time
physical activity (LTA), dietary information, and cross-sectional 3D T1-weigthed MRI, 11C-
Pittsburgh Compound B (PiB) and 18F-fluorodeoxyglucose (FDG) Positron Emission
Tomography (PET) scans were examined. Voxel-wise multivariate partial least square (PLS)
regression was used to examine the effects of LTA, MeDi and their interaction on brain
biomarkers. Age, gender, ethnicity, education, caloric intake, BMI, family history of AD,
Apolipoprotein E (APOE) genotype, presence of hypertension and insulin resistance were
examined as confounds. Subjects were dichotomized into more and less physically active (LTA+
vs. LTA-; n =21 vs. 24), and into higher vs. lower MeDi adherence groups (n = 18 vs. 27) using
published scoring methods. Spatial patterns of brain biomarkers that represented the optimal
association between the images and the groups were generated for all modalities using voxel-wise
multivariate Partial Least Squares (PLS) regression.

Results—Groups were comparable for clinical and neuropsychological measures. Independent
effects of LTA and MeDi factors were observed in AD-vulnerable brain regions for all modalities
(p < 0.001). Increased AD-burden (in particular higher Agload and lower glucose metabolism)
were observed in LTA- compared to LTA+ subjects, and in MeDi- as compared to MeDi+
subjects. A gradient effect was observed for all modalities so that LTA—/MeDi- subjects had the
highest and LTA+/MeDi+ subjects had the lowest AD-burden (p < 0.001), although the LTA x
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MeDi interaction was significant only for FDG measures (p < 0.03). Adjusting for covariates did
not attenuate these relationships.

Conclusion—Lower physical activity and MeDi adherence were associated with increased brain
AD-burden among NL individuals, indicating that lifestyle factors may modulate AD risk. Studies
with larger samples and longitudinal evaluations are needed to determine the predictive power of
the observed associations
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1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia and a major public health
problem. Given the current lack of disease-modifying treatments, and the increasing
awareness that symptoms develop over many years, there has been growing interest in
identifying effective strategies for prevention or delay of onset [1]. While a small percentage
of early-onset AD cases are caused by genetic mutations, the most common late-onset AD is
a multi-factorial disease most likely caused by the complex interplay of genetic risk factors
and environmental factors [2]. There is growing evidence to suggest that diet and physical
activity, two major targetable lifestyle factors, may play a role in modulating risk of AD.
However, the biological mechanisms underlying the relationship between lifestyle, brain
aging and AD are largely unexplored.

Pathologically, AD is characterized by the gradual accumulation of amyloid-beta (Af)
plaques, neurofibrillary tangles and neuronal loss in selectively vulnerable brain regions,
which takes place over decades [3]. These changes can be visualized in vivo by means of
brain imaging [3]. Imaging-based AD biomarkers offer a unique opportunity to understand
how lifestyle can promote healthy brain aging prior to symptoms onset.

Epidemiological and clinical studies have provided evidence that higher adherence to a
Mediterranean diet (MeDi)-type pattern is associated with reduced risk of AD [4]-[8].
Magnetic Resonance Imaging (MRI) studies have shown that lower adherence to the MeDi
is associated with reduced cortical thickness (i.e., increased atrophy) of key brain regions for
AD [9], and increased cerebrovascular disease burden in the elderly [10] [11].

Physical activity has also been associated with increased physical and mental health
throughout life [12] [13]. A similar perspective has emerged in AD research, as
epidemiological studies have shown a relationship between physical activity and reduced
risk of AD [14], which has been corroborated by biomarker evidence for larger brain
volumes and lower Agburden in physically active compared to sedentary subjects [15]-[18].

Clinical studies that examined the combination of diet and physical activity showed that
these lifestyle factors were independently associated with reduced risk for AD, although
their combination did not result in further risk reductions relative to each factor alone [14].
To our knowledge, there are no previous studies that examined the combination of diet and
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physical activity on in vivo biomarkers of disease, particularly using a multi-modality
approach, or with consideration of the recently re-conceptualized preclinical stages of AD
[2]. The present brain imaging study examines Afload on 11C-Pittsburgh Compound-B
(PiB) Positron Emission Tomography (PET), glucose metabolism (CMRglc, a proxy of
neuronal activity) on 18F-fluorodeoxyglucose (FDG) PET, and gray matter volumes on MRI
(i.e., a proxy of neuronal loss) to test the effects of physical activity, MeDi and their
combination among cognitively normal adults.

2. Methods

2.1. Participants

Among a larger pool of clinically and cognitively normal (NL) individuals participating in
longitudinal brain imaging studies at New York University (NYU) Langone School of
Medicine, this study was based on a sub-set of 62 NL participants who participated in a
lifestyle survey between 2013-2014. Subjects were derived from multiple community
sources, including individuals interested in research participation, family members and
caregivers of impaired patients. All subjects provided written informed consent to
participate in this IRB approved study. Individuals with medical conditions or history of
conditions that may affect brain structure or function, i.e. stroke, diabetes, head trauma, any
neurodegenerative diseases, depression, hydrocephalus, intracranial mass, and infarcts on
MRI, and those taking psychoactive medications were excluded. Subjects were 25 - 71 year
old, with education = 12 y, Clinical Dementia Rating (CDR) = 0, Global Deterioration Scale
(GDS) < 2, Mini Mental State Examination (MMSE) = 28, Hamilton depression scale < 16,
Modified Hachinski Ischemia Scale < 4 and normal cognitive test performance for age and
education [19]. Study analyses focused on 45 participants who fulfilled our inclusion criteria
and completed all clinical, MRI, PiB-and FDG-PET exams, physical activity and dietary
questionnaires within 6 months of each other. While all subjects were normoglycemic young
adults, insulin sensitivity was calculated using the Homeostasis Model Assessment (HOMA)
[20]. Presence of hypertension was determined based on current antihypertensive treatment
or blood pressure assessments (systolic blood pressure = 140 mmHg or diastolic blood
pressure = 90 mmHg) [21]. A family history of LOAD that included at least one 15t degree
relative whose AD onset was after age 60 was elicited using standardized questionnaires
[22]. Apolipoprotein E (APOE) genotypes were determined using standard g°PCR
procedures [23].

