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Abstract

Objective—Everyday physical activity (EPA) is an important modifiable contributor to age-
related variability in executive functioning (EF). However its role may be moderated by non-
modifiable genetic factors. We tested independent and interactive effects of Brain-derived
neurotrophic factor (BDNF rs6265) and Insulin degrading enzyme (IDE rs6583817) on EF and
EPA-EF relationships.

Method—The sample consisted of genotyped older adults (N=577, M age=70.47 years) over
three waves (~9 years) of the Victoria Longitudinal Study. Analyses included (a) confirmatory
factor analysis establishing a single latent EF factor from four standard EF tasks, (b) latent growth
modeling over a 40-year band of aging (ages 53-95), and (c) structural regression to investigate
the independent and interactive effects of BDNF, IDE and EPA.

Results—First, higher levels of EPA were associated with better EF performance at the centering
age (75 years) and less EF decline. Second, IDE G+ (protective) carriers exhibited better EF
performance at age 75 than their G— (non-protective) peers. Third, within the IDE G+ carrier
group, those with higher EPA exhibited better EF performance and slower decline over time than
those with lower EPA. Fourth, for the BDNF homozygote Val group higher EPA was associated
with better EF performance and more gradual EF change; however, this beneficial effect was not
seen for Met carriers.

Correspondence concerning this article should be addressed to Dr. Roger A. Dixon, Department of Psychology, P217 Biological
Sciences Building, University of Alberta, Edmonton, AB, Canada. rdixon@ualberta.ca.
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Conclusion—The effect of modifiable physical health factors on EF is moderated by biological
mechanisms associated with risk-protection genetic polymorphisms.

Keywords

everyday physical activity; executive function; BDNF Val66Met; IDE rs6583817; Victoria
Longitudinal Study

Variability in trajectories of age-related cognitive decline can be attributed to multiple
modifiable and non-modifiable factors, including those from biological, health, genetic, and
lifestyle domains (Anstey, 2014; Dixon, Small, MacDonald & McArdle, 2012; Fotuhi,
Hachinski & Whitehouse, 2009). Such factors can be examined independently or in
interactive combinations that may reflect magnified risk-elevating or even counter-acting
influences (Ferencz et al., 2014; McFall et al., 2014; Sapkota, Vergote, Westaway,
Jhamandas & Dixon, 2015). We examine the independent and interactive associations
between everyday physical activity (EPA), a modifiable influence, and two non-modifiable
genetic polymorphisms (Insulin degrading enzyme (IDE) rs6563817; Brain derived
neurotrophic factor (BDNF) rs6265) on concurrent and longitudinal change for a latent
executive function (EF) variable in older adults from the Victoria Longitudinal Study (VLS).

EF encompasses higher-level cognitive processes required to make and execute plans, solve
problems, set goals, shift between stimulus and response, and inhibit responses (e.g., Luszcz,
2012; West, 1996). These complex processes, mediated by the prefrontal cortex, are often
categorized into three dimensions, namely, updating, shifting, and inhibition (Miyake et al.,
2000). EFs are thought to be among the most age-sensitive cognitive functions (de Frias,
Dixon & Strauss, 2006; Glisky, 2007; McFall et al., 2013, Raz, Dahle, Rodrigue, Kennedy
& Land, 2011) due to significant age-related neurodegeneration occurring in the prefrontal
cortices (Raz & Rodrigue, 2006). However, not all individuals show the same decline in EF
performance as they age. Substantial individual differences suggest other factors, such as
genetics or lifestyle, may influence age-related EF decline. Therefore, age-related prefrontal
volume loss and subsequent decline in cognitive performance may be mitigated by cognitive
reserve and regular participation in leisure pursuits such as physical activity (Ferencz et al.,
2014; Hultsch, Hertzog, Small & Dixon, 1999; Small, Dixon, McArdle & Grimm, 2011;
Solé-Padullés et al., 2009; Whalley, Deary, Appleton & Starr, 2004).

The benefits of controlled exercise interventions and fitness training to brain and general
health are well known (Erickson et al., 2010, 2011; Kelly et al., 2014; Voss et al., 2013).
However, there has been growing interest in EPA, a modifiable lifestyle factor which
encompasses everyday leisure participation in a wide variety of activities available to older
adults in voluntary moderate doses. Examples include walking, tennis, jogging, exercise,
and gardening. Some longitudinal research has found higher baseline EPA is associated with
better scores on reasoning and memory (Lindwall et al., 2012), and less decline in episodic
memory, executive function, and verbal fluency (Blasko et al., 2014; Wang et al., 2013). In
addition, reductions in EPA over time have been associated with declines in episodic
memory (Small et al., 2011), reasoning, fluency, memory, and semantic knowledge
(Lindwall et al., 2012). Taken together, these studies add to the mounting evidence
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demonstrating that the effect of EPA on cognition may be broad, diverse, and relevant to
non-demented aging.

