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ARTICLE INFO ABSTRACT

Section Editor: Tibor Hortobagyi Previous research has shown beneficial cognitive changes following exercise training in older adults. However,

the work on the potential moderating effects of Apoliprotein E (APOE) &4 carrier status has been mixed, and the

Keywords: role of exercise intensity remains largely unexplored. The present study sought to examine the influence of APOE
Exerc.is.e €4 status and exercise intensity on measures of cognitive performance in a group of older adults. Cross-sectional
g:eg:lizi’/: P comparisons between a group of younger inactive adults (n = 44, age = 28.86 + 0.473 SD, 60.5% female) and a
APOE group of older inactive adults (n = 142, age = 67.8 & 5.4, 62.7% female) were made on baseline measurements

of APOE &4 status, VOppeak, and cognitive performance in the domain of executive functioning. The older adults
also participated in a randomized controlled exercise trial, exercising three times per week for 16-weeks in either
a low-intensity continuous training (LICT) group or a moderate-intensity continuous training plus interval
training (MICT+IT) group at the Center for Health and Neuroscience, Genes, and Environment (CUChange)
Exercise Laboratory. Follow-up measurements of VOypeak and cognitive performance were collected on the older
adults after the exercise intervention. Cross-sectional comparisons between the older and younger adults
demonstrated significant impairments among older adults in Stroop effect on error and time, Category Switch
mixing effects, and Keep Track task. This impairment was not moderated by APOE &4 carrier status. Improve-
ments from pre- to post-exercise intervention were observed in both exercise groups in Stroop effect on error ([F
(1, 256) =9.381,p < 0.01, n2 = 0.031]) and Category Switch switching effect reaction time ([F(1, 274) = 4.442,
p < 0.05, n = 0.020]), with no difference between exercise groups. The moderating effects of APOE g4 carrier
status were mixed. Exercise did not improve the Stroop effect on error among €4 carriers assigned to MICT+IT
when improvements were seen in all other groups. Further research is needed to examine the mechanisms of
action by which exercise impacts cognitive task performance, and possible moderators such as genetic variability
and exercise intensity.

Older adults

Due to advances in medical science people are living longer than ever
before (He et al., 2016). Yet as more people live to older ages, the burden
of age-related disease and disability increases, compromising individual
quality of life (Courtney-Long et al., 2015; Dobriansky et al., 2007; He
etal., 2016; Rowe et al., 2016). Even in the absence of disease, numerous
studies have demonstrated that older adults demonstrate a decline in
cognitive ability compared to younger adults (Fjell et al., 2017; Grady,
2012; Hayes et al., 2016; Salthouse, 2019), and quality of life may be
affected by difficulties adjusting to age-related impairments in cogni-
tion, especially those pertaining to the broad domain of executive
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function (Braver and Barch, 2002; Grady, 2012; Hasher and Zacks,
1988; Hedden and Gabrieli, 2004; Salthouse, 2019).

How executive function (EF) is defined has been a subject of debate
(Baggetta and Alexander, 2016; Banich, 2009; Chun et al., 2011; Mccabe
etal., 2010). Broadly, EF is agreed to be “a set of general-purpose control
mechanisms often linked to the prefrontal cortex of the brain that
regulate the dynamics of human cognition and action” (Friedman et al.,
2006; Miyake and Friedman, 2012; Miyake et al., 2000), as this defini-
tion was shown in a recent review to be the most often adopted
framework among researchers in this area (Baggetta and Alexander,
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2016). Mechanisms associated with EF are highly interrelated but also
structurally distinguishable (Friedman et al., 2006; Miyake et al., 2000),
and most frequently conceptualized as overlapping domains of inhibi-
tion, shifting, and updating (Baggetta and Alexander, 2016; Friedman
et al.,, 2006; Miyake et al., 2000). Individual differences in task
switching and inhibition appear to predict social strain (Tun et al.,
2013), and age-related decrements in inhibition can have negative
ramifications for social functioning (Hutter et al., 2012; Pushkar et al.,
2000; von Hippel et al., 2008; Von Hippel and Dunlop, 2005). A deeper
understanding of the neurobiological mechanisms of EF and how to
preserve or improve EF through the life course would greatly enhance
efforts to improve quality of life.

Numerous meta-analyses and reviews detail the benefits of exercise
among older adults for cognition (Barnes and Yaffe, 2011; Colcombe and
Kramer, 2003; Erickson et al., 2011; Hernandez et al., 2015; Heyn et al.,
2004; Kramer et al., 2004; Kramer and Erickson, 2007; Paillard et al.,
2015; Smith et al., 2010). The effects of fitness training on cognitive
function may be strongest for EF as compared to other cognitive domains
(Bunce and Murden, 2006; Kramer and Willis, 2002; Yu et al., 2013) and
are greater in the mid-old to old-old (> 66) with longer program dura-
tions and longer exercise bout durations (Colcombe and Kramer, 2003;
Buchman et al., 2012; Ludyga et al., 2016; Moreau and Chou, 2019).
However, previous work has not fully explored how exercise intensity
may moderate improvements in EF following an exercise program. For
instance, while some studies do include a single aerobic exercise con-
dition, that condition was in comparison to a non-aerobic condition such
as resistance, strength training, or stretching (Brinke et al., 2015; Col-
combe et al., 2006; Erickson et al., 2011; Mekari et al., 2020; Sanders
et al., 2020; Tse et al., 2015), or a sedentary condition (Lautenschlager
et al., 2008; Muscari et al., 2009).