2.2. Physical Activity

Physical activity was estimated by means of the Minnesota leisure time activity (LTA)
questionnaire [24]. The questionnaire consists of a list of 62 leisure-time physical activities
separated into three sections, including walking and miscellaneous (e.g., walking for
pleasure, using stairs when an elevator is available, etc.), conditioning exercise (e.g.,
running, health club activities, etc.), and other exercise (e.g., playing golf, shoveling snow,
etc.). Participants were asked if they participated in any of the given activities. For each
activity, information was collected on the frequency (how often per month and how many
months per year) and duration of engagement (time spent per session). Frequency and
duration information were multiplied with an activity-specific intensity code indicating
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calorie expenditure [24]. The activity-dependent scores were summed to obtain the overall
intensity of physical activity per person during the last 12 months and converted to
metabolic equivalents (MET), which are independent of body weight [24]. A cut-off of 7.5
MET hours/week (i.e., the energy cost of engaging in 30 min of moderate activity 5 days per
week) was used to divide subjects into more (LTA+) and less physically active (LTA-)
groups, according to American Heart Association guidelines [25] [26].

2.3. Dietary Assessments

Dietary data regarding average food consumption over the prior year were obtained using
the 153-item version of Harvard/Willett’s semi-quantitative food frequency questionnaire
(SFFQ) [27]. The SFFQ has been used and validated for the determination of nutrient intake
in the elderly as well as in young adults, yielding high reliability [27]. Food items were
categorized into 30 food groups based on similarities in food and nutrient composition, and
intake (g/day) of each food group was calculated by summing the intakes of member food
items. The MeDi is characterized by high intake of plant foods; moderate consumption of
dairy products, fish, poultry; olive or vegetable oil as the primary dressing; low to moderate
intake of wine; low intake of red meat; very low intake of processed foods [7]. Published
methods were followed for the construction of MeDi scores [4]-[6] [9]. Briefly, we first
regressed caloric intake (in kilocalories) and calculated the derived residuals of daily gram
intake for each of the following 7 categories: dairy, meat, fruits, vegetables, legumes,
cereals, and fish. Individuals were assigned a value of 1 for each beneficial component
(fruits, vegetables, legumes, cereals, and fish) whose consumption was at or above the sex-
specific median; a value of 1 for each detrimental component (meat and dairy products)
whose consumption was below the median; a value of 1 for a ratio of monounsaturated fats
to saturated fats above the median; and a value of 1 for mild to moderate alcohol
consumption (1 - 2 drinks per day) [4]-[6] [9]. The MeDi score was the sum of the scores in
the food categories, with a greater score indicating greater similarity to the MeDi pattern.
Participants were dichotomized into higher and lower MeDi adherence groups [9].

2.4. Brain Imaging

All subjects received MRI, PiB- and FDG-PET scans following standardized protocols [28]
[29]. The diagnostic MRI study was performed using contiguous 3 mm axial T2-weighted
images. These scans were used to rule out MRI evidence of hydrocephalus, intracranial
mass, strokes and subcortical gray matter lacunes. The research MRI scan was a volumetric
124 slice T1-weighted Fast-Gradient-Echo acquired in a sagittal orientation as 1.2 mm thick
sections. For PET, subjects were positioned in the scanner 60 min after injection of 15 mCi
of 11C-PiB, and scanned for 30 min in 3D-mode on an LS Discovery or BioGraph PET/CT
scanner. The FDG scan was performed 30 min after completion of the PiB scan or on a
separate day. After an overnight fast, subjects were injected with 5 mCi of 18F-FDG,
positioned in the scanner 35 min after injection, and scanned for 20 min. All images were
corrected for photon attenuation, scatter, and radioactive decay and smoothed for uniform
resolution [30]. Image analysis was done blind to clinical data. For each subject, summed
PET images corresponding to 40 - 60 min of FDG data and 60 - 90 min of PiB data were
coregistered to MRI using the Normalized Mutual Information (NMI) routine of Statistical
Parametric Mapping (SPMB8) [31]. Parametric standardized uptake value ratio (SUVR)
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images were generated by normalizing PiB uptake by cerebellar grey matter uptake and
FDG by whole brain activity. MRIs were segmented into grey (GM), white matter (WM)
and cerebrospinal fluid (CSF) and normalized to Montreal Neurological Institute (MNI)
space by high-dimensional warping (DARTEL) using voxel-based morphometry, VBM8
[31] [32]. MRI-coregistered PET scans were spatially normalized using subject-specific
transformation matrixes obtained from MRI, and smoothed with a 10 mm FWHM filter.
MRIs were processed using VBMS. A custom template was created using MRI from all
subjects by normalizing and segmenting the MRIs using the unified segmentation model
with the MNI template and tissue probability maps (TPMs), and averaging the normalized
subject TPMs [31]. Individual scans were then processed using the custom TPMs. Jacobian
modulation was applied to restore absolute GM volumes (GMV) in the GM images, which
were smoothed with an 8-mm FWHM kernel and normalized to total intracranial volumes.