It is widely accepted that genetic variation is also a major contributor to heterogeneity in
cognitive performance (Harris & Deary, 2011; Laukka et al., 2012) and these effects may be
magnified in aging when additional risk factors are considered (Lindenberger et al., 2008;
Nagel et al., 2008). Genetic influences also exert domain-specific effects on cognition
(Ferencz et al., 2014), accounting for up to 79 percent of the variance in individual
differences in EF (Swan & Carmelli, 2002). A number of candidate genes have been
associated with cognitive aging (Harris & Deary, 2011; Laukka et al., 2013; Mengel-From,
Christensen, McGue & Christiansen, 2011). Due to recent evidence of associations with EF
or physical exercise IDE and BDNF are the candidate genes of interest to this study
(Alfimova, Korovaiteseva, Lezheiko & Golimbet, 2012; Erickson et al., 2008; McFall et al.,
2013, 2014; Nagel et al., 2008).

IDE. IDE is highly expressed in the brain and is recognized primarily for its role in
degradation of insulin and human amyloid precursor protein (Authier, Posner & Bergeron,
1996), thus preventing the accumulation of intracellular insulin levels (Schuh, Reider, Rizzi,
Chaves & Roriz-Cruz, 2011). IDE rs6383817 has an A and G allele and is associated with
IDE expression; the A allele is correlated with higher levels of IDE (Carrasquillo et al.,
2010). We have recently examined the association between EF performance and this
polymorphism in relation to two health factors, type 2 diabetes (T2D) and pulse pressure
(McFall et al., 2013, 2014). In both studies, the IDE G+ polymorphism was associated with
better EF outcomes in older adults. The hypothesized mechanism for these results is
associated with insulin levels in the prefrontal cortex (McFall et al., 2013, 2014), thus
providing a reasonable bridge and underpinning to observed benefits for EF performance
among adults (Awad, Gagnon & Messier, 2004).

Of note, however, is another function. IDE binds to and degrades insulin-like growth factor
1 (IGF-I; Schuh et al., 2011), a substrate of IDE which mediates the effect of exercise on
cognition in animal models by increasing BDNF signaling in response to exercise (Cotman
& Berchtold 2007). Specifically, exercise increases the level and uptake of circulating IGF-1
thus increasing BDNF expression and signaling (Carro et al., 2000; Cotman, Berchtold &
Christie, 2007; Ding, Vaynman, Akhavan, Ying & Gomez-Pinnilla, 2006) until IGF-1
circulation is limited by IDE binding and degradation (Schuh et al., 2011). The resulting
improved trophic factor signaling has been implicated in the neuroprotective effects of
exercise on brain function (Phillips, Baktir, Srivatsan & Salehi, 2014; VVoss, Nagamatsu,
Liu-Ambrose & Kramer, 2011). Whether similar effects occur as a result of EPA is not yet
known. However, it is conceivable that EPA could also increase the level and uptake of
IGF-1. Thus, due to decreased expression of IDE, degradation of IGF-1 could occur more
slowly in G+ allele carriers, resulting in increased trophic factor signalling and increased
cognitive benefits, perhaps especially for EF.

BDNF. BDNF is a protein highly expressed in the central nervous system. It is involved in
several important brain functions such as neuronal growth, differentiation, repair, plasticity,
and survival (Liu et al., 2014; Poo, 2001). A single nucleotide polymorphism in the BDNF
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gene (rs6265) leads to a substitution of valine by methionine at codon 66 of the BDNF
precursor protein. The Met allele has been implicated in disruption of neuronal processing,
activity-dependent secretion, and intracellular trafficking of BDNF in animal models (Chen,
Bath, McEwen, Hempstead & Lee, 2008; Egan et al., 2003), resulting in a significant
decrease in available BDNF which is required for long-term potentiation and depression
(Poo, 2001). Given the age-related decrease in BDNF expression (Hattiangady, Rao, Shetty
& Shetty, 2005), BDNF rs6265 has become a prime candidate for association studies in
cognitive aging.

Inconsistent results among genetic association studies examining the relationship between
BDNF and cognitive function in non-demented older adults may be partly attributed to an
age-specific effect of the BDNF gene or other moderating factors (Erickson et al., 2008;
Mandelman & Grigorenko, 2012; Payton, 2009). In addition, other genetic or physiological
factors may influence BDNF production, and thus the effect of BDNF may operate through
moderating factors (Erickson, Miller & Roeckin, 2012; Sapkota et al., 2015). Specifically,
BDNF expression is regulated by the BDNF polymorphism and influenced by physical
exercise (Coelho et al., 2014; Erickson et al., 2012; Ferris, Williams & Shen, 2007; Neeper,
Gomez-Pinilla, Choi & Cotman, 1996; Rasmussen et al., 2009). As the amount of available
BDNF affects cognitive function (Dincheva, Glatt & Lee, 2012), it follows that the BDNF
gene may moderate the effect of exercise and possibly EPA on cognitive performance in
aging. In fact, Erickson and colleagues (2013) examined the interactive association between
BDNF and EPA on working memory in adults ranging in age from 30-54 years. Results
indicated greater amounts of EPA were associated with better working memory
performance, but selectively for the Met+ allele carriers, attenuating the genetic risk
typically associated with this genotype.

