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Abstract

Physical activity influences inflammation, and both affect brain structure and Alzheimer’s disease
(AD) risk. We hypothesized that older adults with greater reported physical activity intensity and
lower serum levels of the inflammatory marker tumor necrosis factor a (TNFa) would have larger
regional brain volumes on subsequent magnetic resonance imaging (MRI) scans. In 43 cognitively
intact older adults (79.3 + 4.8 years) and 39 patients with AD (81.9 + 5.1 years at the time of MRI)
participating in the Cardiovascular Health Study, we examined year-1 reported physical activity
intensity, year-5 blood serum TNFa measures, and year-9 volumetric brain MRI scans. We
examined how prior physical activity intensity and TNFa related to subsequent total and regional
brain volumes. Physical activity intensity was measured using the modified Minnesota Leisure
Time Physical Activities questionnaire at year 1 of the study, when all subjects included here were
cognitively intact. Stability of measures was established for exercise intensity over 9 years and
TNFa over 3 years in a subset of subjects who had these measurements at multiple time points.
When considered together, more intense physical activity intensity and lower serum TNFa were
both associated with greater total brain volume on follow-up MRI scans. TNFa, but not physical
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activity, was associated with regional volumes of the inferior parietal lobule, a region previously
associated with inflammation in AD patients. Physical activity and TNFa may independently
influence brain structure in older adults.

Keywords

tumor necrosis factor (TNFa); exercise; MRI; supramarginal gyrus; inferior parietal lobule;
Alzheimer’s disease

INTRODUCTION

Alzheimer’s disease (AD), the most common form of dementia, is characterized by the
presence of amyloid plaques (composed of amyloid beta; Ap) and neurofibrillary tangles
(composed of hyperphosphorylated tau protein). However, ~37-44% of older adults who are
cognitively normal also show significant AD pathology at autopsy (Bennett et al., 2006) or
on amyloid imaging (Mielke et al., 2012). This suggests that other factors, such as baseline
differences in brain health when pathology develops, may influence whether disease
symptoms are manifest (Stern, 2012). Higher levels of physical activity have been
associated with a lower risk of developing AD (Luck et al., 2013). The main mechanisms for
this reduced risk are unclear. Physical activity may be associated with lower brain amyloid
levels in humans (Liang et al., 2010; Head et al., 2012; Brown et al., 2013), contributing to
this effect. In transgenic mouse models of AD, exercise has been associated with lower
amyloid deposition and better Ap clearance as well as reductions in tau phosphorylation. In
addition to possible effects on AD pathology, physical activity also promotes human brain
regeneration, including in the hippocampus (Pajonk et al., 2010; Erickson et al., 2011),
cingulate gyrus and prefrontal cortex (Colcombe et al., 2006; Floel et al., 2010) — regions
that are vulnerable in AD. This association between physical activity and larger regional
brain volumes in older humans (Colcombe et al., 2006; Erickson et al., 2010; Erickson et al.,
2011; Benedict et al., 2013; Boyle et al., 2013) may help protect active older adults from
developing AD symptoms.