2.5. Statistical Analysis

SPSS v.21 (SPPS Inc., 2013) and PLS Tool v1.0 implemented using MATLAB v7.2.0
(StatSoft Inc.) were used for analysis. The General Linear Model (GLM) and y?2 tests were
used to compare clinical and demographical measures across LTA and MeDi groups (p <
0.05). Multivariate Partial Least Squares (PLS) regression analysis as implemented in PLS
v1.0 was used for image analysis to compare LTA (LTA+ vs. LTA-), MeDi (MeDi+ vs.
MeDi-) and LTA x MeDi combinations [33]-[35]. PLS regression is a multivariate
extension of the multiple linear regression model that is used to construct predictive models
when the number of variables (e.g., voxels) are far larger than the number of observations
(e.g. subjects), and multi-collinear, as previously described [33]-[35]. Briefly, while
univariate analysis is used to identify reliable signal changes at the level of individual image
elements (i.e., voxels), multivariate analysis focuses on the examination of distributed
patterns by taking advantage of the spatial and/or temporal dependencies (i.e., covariance)
among image elements, thus enabling inferences about differences across space and/or time.
The PLS procedure generates a latent variable (LV) brain map that includes all brain regions
that are most correlated with the predicting variable (e.g., condition, or group), thus yielding
spatial patterns of brain biomarkers that represent the optimal association between the
images and the grouping factors [33]. The strength of the relationship is measured by the
correlation between conditions and LV scores in the data. The final LV is a numeric score or
value that corresponds to the expression of a voxel-pattern or, if only discrete variables are
used, a mathematical combination of those discrete variables, for each subject [33].

For each modality (PiB, FDG, MRI), PLS analysis was performed to identify spatial patterns
of brain biomarkers that represent the optimal association between brain images and
grouping factors (LTA, MeDi, LTA x MeDi). LV scores were extracted from each
significant pattern. Age, gender, education, ethnicity, BMI, APOE status, family history,
presence of hypertension and HOMA scores were examined as covariates. The General
linear model with post-hoc t-tests was used to compare LV scores across LTA x MeDi
groups in post-hoc testing of interaction effects. All results were considered significant at p
< 0.05. Multivariate analysis controls for the multiple chances to find group differences, and
it does so without assuming independence of the dependent variables, yielding corrected p
values. A gray segment mask derived from the MNI template was applied to the PiB and
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FDG scans during PLS analysis to focus the analysis on gray matter voxels. Split-half
resampling was used to obtain unbiased measures of brain-LV reproducibility and prediction
of the PLS model for independent data [35], whereby for each of the 2-group LTA and
MeDi, and 4-group LTA x MeDi evaluations, five additional PLS results were generated
using five different randomized combinations of 50% of the subjects from each group.
These combinations included completely distinct sub-populations [35]. The resulting
patterns were then compared for commonality across the six combinations of subjects,
before and after resampling, to increase stability of results and provide indication of
generalizability [35]. Anatomical location of brain regions showing significant effects was
described using Talairach and Tournoux coordinates, after conversion from MNI space.

3.1. Clinical Measures

Subjects’ characteristics are found in Table 1. None of the participants were diabetics,
regular smokers, or met criteria for obesity as defined by a Body-Mass index (BMI) > 30
kg/m2. Thirty subjects (67%) were taking no medications. The remaining 15 subjects
reported taking either or a combination of the following medications: high blood pressure
medications (beta-, angiotensin receptor-, calcium channel-blockers, ACE inhibitors) and/or
statins (16%), anti-depressants/SSRI (4%; note: all subjects washed off anti-depressants for
at least 2 weeks before FDG-PET), prostate medications (4%), hormone replacement
therapy (9%).

Of the 45 participants, 21 (47%) were more physically active (LTA+) and 24 (53%) were
less physically active (LTA-). Eighteen (40%) showed higher adherence to the MeDi (MeDi
+) and 27 (60%) showed lower adherence (MeDi-). The combination of physical activity
and diet resulted in 4 sub-groups: physically active with higher MeDi adherence (LTA+/
MeDi+; n = 7, 16%), physically active with lower MeDi adherence (LTA+/MeDi-; n = 14,
30%), less physically active with higher MeDi adherence (LTA-/MeDi+; n = 12, 27%) and
less physically active with lower MeDi adherence (LTA-/MeDi—; n =12, 27%).

Groups were comparable for clinical, demographical and neuropsychological measures
(Table 1). There was a non-significant trend towards a higher frequency of women vs. men
in LTA- vs. LTA+ (83% vs. 57%, p = 0.09), and in MeDi+ vs. MeDi- groups (83% vs.
63%, n = 0.14, n.s.). The MeDi- group included slightly more individuals with hypertension
than the MeDi+ group (33% vs. 12%, p = 0.11).

3.2. PiB-PET

Physical activity (Figure 1 (A))—Significant differences in PiB retention were observed
between LTA- and LTA+ groups (p < 0.001). The spatial pattern that provided the best
separation between LTA groups included the precuneus, posterior cingulate, parietal,
frontal, temporal and occipital cortex of both hemispheres (R? = 0.33, p < 0.001). This
pattern was characterized by greater PiB retention, reflecting increased Agload, in LTA- as
compared to LTA+ subjects. Age and HOMA scores were the only covariates that showed
significant associations with the identified pattern (R2 = 0.09, p < 0.05). Including these
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variables in the model as covariates did not attenuate the strength of the association (R? =
0.39, p <0.001).