Research Goals

The overall aim of this study was to examine concurrent and longitudinal relationships
between EPA and EF as potentially moderated by two genetic polymorphisms associated
with EF performance and change in older adults. We assembled a 3-wave (up to 9 years)
VLS data set, covering a 40-year age span (55 — 95 years), that included manifest measures
of the key constructs, EF, EPA, and two theoretically selected genetic polymorphisms (i.e.,
IDE rs6583817 and BDNF rs6265). We used structural equation modeling to investigate
four research goals. Research goal 1 was to (a) confirm that a single-factor EF latent
variable model used in previous VLS research (McFall et al., 2013, 2014) applied to this
slightly different sub-sample of participants and (b) test this particular latent variable model
for measurement invariance across three waves. Research goal 2 was to determine the best
fitting latent growth models for EF and EPA. Research goal 3 was to use conditional growth
models to explore how EPA, IDE, and BDNF independently affect level and change in EF.
Research goal 4 was to determine whether the EPA-EF relationship was modified by IDE or
BDNF.
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Method

Participants

Participants were community dwelling older adults drawn from the Victoria Longitudinal
Study (VLS). The VLS is a Canadian large-scale, long-term investigation of neurocognitive
aging as influenced by biological, medical, health, lifestyle, environmental and other factors
(Dixon & de Frias, 2004). Three main sequential samples (initially aged 55-95 years) are
followed at about 4-year intervals (M =4.4). As the focus of this study is to examine change
in EF relative to everyday physical activity as moderated by genetic variants, participants
were limited to a source subsample of approximately 683 (bridging all three main VLS core
samples). This source sample provided biofluid for genotyping between 2009 and 2011.
Following previous protocols within the VLS (Dixon et al., 2012; McFall et al., 2014), a
longitudinal data set from the same time frame was assembled, with a total individualized
duration of up to 9 years. Specifically, the present study consisted of Sample 1 (S1) waves 6
and 7, Sample 2 (S2) waves 4 and 5, and Sample 3 (S3) waves 1, 2, and 3. For efficiency,
the first wave in each sample will be henceforth termed as W1, the second W2, and the third
W3.

Exclusionary criteria were applied, including: (a) a diagnosis of Alzheimer's Disease or
other forms of impairment and dementia, (b) Mini Mental State Exam score of < 24
(MMSE; Folstein, Folstein & McHugh, 1975), (c) a self-report of “severe” for conditions
such as epilepsy, spinal or thyroid conditions, depression, head injury, (d) reported alcohol
or drug dependence, (e) reported use of anti-psychotic medications, (f) self-reported
“moderate” cases of neurological conditions (Parkinson's or stroke), (g) reported or
identified cases of diabetes (e.g., with the VLS multilevel diagnostic criteria), and (h)
participants with no EF (cf. McFall et al., 2013) or EPA data. A total of 106 participants
were excluded.

The final sample contained N = 577 individuals (n = 380 females) all of whom contributed
data to W1 (M age = 70.47, SD = 8.59, range 53.24 — 95.25). W2 consisted of n = 483 adults
(M age = 74.63, SD = 8.46, range 57.27 — 94.53, n = 315 females). W3 consisted of n = 276
adults (M age = 74.91, SD = 7.20, range 62.44 — 94.90, n = 187 females). The design
stipulated that S3 participants could contribute data to all three waves, but S1 and S2
participants contributed data to W1 and W2 (the third wave not available). This
consideration is balanced by the advantage of testing genetic-activity influences on EF
across a full accelerated longitudinal period of about 40 years, with individual 9-year
trajectory contributions. Retention rates in this design for each available and defined interval
are as follows (a) S1 W1-W2 = 84%; (b) S2 W1-W2 = 83%; (c) S3 W1-W2 = 84%; (d) S3
W2-W3 = 86%; (e) S3 W1-W3 = 76%. Table 1 presents basic demographic information. All
missing data were estimated by multiple imputations using Mplus 7 (Enders, 2011; Little,
2013; Muthén & Muthén, 2010). By prevailing convention 20 or more imputations are
recommended (e.g., Enders, 2011; Graham, Olchowski, & Gilreath, 2007; Rubin, 1987). We
included 50 imputations, as we have done in previous studies (see McFall et al., 2014).
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Executive Function (EF)—The four EF measures used were Hayling sentence
completion test (Burgess & Shallice, 1997), Stroop test (Taylor, Kornblum, Lauber,
Minoshima, & Koeppe, 1997), Brixton spatial anticipation test (Burgess & Shallice, 1997),
and Color trails test part two (CTT; D'Elia, Satz, Uchiyama, & White, 1996). All four
measures have all been frequently used in standard form with older adults in VLS studies
reporting psychometric (Bielak, Mansueti, Strauss & Dixon, 2006), structural and
neuropsychological (de Frias, Dixon & Strauss, 2006, 2009), genetic (Sapkota et al., 2015),
health (McFall et al., 2013, 2014), and lifestyle (de Frias & Dixon, 2014) factors.