The effects of physical activity on brain volume may stem from other factors that arise from
exercise and are likewise associated with brain integrity. For instance, exercise promotes
better sleep (Dzierzewski et al., 2014) and cardiorespiratory fitness (such as the maximum
volume of oxygen consumption), both of which are associated with a lower risk of dementia
(Defina et al., 2013; Benedict et al., 2014; Di Meco et al., 2014) and with larger regional
brain volumes including in frontal and parietal cortices (Altena et al., 2010; Hayes et al.,
2013). Exercise also reduces obesity, inflammation, and modulates levels of the stress
hormone cortisol (Tsukui et al., 2000; Mastorakos et al., 2005; Cotman et al., 2007;
Rasmussen et al., 2011), all of which are implicated in AD (Gustafson et al., 2003; Kivipelto
et al., 2005; Razay and Vreugdenhil, 2005; Whitmer et al., 2005; Doorduin et al., 2009;
Fitzpatrick et al., 2009; Lee et al., 2010; Xu et al., 2011; Hinterberger et al., 2013; Krstic and
Knuesel, 2013) and associated with smaller regional brain volumes (Marsland et al., 2008;
Ho et al., 2010a; Ho et al., 2011; Rajagopalan et al., 2012; Kesler et al., 2013) (Fig. 1).
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Physical activity reduces pro-inflammatory conditions in the brain (Cotman et al., 2007),
which link to poorer cognition in rodents, and less hippocampal gray matter in humans
(Marsland et al., 2008). Inflammation contributes to AD (Lee et al., 2010) symptoms, and
several confirmed AD risk genes (Harold et al., 2009; Lambert et al., 2009; Hollingworth et
al., 2011; Morgan, 2011; Naj et al., 2011) relate to inflammatory processes. Interleukin 6
(IL-6) is a measure of systemic inflammation, typically acting as a pro-inflammatory
cytokine (Rasmussen et al., 2011). Higher serum IL-6 levels relate to greater hippocampal
inflammation and poorer cognition in rodents, and less hippocampal gray matter in humans
(Marsland et al., 2008). Paradoxically though, IL-6 may also reduce inflammation, making a
high measure of IL-6 difficult to interpret. In response to exercise, active muscles and the
brain release IL-6, and its mMRNA expression is up-regulated in the hippocampus
(Rasmussen et al., 2011). It then down-regulates tumor necrosis factor a (TNFa), another
pro-inflammatory cytokine, reducing peripheral and hippocampal inflammation in rodents
(Schindler et al., 1990; Funk et al., 2011). TNFa is both pro-inflammatory and decreased
with exercise (Schindler et al., 1990; Funk et al., 2011), so high values can be consistently
interpreted as detrimental. Higher peripheral IL-6 levels are associated with lower
hippocampal gray matter in healthy middle-aged adults (Marsland et al., 2008), but in breast
cancer survivors, higher IL-6 levels are associated with larger left hippocampal volumes
(Kesler et al., 2013). In contrast, higher serum TNFa was associated with smaller
hippocampal volumes in breast cancer survivors (Kesler et al., 2013).

Here, we investigate whether lower systemic inflammation contributes to the effect of
physical activity on brain volume in older adults who have AD or are cognitively intact. The
level of physical activity intensity was assessed for each subject based on self-reported
recent activities upon admission into the Cardiovascular Health Study (CHS; see
Experimental procedures). We included these physical activity intensity measures and serum
TNFa levels in a model that predicts brain volume, while controlling for other factors
known to be associated with regional brain volumes, including body mass index (BMI; a
measure of obesity) (Raji et al., 2010; Ho et al., 2010a; Ho et al., 2010b). We examine brain
volume in two ways: whole-brain volume as a percentage of intracranial volume (listed as
“total brain volume” for the remainder of this paper) and voxelwise volume assessed using
tensor-based morphometry (TBM), a method for mapping profiles of atrophy in 3D
throughout the brain. We hypothesized that greater physical activity intensity would be
associated with greater brain volume on a follow-up magnetic resonance imaging (MRI)
scan. We further hypothesized that variability in systemic inflammation, as measured by
serum TNFa, would explain part of this effect.

EXPERIMENTAL PROCEDURES

Participants

Subjects were selected from the Cardiovascular Health Study (Fried et al., 1991; Lopez et
al., 2003Db), a population-based longitudinal study of coronary heart disease and stroke in
adults aged 65 and older. Subjects were recruited from a Medicare database, and all were
ambulatory and living outside an institution. Those included here had neurological and
neuropsychological exams in 1998-99 (year 9 of the study). Of those with T1-weighted
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volu-metric brain MRI scans at that time, we identified 517 without a history of infarct but
with measures of baseline exercise intensity available. Of these, 85 had available serum
TNFa levels at year 5. Three of the 85 had scans that were unusable due to severe artifact.
The remaining 82 subjects examined in this study were all cognitively intact at baseline.
These cognitively intact subjects included 43 older adults who remained cognitively intact
for the duration of the study (controls) (79.3 £ 4.8 SD years of age; 22 F/21 M), and 39 who
developed AD in the course of the study before the time of MRI scanning (81.9 £ 5.1 SD
years of age; 24 F/15 M) (Table 1). Included in this study were 72 subjects who identified
their race as primarily White, and 10 who identified their race as primarily African-
American/Black.