Diet (Figure 1 (B))—Significant differences in PiB retention were observed between
MeDi- and MeDi+ groups (p < 0.001). The spatial pattern that provided the best separation
between MeDi groups included frontal and temporal cortex, insula, and putamen of both
hemispheres (R? = 0.39, p < 0.001). This pattern was characterized by greater PiB retention
in MeDi- as compared to MeDi+ subjects. Age was borderline associated with the identified
pattern (R2 = 0.06, p < 0.09). Correcting for age left results unchanged (R% = 0.39, p <
0.001).

Physical activity x Diet (Figure 1 (C))—There were significant associations between
increasing lifestyle risk and PiB retention (p < 0.001). The spatial pattern that provided the
best separation between LTA x MeDi sub-groups included the precuneus, posterior
cingulate, frontal and parieto-temporal cortex of both hemispheres, and left occipital gyrus,
and was characterized by increasingly higher PiB retention as: LTA-/MeDi- > LTA-/MeDi
+ > LTA+/MeDi- > LTA+/MeDi+ (R2 = 0.40, p < 0.001). On post-hoc analysis, the LTA-/
MeDi- group had higher PiB LV scores than LTA+/MeDi+ (p < 0.001) and LTA+/MeDi-
groups (p = 0.005); and the LTA-/MeDi+ group had higher PiB LV scores than the LTA+/
MeDi+ group (p = 0.01) and marginally higher LV scores than the LTA+/MeDi- group (p =
0.07).Among covariates, age and HOMA scores showed trends towards associations with
the identified pattern (R < 0.08, p < 0.10). Including these variables as covariates did not
attenuate the strength of the association (R2 = 0.47, p < 0.001). Despite the significant
correlations, the interaction of LTA x MeDi factors did not reach statistical significance,
with and without correcting for covariates.

Resampling—Split-half resampling confirmed results obtained with the entire data set,
with consistently higher PiB retention in AD-vulnerable regions for the higher-risk vs.
lower-risk groups (p < 0.001). The greatest consistency across split half combinations was
found for the LTA- vs. LTA+, and LTA-/MeDi- vs. LTA+/MeDi+ comparisons.
Anatomical location and coordinates of significant clusters are found in Table 2.

3.3. FDG-PET

Physical activity—Significant CMRglc differences were observed between LTA- and
LTA+ groups (p < 0.001). The spatial pattern that provided the best separation between LTA
groups included lateral and medial temporal cortex (parahippocampal gyrus and uncus),
fusiform gyrus and inferior frontal cortex of both hemispheres (R? = 0.37, p < 0.001, Figure
2(A)). This pattern was characterized by reduced CMRglc in LTA- as compared to LTA+
subjects (Figure 2(A)). Age and HOMA scores showed borderline associations with the
identified pattern (R? < 0.11, p < 0.09). Including these variables as covariates in the model
did not attenuate the strength of the association (covariates: age, R2 = 0.38, p < 0.001;
HOMA scores, R2 = 0.40, p < 0.001).

Diet—Significant CMRglc differences were observed between MeDi- and MeDi+ groups
(p < 0.001). The spatial pattern that provided the best separation between MeDi groups
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included broadly the same regions as with the LTA groups, but was primarily restricted to
the lefthemisphere (R2 = 0.24, p < 0.001, Figure 2(B)). This pattern was characterized by
reduced CMRglc in MeDi- as compared to MeDi+ subjects. Age was the only covariate
associated with the identified pattern (R2 = 0.18, p = 0.003). Correcting for age left results
unchanged (R? = 0.23, p < 0.001, Figure 2(B)).

Physical activity x Diet—There were significant associations between increasing risk
and reduced CMRglc (p < 0.001), as well as significant interaction effects of LTA x MeDi
on CMRglc (p = 0.03). The spatial pattern that provided the best separation between LTA x
MeDi subgroups included the same brain regions as above (e.g., lateral and medial temporal
cortex, inferior frontal cortex, bilaterally) and was characterized by increasingly lower
CMRglc, as: LTA-/MeDi- < LTA-/MeDi+ < LTA+/MeDi- < LTA+/MeDi+ (R? = 0.40, p
< 0.001, Figure 2 (C)). Interaction effects were driven by the LTA+/MeDi+ group showing
higher FDG LV scores than all other groups (p < 0.05); and the LTA+/MeDi- group
showing higher FDG LV scores than LTA-/MeDi- and LTA-/MeDi+ groups (p < 0.04).
Results remained significant correcting for age (p < 0.05, Figure 2 (C)). None of the other
covariates showed significant associations with the identified pattern.

Resampling—Split-half resampling confirmed results obtained with the entire data set,
with consistently lower CMRglc, especially in medial temporal cortex, for the higher-risk
vs. lower-risk groups (p < 0.001 for main effects, p < 0.05 for interaction effects). The
greatest consistency across split half combinations was observed for the LTA- vs. LTA+,
and LTA-/MeDi- vs. LTA+/MeDi+ comparisons (p < 0.001).Anatomical location and
coordinates of significant clusters are found in Table 3.

Physical activity—Significant differences in GMV were observed between LTA- and
LTA+ groups (p < 0.001). The spatial pattern that provided the best group separation
included the superior and orbital frontal cortex, and cerebellum (R? = 0.397, p < 0.001,
Figure 3(A)). This pattern was characterized by reduced GMV, reflecting increased atrophy,
in frontal cortex, and relative GMV increases in cerebellum, of LTA- as compared to LTA+
subjects. None of the covariates showed significant associations with the identified pattern.