Everyday Physical Activity (EPA)—The measure was the four-item physical activity
subscale from the VLS-Activity Lifestyle Questionnaire (VLS-ALQ; Hultsch et al., 1999;
Small et al., 2011). Each item indexed frequency of participation in a variety of everyday
physical activities (e.g., jogging, gardening) over a period of two years on a scale of 0
(never) to 8 (daily). Responses were totalled, producing a continuous measure with scores
ranging from 0 — 32. Higher scores indicate more participation in everyday leisure physical
activities. Notably, the range (0 - 31) within this sample suitably encompassed the scope of
possible EPA engagement. Psychometric and other details are available (Hultsch et al.,
1999; Lindwall et al., 2012). To confirm inter-item reliability (consistency) for the present
sample, we tested a single factor latent variable model. All four EPA items loaded on the
EPA latent variable and fit the data well (x2 = 6.296, df = 3, p=.098, RMSEA = .035, CFI
=.954, SRMR =.021).

DNA Extraction and Genotyping

Saliva was collected according to DNA Genotek technology, including all recommended
practices for biofluid collection, stabilization, and preparation (for details see McFall et al.,
2013). Genotyping was carried out by using a PCR-RFLP strategy to analyze the allele
status for IDE (rs6583817) and BDNF (rs6265).

For the genetic analyses we grouped the allelic combinations into dichotomous variables
representing the relative risk versus neutral or protective categories. Accordingly, the IDE
genotype was categorized by the presence of a G allele (G+ = G/G, homozygous major
allele, and G/A, heterozygous allele) or the absence of a G allele (G— =A/A, homozygous
minor allele) in accordance with other VLS research indicating an effect on EF performance
for this allelic combination (McFall et al., 2013, 2014). In previous VLS research, we
reported that the presence of the G allele was associated with protection from age related
decrements in EF performance but that this G allele was the most susceptible to the
influence of a modifiable health factor (i.e., pulse pressure). The BDNF genotype was
categorized by the presence or absence of a Met (risk) allele (Met+ = Met homozygotes or
Met/Val vs. Met— = Val homozygotes). See Table 1 for allele distribution percentages
across waves.

Statistical Analyses

Structural equation modeling was conducted using Mplus 7 (Muthén & Muthén, 2010).
Confirmatory factor analysis and latent growth modeling were used to test the four research
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goals. Model fit for all analyses was determined using standard indices: (a) %2 for which a
good fit would produce a non-significant test (p > .05), indicating the data are not
significantly different than the model estimates, (b) comparative fit index (CFI) for which

> .95 was judged a good fit and between .90 and .94 was judged an adequate fit, (c) Tucker-
Lewis index (TLI) for which =.95 was judged a good fit and between .90 and .94 was judged
an adequate fit, (d) root mean square error of approximation (RMSEA), for which < .05
would be judged good and between .06 and .08 would be judged adequate, and (g)
standardized root-mean-square residual (SRMR) for which good fit is judged by a value of
<.08 (Kline, 2011; Little, 2013).

Analyses for RG 1: EF latent model and invariance verification—First,
confirmatory factor analysis was performed to verify that a single latent EF factor
(previously observed: McFall et al., 2013, 2014) fit this particular sub-sample of
participants. Second, we verified this model had 3-wave measurement invariance including
(a) configural invariance, for which the same indicator variables load onto the latent variable
to determine if the same EF measures represent the latent variable at each wave of data
collection, (b) metric invariance, for which factor loadings are constrained to be equal for
each latent variable indicating that each latent variable was measuring the same construct,
and (c) scalar invariance, for which indicator intercepts are constrained to be equal allowing
mean differences to be evident at the latent mean level. Third, EF factor scores were
estimated in Mplus and used in all subsequent growth models. Multiple imputations for
EPA, age, and EF factor scores were used.

Analyses for RG 2: Latent growth modeling for EF and EPA—Consistent with
other VLS research, EPA and age were coded as continuous factors. Age was centered at
age 75, the approximate mean of the 40-year span of data. This is a commonly observed
inflection period in cognitive aging (e.g., Dixon et al., 2012; Schaie, 2013; Small et al.,
2011) and has been used in previous related research (McFall et al., 2014). Latent growth
modeling was performed to establish the functional form of change for EF and EPA. We
tested (a) a fixed intercept model, which assumes no inter- or intraindividual variation (b) a
random intercept model, which models interindividual variability in overall level but no
intraindividual change (c) a random intercept fixed slope model, which allows
interindividual variability in level but assumes all individuals exhibit the same rate of
change and (d) a random intercept, random slope model which allows interindividual
variability in level and change (Singer & Willett, 2003).