CHS participants undergo a neuropsychiatric exam battery to test premorbid intelligence,
memory, language, visuo-perceptual/visuo-constructional, psychomotor speed, executive
function, and fine motor skills. Annual Modified Mini-Mental State Examinations (3MSE)
(Teng and Chui, 1987), Digit Symbol Substitution Tests (Wechsler, 1981), and Benton
Visual Retention Tests (Benton, 1967) are also performed (Lopez et al., 2006). Technicians
at each site were trained to perform neuropsychological testing under the supervision of a
neuropsychologist (Lopez et al., 2003b). The 3MSE was used as it measures a greater
variety of cognitive function and is more sensitive across cognitive abilities (Teng and Chui,
1987), than the commonly used Mini-Mental State Exam (MMSE) (Folstein et al., 1975).
Local neurologists examined all participants, assessing motor and sensory functions, and
mental status as described previously. Data were sent to a single neurologist who performed
diagnoses based on neuropsychological testing, neurological exams, medical records,
physician questionnaires and informant interviews (Lopez et al., 2003a).

APOE genotype

Apolipoprotein E allele €4 (APOE4) is a known genetic risk factor for late onset AD (Corder
et al., 1993), while allele € 2 reduces AD risk (Corder et al., 1994). We controlled for APOE
genotype in all analyses. In our sample, there were no 2/2 genotypes; eight people had a 2/3
genotype (coded as ‘2’ in analyses); two people were 2/4 (coded as ‘3’); 38 people were 3/3
(coded as “4’); 21 were 3/4 (coded as ‘5’); and two were 4/4 (coded as ‘6’). APOE genotype
was not available for 11 subjects. We imputed the missing genotypes to the most common
genotype (3/3) and performed the analyses with and without the imputed data to ensure that
the imputed values did not unduly influence our results.

Collection and analysis of plasma samples

As described previously (Vallejo et al., 2011), morning blood samples were collected after
fasting. Plasma was processed the same day of collection and plasma aliquots were stored at
—80 °C until use. As needed, plasma sam ples were thawed on ice and used immediately (no
more than two freeze/thaw cycles). We used a human Cytokine 17-plex panel kit (BioRad)
to perform TNFa assays according to the manufacturer’s specifications, and the Luminex
100 system (Luminex Corp) to obtain concentrations (Vallejo et al., 2011).
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MRI scan acquisition

Each subject underwent 1.5-Tesla MRI scanning at one of the four coordinated scanning
sites, as detailed elsewhere (Bryan et al., 1994). The scanning protocol included a sagittal
T1-weighted spoiled gradient-recalled whole-brain volumetric scan with 1.5-mm
thickness/0-mm interslice gap.

Physical activity intensity

We examined baseline subject-reported physical activity intensity assessed ~9 years before
MRI scanning, when all subjects were still cognitively intact. Physical activity intensity was
assessed as described previously (Siscovick et al., 1997) using the modified Minnesota
Leisure Time Physical Activities questionnaire (Taylor et al., 1978; Geffken et al., 2001).
This details frequency and duration of 15 physical activities over the previous 2 weeks.
These activities included swimming, hiking, aerobics, tennis, jogging, racquetball, walking,
gardening, mowing, raking, golfing, bicycling, dancing, calisthenics, and riding an exercise
cycle (Geffken et al., 2001). Subjects also provided information about their typical walking
pace outside the home. The intensity of these activities was established and validated
previously (Taylor et al., 1978). Based on the highest intensity activity reported over the
previous 2 weeks, physical activity intensity was rated as none, low, moderate, or high
(Siscovick et al., 1997). We compared baseline physical activity intensity measures with
year-9 numbers to assess stability of the measure.

Brain measurement

We initially removed non-brain matter from the images automatically using the Skull
Stripping Meta-Algorithm (SSMA) software (Leung, 2011). One person manually refined
the masks to exclude non-brain matter while retaining cerebrospinal fluid (CSF) within and
around the brain. We used FSL FAST software to adjust for spatial intensity variations (bias
field inhomogeneities), and segmented the skull-stripped images into brain matter versus
CSF.

Minimal deformation template (MDT)

Using a template brain derived from scans in the same study reduces bias that may be
introduced when transforming scans into a template space. We created a study-specific
MDT from 20 AD and 20 control subjects in the current study, matched by AD diagnosis for
age and sex. To do this, we first used FSL FLIRT software (Jenkinson et al., 2002) to
linearly align (with 9 degrees of freedom) our skull-stripped, bias field-corrected scans to
one brain in our sample that had already been moved into standard template space
(ICBM53; International Consortium for Brain Mapping standard average brain template)
(Mazziotta et al., 2001), and resampled to an 220 x 220 x 200 voxel space for 1-mm3
voxels. This linear alignment brought all scans into a common space in which the MDT
could be created. To create the MDT, we took a voxelwise average of the linearly aligned
scans that served as an affine template. We then iteratively nonlinearly normalized
individual brain images to the affine template (Yanovsky et al., 2008; Yanovsky et al.,
2009). The resulting displacement fields are 3-D vector arrays describing the displacement
of each voxel in the source brain to the equivalent voxel in the target brain. The MDT was
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then computed using the geometric centroid of the displacement fields (Kochunov et al.,
2002; Kochunov et al., 2005). In other words, the MDT is a template brain created by
minimizing the distance between the target brain and all the brains in the study.