Diet—Significant differences in GMV were observed between MeDi— and MeDi+ groups
(p < 0.001). The spatial pattern that provided the best separation between MeDi groups
included posterior cingulate cortex and precuneus, frontal and temporal cortex, and
cerebellum (R? = 0.49, p < 0.001, Figure 3(B)). This pattern was characterized by reduced
cortical GMV, and relative cerebellar GMV increases, in MeDi- as compared to MeDi+
subjects. Gender was associated with the identified pattern (R? = 0.11, p = 0.02), and age
showed borderline effects (R2 = 0.05, p = 0.11). Including these variables as covariates in
the model did not attenuate the strength of the association (covariates: age, R? = 0.48, p <
0.001; gender, RZ = 0.40, p < 0.001).

Physical activity x Diet—There were significant associations between increasing risk
and reduced GMV (p < 0.001). The spatial pattern that provided the best separation between
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LTA x MeDi subgroups included the superior, medial frontal and to a lesser extent,
posterior cingulate cortex, and was characterized by increasingly lower GMV, as: LTA-/
MeDi- < LTA-/MeDi+ < LTA+/MeDi- < LTA+/MeDi+ (R = 0.42, p < 0.001, Figure 3
(C)). On post-hoc analysis, the LTA-/MeDi- group had lower GMV LV scores than LTA+/
MeDi+ and LTA+/MeDi- groups (p < 0.07). None of the covariates showed significant
associations with the identified pattern. Despite the significant correlations, the interaction
of LTA x MeDi factors did not reach statistical significance, with and without correcting for
covariates.

Resampling—Split-half resampling confirmed the relative GMV decreases in cerebellum
found in MeDi and LTA x MeDi comparisons for the higher-risk vs. lower-risk groups (p <
0.01), and lack of interaction effects overall. However, split half comparisons showed
greater variability and lower concordance of other regional effects across combinations than
with PiB and FDG data. It was noted that the clusters found to be significant in the group
comparisons as a whole were less in extent than those observed with PiB or FDG.
Anatomical location and coordinates of significant clusters are found in Table 4.

3.5. Clinical Measures and LV Scores

PiB LV scores from the LTA pattern were positively associated with HOMA scores and
plasma triglycerides (r = 0.31 and 0.32, respectively, p < 0.05) and negatively, though
weakly associated with HDL/LDL ratios (r = —=0.26, p = 0.09). CMRglc LV scores from the
LTA pattern were negatively associated with HOMA scores (r = —0.33), plasma triglycerides
(r =-0.36) and HDL/LDL ratios (r = -0.36, p < 0.04). CMRglcLV scores from the LTA x
MeDi pattern were also negatively associated with HDL/LDL ratios (r = -0.33, p < 0.03).
GMV LV scores were not associated with any clinical measures. There were no associations
between LV scores and neuropsychological measures for any biomarkers.

4. Discussion

Diet

This multi-modality brain imaging study provides evidence for favorable effects of LTA and
MeDi on AD-biomarkers among NL adults. Less physically active subjects, and those
showing lower MeDi adherence had increased AD-burden (i.e., higher Af load, reduced
CMRglc and GMV) as compared to their lower-risk counterparts. Moreover, NL subjects
who were less physically active and showed lower MeDi adherence had the highest levels of
AD-burden.

A large body of evidence shows a favorable relation of a MeDi-type diet with slower
cognitive decline, lower risk of AD, and reduced mortality in AD patients [4]-[6]. These
effects were independent of physical activity [14] and were not mediated by vascular
comorbidity [36]. Present findings confirm an association between higher MeDi adherence
and larger GMV in key brain regions for AD, including medial temporal cortex [9], and
further extend these observations to PiB and FDG-PET, by showing lower Agload and
higher CMRglc in MeDi- compared to MeDi- subjects.
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Physical activity

Several biomarker studies reported associations between higher levels of aerobic exercise, as
estimated with the Walk Run Jog questionnaire, brain volumes [15] [17], lower PiB binding
and higher CSF A42 levels [16] [18]. On the other hand, two studies that examined LTA
failed to report significant effects on AD-biomarkers [37] [38], although higher LTA scores
were associated with higher cognitive scores [37] and fewer white matter lesions in NL
elderly [38]. Both studies reported associations between higher lifelong intellectual activity,
rather than physical activity, and a better AD biomarker profile, including lower PiB
retention, higher FDG uptake and MRI-based hippocampal volumes [37] [38]. Lack of LTA
effects may be due to methodological considerations. These negative studies used regions of
interest instead of voxel based analysis (VBA), as performed in the present study, which has
been shown to be more sensitive to detect early biomarker abnormalities [39]. Moreover,
previous papers focused on an older population than in our study (mean age 79 [37] and 75 y
[38], respectively, vs. 54 y). Present results show that young to late-middle aged NL adults
who met the exercise guidelines set by the American Heart Association had significantly
lower PiB retention, higher CMRglc and GMV in AD-regions, as well as a more favorable
HDL/LDL ratios, lower insulin resistance and plasma triglycerides, as compared to more
sedentary individuals. Future studies are needed to examine the combined effects of diet,
physical activity and intellectual activity on AD biomarkers in NL adults.