Analyses for RG 3 and RG4: Independent effects of EPA, IDE, and BDNF on
the EF growth model (RG 3); Interactive effects of IDE x EPA and BDNF x EPA
on the EF growth model (RG4)—The best unconditional EF growth model was used as
the baseline model against which conditional growth models with predictors of change
(EPA, BDNF and IDE genotype) were tested (Little, 2013). First, three independent models
were tested, one each for baseline level of EPA, IDE, and BDNF genotype. We used path
analyses to determine the effect of each predictor on level of EF performance at age 75 and
9-year EF change. Second to examine gene X EPA interactions, we tested a conditional
growth model for EF with EPA measured at W1 as a predictor, on level of EF performance
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at age 75 and 9-year EF change using the four genotype groups. Two models were tested: (a)
one for IDE G+ (G/G, G/A) and IDE G- (A/A) groups and (b) one for BDNF Met+ (Met/
Met, Met/Val) and BDNF Met- (Val/Val) groups. Education and gender were separately
and simultaneously included as covariates; however, none of these analyses changed the
pattern of results. Pulse pressure (PP) was considered and included as a potential covariate;
however, results did not indicate a relationship between EPA and PP. Therefore, PP,
education, and gender were not included in the final model.

RG 1: EF Latent Model and Invariance Verification

We first confirmed that a single-factor model consisting of the four EF indicators fit this
sub-sample of participants (see Table 2 for all goodness of fit indices). Second, we verified
by testing longitudinal measurement invariance that the EF model measured the same
construct over time and that the same indicator variables marked EF at each wave. The
partial scalar invariance model was retained and this allowed us to compare latent variable
means (see Table 2 for all goodness of fit indices; Kline, 2011).

RG 2: Latent Growth Models for EF and EPA

The best fitting unconditional growth model for EF was established as a random intercept,
random slope model (see Table 3). First, at age 75, older adults varied significantly in level
of EF performance (b = 1.14, p <.001). Second, there was significant decline in EF
performance (M = -.013, p =.022). Third, there was significant individual variability in the
rate of decline (b =.003, p <.001).

Next for EPA, the preferred model was a random intercept, fixed slope model (see Table 3).
First, at age 75, there was significant variability in level of EPA (b =.161, p <.001).
Second, older adults exhibited significant decline in EPA level (M = -.021, p <.001), but
without individual differences in rate as evidenced by the non-significant random slope (p
> .05) in the random intercept, random slope model.

RG 3: Independent Effects of EPA, IDE and BDNF on EF Growth

We tested two growth models with EPA as a predictor of EF level and change. The first
model used the EPA growth model in parallel process with the EF growth model. Time-
varying EPA did not predict EF performance at age 75 (b = -.005, p >.05) nor 9-year EF
change (b =.452, p >.05). The second time-invariant model with initial (W1) level of EPA
revealed significant predictions for both EF performance at age 75 (b= .329, p <.001) and 9-
year change (b = .015, p = .001. Specifically, at W1 lower levels of EPA were associated
with significantly worse EF performance (M = -.306) than were higher levels of EPA (M =.
023,). Moreover, lower initial levels of EPA were associated with greater 9-year EF decline
(M = -.038) than were higher levels (M = -.023). Thus, the time-invariant EPA (W1) model
was used in subsequent analyses.

We tested two models with either IDE or BDNF as a predictor of EF level and change. First,
IDE significantly predicted level of EF performance at age 75 (b = —.337, p=.013).
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Specifically, the IDE G+ group had better EF performance at the centering age of 75 (M =.
262) than did the IDE G- group (M = -.069). IDE genotype did not predict 9-year EF
change (b = -.013, p =.135). Second, BDNF did not predict level of EF performance at age
75 (b=.062, p = .528) nor 9-year EF change (b = .005, p = .358).

In an exploratory follow-up analysis, we tested the IDE x BDNF interaction on EF
performance and 9-year change. This model did not predict level of EF performance at age
75 (b=-.094, p = .068) nor 3-wave change (b =-.003, p = .381).

RG 4: Interactive Effects of IDE x EPA and BDNF x EPA on EF Growth

We tested two models to examine whether IDE or BDNF moderated the effect of EPA on
EF. The moderation hypotheses were supported for both genes as evidenced by the differing
effects of EPA on EF performance and change at the two levels (each) of IDE and BDNF.

A significant interaction was indicated for IDE. This was produced by a significant effect of
EPA on EF level (intercept) and change (9-year) for one genotype group (IDE G+) but not
the other (IDE G-; see Figure 2 for model fit indices). Specifically, for the IDE G+ group,
level of EPA at W1 predicted both level of EF performance at age 75 (b =.326, p <.001)
and 9-year EF change (b =.015, p = .006). Within the protective IDE G+ group, older adults
with low levels of EPA at W1 exhibited poorer EF performance (M = —.268) and steeper 9-
year decline (M = -.034) than did their peers with high levels of EPA (M =.063 and M = -.
019, respectively; see Figure 2a). This pattern was not present for the G- group, as level of
EPA did not alter level of EF at age 75 (b = .276, p = .305) nor the 9-year EF change (b =.
012, p = .425; see Figure 2b).