Voxelwise analysis

We used a validated TBM tool developed in our laboratory and reported previously in detail
(Gutman et al., 2013; Hua et al., 2013) to perform a voxelwise analysis of regional brain
volumes that we then related to exercise intensity levels and serum measures of TNFa. TBM
evaluates differences in brain structure based on the gradients of deformation fields (i.e., the
description of the extent to which each voxel must be deformed) to warp one brain to
another. In this case, each brain was warped to the MDT, and the resulting Jacobian maps
(i.e., measures of regional brain volumes) were included in statistical analyses to evaluate
regional structural brain differences among subjects.

Statistical analysis

We used total brain volume (i.e., whole-brain volume as a percentage of intracranial
volume) as our dependent variable in multiple regression analyses. We investigated the
relationship between total brain volume at year 9, serum TNFa at year 5, and baseline
intensity of physical activity. In all comparisons we controlled for eight covariates: age, sex,
years of education completed, diagnosis (AD versus control), APOE genotype, clinic where
the MRI was acquired, BMI near the time of scanning, and Center for Epidemiological
Studies — Depression Scale (CESD) rating (possible scores 0-60) near the time of scanning.
BMI was calculated as (weight in pounds x 703)/(height in inches)2. Our serum TNFa
measures were somewhat skewed. To ensure that this skew did not affect our results, we
performed the same analysis using the log,q of the TNFa values in place of the raw values.
BMI values were not available for four subjects (three AD patients; one control) and APOE
genotype (see APOE genotype section) was not available for 11 subjects. One subject
lacked both measures. We used imputed data — a mean BMI value or a 3/3 APOE genotype
— for 14 subjects for whom these values were absent. To ensure that these substitutions were
not responsible for our significant findings, we also performed our primary analysis without
these 14 subjects.

To further evaluate our significant results, we performed two additional analyses. First, we
included in the same multiple regression model both explanatory variables (physical activity
intensity, TNFa) that significantly contributed to total brain volume. This new analysis also
included the same eight covariates as in our initial analyses and was designed to determine
whether the effects of our explanatory variables were independent of one another. Next, to
better identify brain regions in which regional volumes were most strongly related to our
variables of interest, we included each significant variable separately and both together in a
regression using the voxelwise TBM data, again controlling for the same eight covariates as
in the initial analyses. To evaluate how BMI contributed to these results, we also performed
this analysis without controlling for BMI.
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All subjects included here were cognitively intact when the study began. As evaluated using
a two-tailed Student’s t test, those who developed AD by the time of year-9 MRI scanning
were significantly older than controls (p = 0.02). As expected, AD patients had significantly
lower year-10 3MSE scores (p = 0.03). AD patients also had lower physical activity
intensity reported at baseline (p = 0.03). AD patients and controls did not differ significantly
in educational level, year-10 BMI or depression score, or year-5 TNFa score (Table 1).

Of our 82 subjects, 65 had TNFa measures at years 2 and 5 of the study. To assess the
stability of this measure over time, we compared the TNFa values at years 2 and 5. In all
subjects (r = 0.70; p = 1.22 x 10710) and in controls alone (r = 0.93; p = 1.53 x 10716),
TNFa was highly correlated between years 2 and 5 in the subset of subjects examined.
When only those who were AD patients at year 9 were considered, there was still a strong
trend for correlation between TNFa values measured at years 2 and 5 (r = 0.36; p = 0.053).

Serum TNFa at year 5 of the study was not significantly correlated with year-5 serum IL-6
in the 81 subjects who had both measures. However, the IL-6 numbers were highly skewed.
Logsp serum measures of TNFa and IL-6 were significantly correlated in all subjects (r =
0.23; p=0.04).