Diet and Physical activity

To our knowledge, there are no previous reports of the combined effects of physical activity
and diet on AD biomarkers in NL adults. Clinical studies that examined this combination
showed that physical activity and diet were independently associated with reduced risk for
AD, while their combination did not result in further risk reductions relative to each factor
alone [14]. In the present study, the combination of these lifestyle factors resulted in
increasing levels of AD-burden, in that LTA+/MeDi+ subjects had the lowest levels, LTA-/
MeDi+ and LTA+/MeDi- had intermediate levels, and LTA-/MeDi- subjects had the
highest levels of AD-burden, with all three modalities. The interaction reached statistical
significance for FDG, but not for PiB or MRI measures, although trends were noted. These
data suggest that the primary effect of MeDi and LTA may be one of increased bio-
energetics, although this remains to be confirmed. While brain imaging measures of AD
pathology and associated neuronal injury are increasingly used for clinical purposes, other
techniques are needed to specifically assess the molecular mechanisms behind the observed
increases in PiB signal or reductions in FDG uptake, which are measured at the tissue, rather
than at the cellular level [40]. At the molecular level, other studies have shown that aerobic
activity might be neuroprotective through the regulation of brain-derived neurotrophic factor
(BDNF) secretion [41], which is necessary for long-term potentiation and memory
formation, and for the growth and survival of new neurons [42] [43]. Brain bioenergetics
and age-associated energy crisis are increasingly thought to play an important role in late-
onset AD [44]. Therefore, other markers of cellular respiration and metabolism, such as
measurements of membrane stability, energy metabolism and activity of antioxidant
enzymes from peripheral blood cells (i.e., erythrocytes) [45] [46] may shed additional light
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on the complex mechanisms involved in lifestyle-based modulation of AD pathology during
the normal stages of cognition.

Overall, present multi-modality brain imaging findings indicate that increased LTA and
higher MeDi adherence may modulate AD risk through its effects on Af levels and
associated neuronal injury in NL adults. These data further support novel treatment
strategies aimed at delaying cognitive decline and modifying AD progression through
simultaneous implementation of pharmacological and non-pharmacological interventions
[47] [48]. Candidate non-pharmacological treatments include, but are not limited to,
increased sensory input through physical and mental activities, which is directed at
improving cerebral blood flow, and nutritional interventions such as diet modification,
vitamin supplementation and nutraceuticals [48].

Given the relatively small sample, other studies with larger samples are needed to replicate
these preliminary findings. Second, the PLS procedures do not enable direct comparison of
the strength of the associations across biomarkers, and as such, we cannot conclude that
lifestyle affects one modality more than another. It is possible that one lifestyle factor may
have greater risk-lowering effects than the other, which could not be established in this
study. Third, a causal or temporal relationship between lifestyle factors and AD biomarkers
remains to be established. The purpose of this cross-sectional study was to provide
preliminary evidence of physical activity and MeDi effects on multiple AD biomarkers in
NL adults. Future longitudinal studies with larger samples are warranted to assess the causal
relationship between lifestyle and AD-biomarkers, and whether this relationship varies with
age and disease, thereby providing much needed data for randomized, clinical trials of
lifestyle interventions. Moreover, this cross-sectional study does not provide evidence for
differential clinical outcomes as a function of the participants’ diet and exercise status. The
goal of this paper was to detect differential risk of AD as a function of lifestyle factors, as
obtained from the use of biomarkers, in cognitively normal individuals who, by our
inclusion criteria, did not present with cognitive deficits. Present findings set the stage for
larger, longitudinal studies that will assess lifestyle-related changes in biomarkers, as well as
in clinical or cognitive outcomes.

Approximately 35% of our NL participants were APOE &4 carriers. As such, we did not
have enough subjects to reliably test for interactions between lifestyle factors and APOE
status. As previous studies have shown stronger effects of lifestyle factors on AD-
biomarkers in APOE &4 non-carriers [9] [16] [18], it is possible that the combination of
MeDi and physical activity may also be stronger for the non-carriers.

Most, if not all participants reported stability of their dietary patterns and LTA over the past
2 - 5 years. Examination of our records showed that approximately 90% of the surveyed
participants have been living the life-style reported in the surveys for 5 years or more, with a
very conscientious focus on their diet and physical activity choices. Approximately 8% of
those surveyed reported their nutritional intake to be a lifestyle span of about 2 - 5 years.
Only 1 participant in the MeDi- group reported their nutritional behavior starting within the
last 1 - 2 years. Overall, our MeDi+ cohort included people for whom the MeDi was their
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normal dietary pattern, and most of the MeDi+ participants reported following the MeDi
since childhood. Previous longitudinal studies of the MeDi with repeated dietary
assessments over up to 13 years, demonstrated that adherence to the MeDi is remarkably
stable over time, especially in healthy individuals [4] [8]. However, while we consider it
more likely that the lifestyle patterns reported reflects our population’s longstanding habits,
because of the synchronous timing of dietary and brain imaging assessments and the cross-
sectional nature of our study, we cannot exclude that these may be more recent lifestyle
choices. Future studies are needed to test whether AD biomarkers change mostly after long-
term exposure to healthy lifestyle patterns, or whether short-term exposure is sufficient.

Finally, we caution that the NL population selected in our study represents a group with a
high a priori risk of preclinical AD-changes, and results were made with small numbers of
carefully screened subjects under controlled clinical conditions. Replication of these
preliminary research findings in community-based populations with more diversified socio-
economic status is warranted and clinical application is not justified.