Similarly, a significant interaction was indicated for BDNF (see Figure 3 for model fit
indices). Specifically, for the Met— group, level of EPA at W1 predicted both the level of EF
performance (b = .426, p < .001) and 9-year EF change (b =.020, p = .003). Within the Met
— group, older adults with lower levels of EPA at W1 exhibited poorer EF performance at
age 75 (M = —.447) and steeper 9-year EF decline (M = —.042) than their peers with higher
EPA levels at W1 (M = -.021 and M = —.022, respectively; see Figure 3b). In contrast, for
the BDNF Met+ (risk) group, level of EPA at W1 did not affect level of EF performance (b
=.132, p = .385) nor 9-year EF change (b = .007, p = .432; see Figure 3a).

As an exploratory follow-up analysis, we examined whether there was a significant IDE x
BDNF x EPA interaction. Specifically, we tested the effect of EPA, measured at W1, on
level of EF performance at age 75 and 9-year change as a function of four genetic
combinations of IDE and BDNF (G+/Met+, G+/Met-, G—-/Met+, G-/Met-). Notably, the
analyses showed a significant effect exclusively for the G+/Met- group (i.e., the most
protective/non-risk group). Specifically, level of EPA at W1 significantly predicted both the
level of performance (b =.040, p = .001) and 9-year change (b =.002, p = .006) in EF
performance. Within the G+/Met- group, older adults with higher levels of EPA at W1
exhibited better EF performance at the age of 75 (M = -.316 ) and less 9-year decline (M =
-.037) than did their genetically corresponding peers with lower levels of EPA at W1 (M =
-.356 and M = -.039, respectively). EPA at W1 did not predict performance or 9-year
change in any group characterized by the presence of one or both genetic risk alleles. These
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exploratory results are consistent with the pattern observed for each of the two-way gene x
EPA analyses.
Discussion

The overall aim of this research was to examine concurrent and longitudinal associations
among a modifiable lifestyle factor (EPA), two genetic polymorphisms (IDE and BDNF)
related to neurocognitive aging, and performance and change in EF. We distributed this aim
into four goals. Research goals 1 and 2 confirmed (a) a single-factor EF model fit our data
well and (b) previously observed variability in EF performance and decline (McFall et al.,
2013, 2014). These results provided the groundwork for testing cross-domain moderating
effects that could produce evidence supportive of potential synergistic risk-reduction for a
non-demented aging group. We now highlight the key findings for Research goals 3 and 4.

Research Goal 3 (independent effects of EPA, IDE, and BDNF on the unconditional EF
growth model) revealed several notable results. The results for the EPA time-invariant
model indicated that older adults with higher initial levels of EPA had better initial EF
performance and more gradual decline over the three waves. This is consistent with
emerging research which indicates that moderate and everyday physical activity engagement
may buffer against some cognitive decline in aging (e.g., Bielak, Cherbuin, Bunce &
Anstey, 2014; Blasko et al., 2014; Ferencz et al., 2014; Hamer, Lavoie & Bacon, 2013;
Lindwall et al., 2012; Rovio et al., 2005; Wang et al., 2013; Woodard et al., 2012).

A possible mechanism for this emerging pattern is that EPA, like moderate aerobic exercise,
may favorably affect gray matter volume in older adults, either through increases or slower
degradation. In fact, for older adults moderate exercise has been found to increase gray
matter volume in the prefrontal cortex (Colcombe et al., 2006), an area which mediates the
association between aerobic exercise and EF (Weinstein et al., 2012). Erickson and
colleagues (2010) found that greater amounts of walking predicted greater gray matter
volume over a period of 9 years. Walking is an everyday moderate-intensity activity
included in the range of activities represented in the construct of EPA. Although it awaits
targeted intervention-based research, it is conceivable that other modalities of moderate or
everyday physical activities could also benefit prefrontal gray matter volume, thereby
favorably influencing EF in non-demented older adults.

The present results serve to broaden the scope of physical activity that can be beneficial to
cognitive functioning in non-demented older adults. As demonstrated in clinical trials, the
organized exercise subcategory (i.e., aerobic, resistance) has well-known positive effects on
cognitive performance. Some recent observational research implicates moderate everyday
physical activity as also providing some cognitive benefits, at least under some conditions,
the details of which are yet to be determined (e.g., dosage, duration). As a modifiable
influence, the fact of effective doses at moderate levels implies that EPA may be an
accessible and durable dementia risk reducing lifestyle factor for many older adults.

The corresponding analyses of the independent effects of IDE or BDNF as predictors of EF
level and change revealed two main results. First, IDE genotype predicted level of EF
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performance (See McFall et al., 2014) but not rate of change in normal aging older adults.
Little research on IDE-neuropsychological associations has been conducted; however,
whether IDE significantly predicts EF rate of change appears to depend in part on
methodological (e.g., length of longitudinal period), demographic (e.g., age of sample), or
moderation characteristics (e.g., moderators included and analyzed). Second, BDNF
genotype did not independently predict either initial level or 9-year change in EF. Previous
BDNF research reveals inconsistent relationships with cognitive performance and decline
over time in a variety of human groups (Das et al., 2014, Egan et al., 2003; Erickson et al.,
2008; Gajewski et al., 2011, 2012; Harris et al., 2006; Miyajima et al., 2007). Reviews
suggest that differences across studies may be due to issues of domain specificity, low
predictive independent associations, or non-evaluated but relevant moderation effects
(Mandelman & Grigorenko, 2012; Sapkota et al., 2015). The latter are the ultimate target of
the present study. Therefore, the main result of RG3 was to establish the EPA-EF
association. We now turn to the pivotal results of RG4, which was designed to test linkages
between our modifiable risk factor (EPA) and potential genetic moderators (IDE and
BDNF).