We also evaluated how stable the physical activity intensity measure was over time. In the
43 control subjects who had physical activity intensity values at both time points, the
physical activity intensity relationship between the start of the study and year 9 was
significantly correlated (r = 0.63; p = 0.00001). In the 37 subjects who had AD at year 9 and
had physical activity intensity values at both time points, the physical activity intensity
relationship between the start of the study and year 9 was also significantly correlated (r =
0.49; p=0.002). However, as this is a self-reported measure that relies on recent memory, it
is unclear how accurate it is at year 9 in those who were demented at that point.

When considered alone, baseline physical activity intensity was significantly correlated with
total brain volume (overall p = 1.17 x 1078; physical activity partial p = 0.03). Diagnosis
(partial p = 0.001) and age (partial p = 0.000001) also contributed significantly to the
relationship. TNFa was also significantly associated with total brain volume when
considered alone (overall p = 5.19 x 109 TNFaq, partial p = 0.01), and diagnosis (partial p =
0.0002) and age (partial p = 0.000004) contributed significantly to that relationship as well.

When exercise intensity and TNFa were both included in the same model, both continued to
be significantly associated with total brain volume (overall p = 5.14 x 10~%; TNFa, partial p
= 0.014; physical activity partial p = 0.018). Diagnosis (partial p = 0.0006), APOE genotype
(partial p = 0.0497), and age (partial p = 0.000008) also contributed significantly to the
relationship, with a diagnosis of AD, older age, and possession of APOE4 all associated with
smaller total brain volumes. The relationship of baseline physical activity intensity, TNFa,
and total brain volume was still significant when TNFa logyg values were used (overall p =
9.76 x 1079; TNFa partial p = 0.031; physical activity partial p = 0.015), suggesting that the
statistical residuals were not skewed, and that the skewness of the TNFa data did not drive
our results. We therefore used raw TNFa numbers for the remainder of the analyses. The
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relationship between total brain volume, TNFa, and physical activity was also significant
when the 14 subjects with imputed APOE genotypes or BMI values were not included in the
analyses (overall p = 1.50 x 107%; TNFa partial p = 0.04; physical activity partial p = 0.03).

We performed an additional test to determine whether baseline or year-9 physical activity
intensity correlated better with total brain volume. Year-9 physical activity intensity (overall
p = 1.69 x 1077; physical activity partial p = 0.13) was not significantly correlated with total
brain volume at year 9 in the 80 subjects for whom year-9 values were available.

Physical activity intensity and TNFa were not significantly associated with each other
(overall model p = 0.02; physical activity partial p = 0.55). Using TBM, TNFa, but not
physical activity, was significantly associated with regional brain volume in the left inferior
parietal lobule (supramarginal gyrus) (FDR critical p value = 3. 0 x 107°) (Fig. 2). When we
performed the same voxelwise analysis without controlling for BMI, results were identical
in scope and location (FDR critical p value = 3.0 x 107°).

DISCUSSION

Lower physical activity intensity at baseline was significantly associated with developing
AD at year 9, consistent with many prior studies reporting a strong relationship between
physical activity and risk of later cognitive impairment; see Erickson et al. (2012) for a
review. Lower physical activity intensity was also associated with lower total brain volume
9 years later in older adults, after controlling for other factors that influence brain atrophy,
such as age, sex, AD diagnosis, and BMI. These results are consistent with prior studies in
which physical activity was associated with greater regional brain volume in older adults
(Erickson et al., 2010; Boyle et al., 2013). Some studies found that aerobic exercise training
may actually increase regional brain volume in older adults (Colcombe et al., 2006; Erickson
etal., 2011).

All of our subjects were cognitively intact at the beginning of the study, but 48% had AD by
year 9 when the MRI scanning took place. We evaluated the relationship between brain
volume and reported physical activity intensity at baseline, so the accuracy of reported
physical activity was not affected by dementia status. However, physical activity intensity
values at baseline and year 9 were highly correlated across all subjects suggesting that it is a
stable measure. When evaluated as an additional test after our primary analysis, year-9
physical activity values were not significantly associated with total brain volume. It is
possible that imperfect reporting of physical activity by AD patients contributed to this
weakened effect. It is also possible that long-term effects of physical activity are more
important to total brain volume than immediate effects. This is consistent with prior reports
that physical activity throughout life was associated with lower risk of AD, but the strongest
correlation was with earlier life activity (Middleton et al., 2010).