5. Conclusion

NL adults who engage in moderate physical activity and follow a MeDi- style diet had the
lowest levels of brain AD-burden. In contrast, sedentary individuals with lower MeDi
adherence had the highest levels of AD-burden, years in advance of possible clinical
symptoms. Evidence for an association between lifestyle and AD risk during the normal
stages of cognition provides support for further exploration of lifestyle modifications for the
prevention of AD.
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Figure 1.
Spatial patterns of brain Af load as a function of physical activity and diet on PiB-PET. Top

row: Partial Least Square regression maps (PLS maps; spatial biomarker patterns) that
represent the optimal association between PiB-PET images and (A) leisure time physical
activity (LTA), (B) Mediterranean Diet (MeDi), and (C) the combination of LTA and MeDi.
P values are shown on a color-coded scale to the right. Middle row: LV scores extracted
from each significant pattern show increased PiB retention, reflecting higher Afload, in NL
showing lower vs. higher engagement in leisure time physical activity (LTA- > LTA+); in
NL showing lower vs. higher adherence to the MeDi (MeDi- > MeDi+) and as a function of
LTA x MeDi (LTA-/MeDi- > LTA-/MeDi+ > LTA+/MeDi- > LTA+/MeDi+). R? values
are reported for each figure (all p’s < 0.001). Bottom row: LV scores are adjusted by age.
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Figure 2.
Spatial patterns of CMRglc as a function of physical activity and diet on FDG-PET. Top

row: Partial Least Square regression maps (PLS maps; spatial biomarker patterns) that
represent the optimal association between FDG-PET images and (A) leisure time physical
activity (LTA), (B) Mediterranean Diet (MeDi), and (C) the combination of LTA and MeDi.
P values are shown on a color-coded scale to the right. Middle row: LV scores extracted
from each significant pattern show reduced FDG uptake, reflecting reduced CMRglc, in NL
showing lower vs. higher engagement in leisure time physical activity (LTA- < LTA+); in
NL showing lower vs. higher adherence to the MeDi (MeDi- < MeDi+) and as a function of
LTA x MeDi (LTA-/MeDi- < LTA-/MeDi+ < LTA+/MeDi- < LTA+/MeDi+). R? values
are reported for each figure (all p’s < 0.001). Bottom row: LV scores are adjusted by age.
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Figure 3.
Spatial patterns of gray matter volumes as a function of physical activity and diet on MRI.

Top row: Partial Least Square regression maps (PLS maps; spatial biomarker patterns) that
represent the optimal association between GMV-MRI images and (A) leisure time physical
activity (LTA), (B) Mediterranean Diet (MeDi), and (C) the combination of LTA and MeDi.
P values are shown on a color-coded scale to the right. Middle row: LV scores extracted
from each significant pattern show reduced GMV, reflecting increased atrophy, in NL
showing lower vs. higher engagement in leisure time physical activity (LTA—- < LTA+); in
NL showing lower vs. higher adherence to the MeDi (MeDi- < MeDi+) and as a function of
LTA x MeDi (LTA-/MeDi- < LTA-/MeDi+ < LTA+/MeDi- < LTA+/MeDi+). R? values
are reported for each figure (all p’s < 0.001). Bottomrow: LV scores are adjusted by age.
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Table 1
Demographic and clinical characteristics.
LTA MeDi

LTA+ LTA- MeDi+ MeDi-
N 21 24 18 27
Age, y, mean (SD) 54 (11) 54 (11) 54 (11) 54 (11)
Female gender, % 57% 83% 83% 63%
Education, y, mean (SD) 16 (2) 16 (2) 16 (2) 16 (2)
Family history of LOAD, % positive 62% 79% 2% 70%
APOE ¢4 status*, % positive 33% 50% 53% 36%
Ethnicity, % White/Non-Hispanic 71% 92% 78% 85%
Hypertension, % yes 26% 23% 12% 33%
Anthropometrics and Labs, mean (SD)
Body mass index [unitless] 26 (4) 25 (4) 24 (4) 26 (5)
Hip to waist ratio [unitless] 1.4(0.1) 15(0.4) 1.0 (0.3) 1.2(0.2)
Blood pressure (mm/Hg) 119 (15) 120 (15) 122 (12) 119 (16)
Systolic 68 (12) 74 (7) 75 (8) 70 (15)
Diastolic
HOMA score (mg/dl) 1.1 (0.6) 1.8 (2.5) 1.8(2.1) 1.3(2.1)
Cholesterol (mg/dI) 207 (43) 195 (36) 207 (44) 197 (35)
Triglycerides (mg/dl) 86 (40) 95 (37) 98 (44) 85 (33)
HDL/LDL [unitless] 0.59(0.22) 0.51(0.17) 0.54(0.16) 0.56 (0.22)
Homocysteine (micromol/l) 10.6 (2.3) 10.0 (2.8) 10.8 (3.1) 9.8(2.1)
Neuropsychological Tests, mean (SD)
Mini mental state exam 29 (1) 29 (1) 29 (1) 29 (1)
Digit symbol substitution 65 (11) 61 (9) 63 (10) 62 (11)
Paired associates delayed recall 7(3) 7(3) 7(2) 6 (3)
Paragraph delayed recall 10 (3) 10 (2) 10 (3) 10 (3)
Designs 8(2) 8(2) 8(2) 8(2)
Object naming 55 (12) 53 (13) 55 (12) 53 (13)
WAIS-vocabulary 66 (9) 62 (15) 66 (10) 62 (18)

Page 19

Abbreviations: MeDi = adherence to a Mediterranean-type diet (higher vs. lower, MeDi+ vs. MeDi-); LTA = engagement in leisure time activity

(higher vs. lower, LTA+ vs. LTA-).
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Table 2

Brain regions included in PLS-derived lifestyle patterns using PiB-PET.