For Research Goal 4, we tested whether BDNF or IDE moderated the EPA-EF relationship.
Several key findings supported our expected genetic moderation effects. First, results from
the IDE conditional growth model indicated that IDE indeed moderated the EPA-EF
relationship, as indicated by the observation that the EPA-EF patterns were different for the
G+ as compared with the G— groups (see Figure 2). Specifically, older adults with two risk-
reducing factors (i.e., carriers of the G allele and with high EPA) had better EF performance
at age 75 and had more gradual 9-year EF decline than did genetically corresponding (G+)
adults with low EPA. In contrast, for the non-protective IDE G- group, level of EPA did not
significantly affect either level of EF performance or 9-year change. This pattern is
consistent with a “two-boost” (or synergistic) effect, in that risk reduction is enhanced even
when the sources of protection are from different domains (activity, genetic). Overall these
results suggest that individuals with the protective IDE G+ allele are more likely to
experience beneficial effects from EPA.

Mechanisms promoting these effects are still to be determined. However, one possible
mechanism which could account for these results is an EPA induced increase in
neurotrophic signalling for G+ carriers. The IDE G allele is related to a decrease in IDE
expression (McFall et al., 2013). IDE binds to and degrades IGF-1 (Schuh et al., 2011),
which influences the levels of circulating IGF-1. IGF-1 mediates BDNF exercise-induced
changes in the brain (Voss, Vivar, Kramer & van Praag, 2014). As the EPA measure reflects
participation in different types of everyday physical activities, it is conceivable that EPA
could initiate a neurotrophic response similar to (but of less intensity than) aerobic exercise.
Therefore, the effect of EPA for the IDE G+ carriers could be attributable to the decrease in
IDE expression, which increases the amount of circulating IGF-1, thus positively affecting a
neurotrophic cascade. As this was the first known study examining the interactive effects of
EPA and IDE on EF, future research could investigate whether neurotrophic factor signaling
is increased by EPA, as well as the interaction between EPA and IDE within other cognitive
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domains. Such studies would further elucidate the IDE- EPA relationship within non-
demented and relatively healthy older adults.

As noted above, BDNF, when tested as a single candidate gene, produces inconsistent
associations with cognition in a variety of groups (Mandelman & Grigorenko, 2012).
However, in this study we observed that BDNF actually moderated the EPA-EF relationship
(see Figure 3). For Val homozygotes (Met—; non-risk), EPA was significantly and positively
related to EF performance (at age 75) and 9-year change. These results show that older
adults in the genetic risk-reduced group (without the BDNF Met allele) had better EF
outcomes both concurrently and longitudinally, but only if they also had high initial levels of
EPA. Even low-risk (Met-) adults who had low initial EPA levels produced lower levels of
EF performance and steeper longitudinal decline in EF. As can be seen in the figure, the
results were different for carriers of the Met allele (i.e., genetic risk); EPA level was not
associated with EF performance (at age 75) or 9-year change. This pattern is also consistent
with an interactive association between genetic risk (low) and activity engagement (high)—a
combination that produces better and more stable EF performance in non-demented older
adults.

Regarding potential mechanisms and qualifications, it is interesting to consider the present
results in the context of a recent report by Erickson and colleagues (2013). As previously
described, their results (with midlife participants) indicated that greater levels of EPA-like
measures offset genetic risk associated with the Met allele for working memory
performance. In contrast, the current results with older adults indicated that the BDNF x
EPA interaction was observed only for those without the risk allele. The apparent
differences in results between these two studies may point to a complementary pattern. The
general BDNF-EPA interaction effect could come from a combination of factors; for
example, the Met allele is associated with lower availability of BDNF in the brain and lower
brain volume (Egan et al., 2003; Miyajima et al., 2007) and there is an age-related decrease
in BDNF levels (Lommatzsch et al., 2005; Zeigenhorn et al., 2007). Taken together, it is
possible that these results reflect an aging-selective limit to the potential effect that
environmental or lifestyle factors can have on older adult Met allele carriers. Accordingly,
older BDNF Val homozygotes (Met-) appear to be more influenced by the beneficial effects
of lifestyle factors.