Increased physical activity in interventional studies may result in a variety of effects
including, but not limited to, improved resting cerebrovascular reactivity to hypercapnia
(Murrell et al., 2013), reduced arterial pressure (Vicente-Campos et al., 2012), lower total
cholesterol and triglycerides (Vicente-Campos et al., 2012), lower BMI and blood pressure
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(Stewart et al., 2013), better glycemic control (Roberts et al., 2013), reduced chronic low-
grade inflammation (Nimmo et al., 2013), increased growth factor levels (Cotman and
Berchtold, 2002), better sleep (Dzierzewski et al., 2014), and greater brain neurogenesis
(Cotman and Berchtold, 2002). Many of these effects relate to health factors that may
modulate AD risk (Launer et al., 2000; Del Bo et al., 2009; Solomon et al., 2009; Lee et al.,
2010; Matsuzaki et al., 2011; Piriz et al., 2011; Vargas et al., 2011; Crane et al., 2013;
Tolppanen et al., 2013; Di Meco et al., 2014). Additionally, physical activity (Benedict et
al., 2013), obesity (Debette et al., 2010; Raji et al., 2010; Cole et al., 2013), and blood
glucose (Mortby et al., 2013) have all been associated with brain volume in cognitively
intact adults.

Some effects of physical activity are immediate and short lived. For instance, in some cases,
exercise-related changes to insulin sensitivity took place after only 38-48 h (Burstein et al.,
1985). Other effects, such as anti-inflammatory effects may be evident after months, but
disappear within a few weeks after the end of the exercise intervention (Thompson et al.,
2010). We controlled for BMI, decreasing the probability that our physical activity effects
are related to weight control, although differences in fat-to-muscle ratios that result from
exercise could still play a role; recently correlations have been noted between brain atrophy
and markers of adiposity and body fat (Rajagopalan et al., 2013).

Ongoing physical activity may have longer lasting effects. For instance, physical activity
may be related to brain amyloid levels. In some animal models of AD, exercise is associated
with less brain amyloid deposition and better clearance of amyloid beta, the primary
component of amyloid plaques, from the brain (Stranahan et al., 2012). Thus far, no exercise
intervention study has evaluated the relationship between physical activity and brain
amyloid in humans. However, one research group found associations in their full subject
sample between physical activity and brain amyloid in vivo (Liang et al., 2010; Head et al.,
2012). Two studies have found that a sedentary lifestyle was significantly associated with
greater brain amyloid in APOE4 carriers, but not in non-carriers. Another study did not
detect a relationship between physical activity and brain amyloid (Landau et al., 2012). In
the two studies in which no relationship between physical activity and brain amyloid was
found in the full subject sample, physical activity was assessed using questionnaires that
measured only recent physical activity (Landau et al., 2012; Brown et al., 2013) whereas the
research group that found significant main effects of physical activity on brain amyloid used
questionnaires that assessed physical activity over the previous 10 years (Liang et al., 2010;
Head et al., 2012). Possibly, only physical activity performed for longer periods of time — or
earlier in life — significantly affects brain amyloid. However, there are other methodological
differences in studies including statistical tests used, evaluation of physical activity as a
continuous or categorical variable, mean subject age, and differences in covariates (Liang et
al., 2010; Head et al., 2012; Landau et al., 2012; Brown et al., 2013). As our physical
activity measures were stable over time, it is hard to assess whether the relationship we
found between physical activity and brain volume related to short- or long-term effects of
physical activity or both.

We found in all subjects that blood serum measures of TNFa were correlated with total
brain volume five years later. Our results are consistent with previous findings associating
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higher serum TNFa levels with smaller hippocampal volumes in breast cancer survivors
(Kesler et al., 2013). Inflammation has previously been implicated in AD, and some anti-
inflammatory treatments have been proposed for AD (Ross et al., 2012; Krstic and Knuesel,
2013; Meraz-Rios et al., 2013). When both baseline physical activity intensity and year-5
TNFa were included in the same model, both were still significantly associated with year-9
total brain volume. Furthermore, physical activity and serum TNFa were not significantly
correlated with each other. This suggests that, contrary to our hypothesis, the two effects
were independent and that the TNFa effect did not help explain the physical activity effect.
The effect of physical activity on the total brain volume must stem from other effects of
physical activity that are known to modulate brain health.

When we created a single model that evaluated the relationship of physical activity intensity
and serum TNFa to voxelwise brain volume, higher TNFa, but not physical activity
intensity, was associated with lower regional brain volume in the left inferior parietal lobule.
The inferior parietal lobule has been shown previously to have greater levels of
inflammation in AD patients versus controls, as measured using positron emission
tomography and a putative biomarker for inflammation (Kreisl et al., 2013).