Cluster Extent

Coordinates (X, y, z)*

Anatomical Area, Brodmann Area (BA)

Physical Activity Pattern (LTA- vs. LTA+)

2778

363
553
765
700
433
258

MeDi Pattern (MeDi- vs. MeDi+)

2014

633
214
308

-41,-73,-4
-46, -69, 4
37,-78,-11
43,33,15
57,-16, 11
14,-57,12
-46, —61, 45
-25, -69, 38

-29,-3,-3
-41,-5,1
4,51,-4
46,-65,7
28,-3,-3

Left Cerebrum, Inferior Occipital Gyrus, BA 19

Left Cerebrum, Middle Occipital Gyrus, BA 37

Right Cerebrum, Occipital Lobe, Fusiform Gyrus, BA 19

Right cerebrum, Frontal lobe, Middle Frontal Gyrus, BA 46

Right cerebrum, Temporal lobe, Transverse Temporal Gyrus, BA 42
Right cerebrum, Limbic lobe, Posterior Cingulate, BA 30

Left cerebrum, Parietal lobe, Inferior Parietal Lobule, BA 40

Left cerebrum, Parietal lobe, Precuneus, BA 7

Left Cerebrum, Sub-Lobar, Putamen

Left Cerebrum, Insula

Right Cerebrum, Frontal lobe, Medial Frontal Gyrus, BA 10
Right Cerebrum, Temporal Lobe, Middle Temporal Gyrus, BA 37
Right Cerebrum, Sub-Lobar, Putamen

Physical Activity x MeDi Pattern (LTA-/MeDi- vs. LTA-/MeDi+ vs. LTA+/MeDi- vs. LTA+/MeDi+)

3265

213
226
298
232

-40,-73,6
-46, —65,7
-39, -57, 17
36, 63, 27
13, -58, 24
13,-61, 17

Left Cerebrum, Occipital Lobe, Middle Occipital Gyrus, BA 19
Left Cerebrum, Temporal Lobe, Middle Temporal Gyrus, BA 37
Left Cerebrum, Temporal Lobe, Middle Temporal Gyrus, BA 22
Right Cerebrum, Temporal Lobe, Middle Temporal Gyrus, BA 39
Right Cerebrum, Parietal Lobe, Precuneus, BA 31

Right Cerebrum, Limbic Lobe, Posterior Cingulate Gyrus, BA 31
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Table 3

Brain regions included in PLS-derived lifestyle patterns using FDG-PET.

Cluster Extent

Coordinates (X, y, z)*

Anatomical Area, Brodmann Area (BA)

Physical Activity Pattern (LTA- vs. LTA+)

2307

210
197

21,-5,-33
32,-24,-26
36, -49, -16
41,12,-29
44,8, -28
-29, -24,-24
44,18,2

MeDi Pattern (MeDi- vs. MeDi+)

908
226
228
263

-25,-36, -12
-16, -9, -20
20,-71,-10
55,-28, -1

Right Cerebrum, Limbic Lobe, Uncus, BA 36

Right Cerebrum, Limbic Lobe, Parahippocampal Gyrus, BA 36
Right Cerebrum, Temporal Lobe, Fusiform Gyrus, BA 37

Right Cerebrum, Temporal Lobe, Superior Temporal Gyrus, BA 38
Right Cerebrum, Temporal Lobe, Middle Temporal Gyrus, BA 21
Left Cerebrum, Limbic Lobe, Parahippocampal Gyrus, BA 36
Right Cerebrum, Inferior Frontal Gyrus, BA 47

Left Cerebrum, Limbic Lobe, Parahippocampal Gyrus, BA 36
Left Cerebrum, Limbic Lobe, Parahippocampal Gyrus, BA 34
Right Cerebrum, Occipital Lobe, Lingual Gyrus, BA 18

Right Cerebrum, Temporal Lobe, Middle Temporal Gyrus, BA 21

Physical Activity x MeDi Pattern (LTA-/MeDi- vs. LTA-/MeDi+ vs. LTA+/MeDi- vs. LTA+/MeDi+)

1174
948

931

34,-47,-16
-25,-38,-14
-29,-38,-18
25,-3,-37
32,12, -36

Right Cerebrum, Temporal Lobe, Fusiform Gyrus

Left Cerebrum, Temporal Lobe, Parahippocampal Gyrus

Left Cerebrum, Temporal Lobe, Fusiform Gyrus, BA 20

Right Cerebrum, Limbic Lobe, Uncus, BA 20

Right Cerebrum, Temporal Lobe, Superior Temporal Gyrus, BA 38

See legend to Table 2.
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Table 4

Brain regions included in PLS-derived lifestyle patterns using MRI.

Cluster Extent Coordinates (X, y, z)* Anatomical Area, Brodmann Area (BA)

Physical Activity Pattern (LTA- vs. LTA+)

350 10, 68, 14 Right Cerebrum, Frontal Lobe, Superior Frontal Gyrus, BA 10
305 -28, —66, -36 Left Cerebellum, Posterior Lobe, Inferior Semilunar Lobule
MeDi Pattern (MeDi- vs. MeDi+)

578 46, -2, -46 Right Cerebrum, Temporal Lobe, Inferior Temporal Gyrus, BA 20
261 62, 8,18 Right Cerebrum, Frontal Lobe, Inferior Frontal Gyrus, BA 44
1199 2,-52,-32 Right Cerebellum, Posterior Lobe, Cerebellar Tonsil

207 -8, -54, -4 Left Cerebellum, Anterior Lobe, Culmen

Physical Activity x MeDi Pattern (LTA-/MeDi- vs. LTA-/MeDi+ vs. LTA+/MeDi- vs. LTA+/MeDi+)

788 -56, -10, 16 Left Cerebrum, Frontal Lobe, Precentral Gyrus, BA 13

443 -8, 64, -6 Left Cerebrum, Frontal Lobe, Superior Frontal Gyrus, BA 10

264 -6, 45, 10 Left Cerebrum, Frontal Lobe, Medial Frontal Gyrus, BA 10

1397 28, —68, —38 Right Cerebellum, Posterior Lobe, Inferior Semilunar Lobule

See legend to Table 2.
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