As brain and general health can be modified by several lifestyle factors, it is possible a
similar effect could be seen in future studies examining the relation between BDNF,
cognitive function and other influential and interacting health factors. Although different in
several respects, a recent study reported differential effects for older adult Met carriers with
cardiovascular disease, as compared with older VVal homozygotes of the same health
condition (Szabo et al., 2013). This susceptibility to health and lifestyle factors for older Val
homozygotes might explain some of the complexity and conflicting results found in research
examining BDNF-cognition relationships in adults. Future research on BDNF-cognition
associations in aging could include approaches that reflect moderation or interaction with
other genetic, health, or lifestyle factors (Sapkota et al., 2015).
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We note two points of interest regarding IDE and BDNF. First, in an exploratory analysis,
we observed a significant three-way interaction which indicated older adults with three risk-
reducing factors (i.e., IDE G+, BDNF Met- and higher levels of EPA) had better EF
performance at the centering age and less 9-year decline than genetically corresponding
peers with lower levels of EPA. As this effect was not observed for any other of the risk
combinations, the results can be interpreted provisionally as supporting and extending the
two-way interactions reported earlier. However, future research could examine these
promising higher-order risk-related associations in larger samples. Second, IDE and BDNF
are prominent but are not the only genes that could moderate the effect of EPA on cognition.
For example, future research might examine the cognitive risks for older adult carriers of the
APOE ¢4 allele which have recently been associated with EPA (Smith, Nielson, Woodard,
Seidenberg & Rao, 2013). Similarly, Ferencz et al., (2014) found that EPA attenuated the
effect of genetic risk (consisting of PICALM, CLU, BIN1 polymorphisms) on episodic
memory functioning for older adults. Conceivably, the effect of EPA on cognitive
functioning could also be differentially modified by combinations within genetic (e.g.,
Sapkota et al., 2015) and other risk factors (e.g., Anstey, 2014).

There are several limitations associated with this study. First, we use a self-report measure
of EPA and thus not all aspects of the construct domain are represented or observed.
Although more direct measures of everyday activities could be valuable (e.g., Erickson et
al., 2011), self-report inventories have been used successfully in converging behavioral
studies (e.g., Hultsch et al., 1999; see also Lindwall et al., 2012, who compared four EPA
indicators) Future research may consider including both observational and self-report
indicators in order to establish validity and create composite indicators. Second, due to the
design of the VLS, W3 data had not been collected for the first two samples contributing to
this study. Therefore, only participants from the third VLS sample contributed to W3. A
more complete design would have included participants from all three samples in W3;
however, the results of the current 3-wave data were quite informative. Third, the present
participants are positively selected and may possess several risk-reducing factors, such as
access to national health care, above-average in years of education, community dwelling,
and relatively healthy (e.g., free of known neurodegenerative disease). As a group, they may
not be representative of the broadest population of older adults; however, they could reflect
a growing proportion of older adults in western countries.

There are also several strengths associated with this study. First, we had a relatively large
and well-characterized sample (W1 n = 577) which comprised a span of 40 years of aging.
Second, we measured age as a continuous variable through an accelerated longitudinal
design which allowed us to examine a span of 9 years. Third, we included four standard,
reliable neuropsychological manifest variables in our EF latent variable. In addition, the
research goals were analyzed within a modern statistical approach.

We conclude that EPA and genetic factors contribute synergistically to the observed
variability in EF performance in non-demented aging. IDE G+ carriers and BDNF Met-
homozygotes were more likely to benefit from the effect of higher levels of EPA on the
aging of executive functions—a “two-boost” effect in non-demented aging. Our results
complement recent literature (e.g., Erickson et al., 2013; Ferencz et al., 2014); specifically,
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genetically advantaged individuals are also sensitive to modifiable lifestyle factors,
indicating a potential for expanded application of EPA interventions. Notably, by its very
nature, EPA may be easily translated and converted to intervention programs that would
likely be maintained over long periods. Such characteristics allow for a broad application of
EPA interventions for non-demented older adults in a wide variety of settings — from
community to long-term care facilities.
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Figure 1.
Predicted growth curve for executive function factor scores using everyday physical activity

(EPA) at W1 as a predictor with age as a continuous variable centered at 75 years. -2 log
likelihood = 1912.68; Akaike information criterion = 1928.65; Bayesian information
criterion = 1963.54.
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Predicted growth curves for executive function factor scores by IDE using everyday
physical activity (EPA) level (0 = low, 30 = high) as a predictor where age is a continuous
variable centered at age 75. -2 log likelihood = 1899.76; Akaike information criterion =
1929.76; Bayesian information criterion = 1995.12. Figure 2(A) is IDE G+ (i.e., A/G, G/G).

Figure 2(B) is IDE G- (i.e., A/A). * p<.05; ** p<.01; ***p < .001
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Figure 3.
Predicted growth curves for executive function factor scores by BDNF using everyday

physical activity (EPA) level (0 = low, 30 = high) as a predictor where age is a continuous
variable centered at 75 years. —2 log likelihood = 1897.80; Akaike information criterion =
1927.79; Bayesian information criterion = 1993.16. Figure 3(A) is BDNF Met, (i.e., Met/
Met, Met/Val). Figure 3(B) is BDNF Met — (i.e., Val/ Val). * p<.05; ** p< .01; ***p <.
001
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