We benefit from having a long-term longitudinal study with measures of brain volume,
inflammation, and exercise intensity available for each of our subjects. However, a
limitation of this study is that it used self-reported measures of physical activity, whose
accuracy may be affected by memory ability and by social desirability bias. Self-reported
measures also do not consider unintentional activities such as fidgeting or pacing (Erickson
et al., 2012). Future studies that evaluate physical activity more objectively in the short and
long term may provide important information about the effects of physical activity on the
brain.

CONCLUSIONS

We found that measures of physical activity intensity and inflammation were associated
with brain volume assessed years later, particularly in the inferior parietal lobule. These
results suggest that physical activity and inflammation both contribute independently to
brain health status in older adults. The ability to assess how the individual, modifiable
effects of exercise affect the brain may help to focus future treatment and prevention efforts
of AD.
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Fig. 1.
In physical activity intervention studies, physical activity over a period of time has

numerous effects in the body. These effects have been previously associated with both lower
regional brain atrophy and lower risk of developing AD. Red arrows indicate a decreased
result; green arrows indicate an increased result. The yellow arrow between physical activity
and stress demonstrates the complex relationship between the two in which acute physical
activity increases cortisol levels, but over time, decreases the body’s reactivity to stress
(Mastorakos et al., 2005). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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x10°

Fig. 2.
Colored voxels in the inferior parietal lobule indicate the p values where serum TNFa levels

at year 5 of the study were significantly associated with year-9 voxelwise brain volume after
adjusting for year-1 physical activity intensity, age, sex, education, diagnosis, apolipoprotein
E genotype, scanner location, body mass index, and depression rating. The false discovery
rate method (Benjamini and Hochberg, 1995) controlled for multiple comparisons such that
significant p values were those below the critical p value of 3.0 x 1075, Data are presented in
neurological orientation (left = left). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Table 1
Summary participant data
ADA Controls® p-ValuesP
Subjects (#) 39 43
Sex (# Males/Females) 15 M/24 F 21 M/22 F 0.34
Age (years) 81.945.1 (73-95) 79.3+4.8 (69-89) 0.02d
Education (years) 13.6+2.9 (7-17) 14.0+2.8 (7-17) 0.49
APOE4+ (#)© 15+/18- 10+/28- 0.09
BMI - year 5 254455 (18.5-42.0) 25.4+4.2 (17.8-36.9) 0.9
BMI - year 9€ 249452 (17.8-43.0) 25.8+4.7 (16.5-37.3) 0.41
CESD depression score — year 5 5.4+4.2 (0-19) 4.4%3.5 (0-15) 0.23
CESD depression score —year 10~ 6.4+5.4 (1-24) 4.5+3.8 (0-14) 0.06
3MSE scores — year 5 92.145.5 (81-99) 94.3+3.8 (85-100) 0.03d
3MSE scores — year 10 82.0+10.8 (50-99) 95.7+4.2 (79-100) 38x10-11d
TNFa - year 2 (pg/mi)9 21407 (1.0-5.0) 2.2£0.9 (1.2-5.5) 0.83
TNFa —year 5 (pg/ml) 2.2+0.8 (1.0-4.6) 2.240.9 (1.0-5.6) 0.80
Physical activity intensity —year 1~ 1.5+0.7 (0-3) 1.9+0.9 (0-3) 0.03d
Physical activity intensity —year9  1.5+0.8 (0_3)f 1.8+0.8 (0-3) 0.16

eModified Mini-Mental State Examinations (3MSE) (Teng and Chui, 1987) is a test of global cognition similar to the Mini-Mental State Exam, but
modified to include a broader array of cognitive functions and span a wider range of difficulty levels.

a\/alues are meanzxstandard deviation unless otherwise indicated; for all values listed here, diagnostic groups represent diagnoses made within 1
year of the MRI in study year 9.

Differences between diagnostic groups were evaluated using two-tailed unpaired t-tests to evaluate differences for all measures except for sex and

the presence or absence of an APOE4 allele, which were evaluated using XZ test.

BMI measures were missing for three AD patients and one control; APOE genotypes were missing for six AD patients and five controls. This
table does not include imputed values for the missing data.

dValues are significantly different between diagnostic groups (p < 0.05).
fInformation was not available for two subjects.

gInformation was not available for nine AD and eight controls.
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