Another potential moderator may be the €4 allele of the APOE gene,
carried by roughly 13.7% of the population (Liu et al., 2013) and well
documented as a risk factor for cognitive decline (Farlow et al., 2004;
Harris and Deary, 2011; Reas et al., 2019; Schuff et al., 2008; Verghese
etal., 2011). Research on the effects of exercise on cognition for €4 allele
carriers has produced mixed results. Some work suggests diminishing
returns from exercise on cognitive performance for €4 carriers as
compared to non-carriers (Brown et al., 2013; Fenesi et al., 2017; Ku
et al., 2017; Obisesan et al., 2012; Podewils et al., 2005). Pre-clinical
(Chaudhari et al., 2016) and positron emission tomography (PET) im-
aging studies (Bugg et al., 2012) suggest €4 carriers may benefit overall
from higher levels of physical activity (Woodard et al., 2012), while
other research suggests that better performance on tests of aerobic
fitness is associated with better memory performance among older
adults who were also €4 carriers (Etnier et al., 2007; Tsai et al., 2019,
2021). Exploring the moderating role of APOE ¢4 allele status in the
context of a study that directly targets cardiorespiratory fitness via high
intensity exercise may thus be particularly informative.

The data described here come from a large study that explores age
differences in structural and functional brain imaging, and cognitive
performance related to EF, as well as the impacts for each of those do-
mains of increasing physical activity among older adults. In the broader
study, older adults were compared to younger adults who were rela-
tively closely matched on current physical activity levels. Then, older
adults only participated in a 16-week supervised exercise program
comparing the effects of low intensity continuous training (LICT) and
moderate intensity continuous training plus high intensity interval
training (MICT+IT). The current analysis utilizes measures of cognitive
performance in the EF domains of updating, shifting, and inhibition. It
was hypothesized that older adults would demonstrate poorer cognitive
performance and cardiovascular health than younger adults before older
adults initiated 16 weeks of fitness training, older adults in both exercise
conditions would improve on measures of cognitive performance after
participation the 16-week intervention, that there might be stronger
effects from MICT-+IT versus LICT, and that there would be an interac-
tion between €4 allele carrier status and exercise condition among older
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1. Materials & method
1.1. Study sample and recruitment

Recruitment and data collection took place in the Denver-Boulder,
Colorado area between April 2014 and November 2018. Multiple
recruitment strategies were used including Craigslist, ResearchMatch,
targeted mailings, electronic advertisements placed in campus bulletins,
flyers posted on the University of Colorado Boulder campus and at
community centers and recreation centers, and advertisements on social
media websites. Participants were eligible for inclusion if they were
younger adults aged 25-35 or older adults aged 60 or over, if they re-
ported less than 60 min per week of moderate intensity physical activity
in the last six months as reported at screening, they were physically
capable of safely engaging in moderate intensity exercise as assessed by
the study physician, able to successfully complete a maximal oxygen
uptake (VOomax) test without evidence of cardiac or other abnormal-
ities, and able to make fewer than three errors on the Pfeiffer Mental
Status test (Pfeiffer, 1975). The weekly fitness threshold for inclusion
was selected because the goal was to work with a population that wasn't
already highly active, 60 min/week is well below the recommendation
of the American College of Sports Medicine (Physical Activity Guidelines
for Americans, 2008), and to ensure safety for older adults given that
both experimental conditions were aerobic.

Participants were excluded if they reported heavy smoking (> 20
pack years), uncontrolled diabetes (hemoglobin A1C > 7%) or diabetes
treated by insulin or sulfonylureas, uncontrolled hypertension (systolic
blood pressure > 160 mmHg or diastolic blood pressure > 100 mmHg),
magnetic resonance imaging (MRI) contraindications or body size
exceeding the capacity of the MRI (given that aspects of the larger study
involved structural and functional MRI measures), current use of anti-
psychotic medications, or diagnosis of bipolar disorder, schizophrenia,
dementia, or Alzheimer's disease. Study procedures were reviewed and
approved by the University of Colorado Boulder Institutional Review
Board.

1.2. Changes to eligibility

Some eligibility criteria were amended after the commencement of
the study to broaden our ability to recruit participants. These included
changing eligible age for the older group from 65 and older to 60 and
older, inclusion of individuals with controlled diabetes who were not
taking insulin or sulfonylureas, and inclusion of individuals with
depression or anxiety. Additionally, for both older and younger groups,
the maximum limit of 60 min of exercise per week was increased to 80
min per week. Finally, overall enrollment was increased to account for
participant loss due to attrition and excessive magnetic resonance im-
aging (MRI) scan motion. All changes to eligibility were reviewed and
approved by the University of Colorado Boulder Institutional Review
Board.

1.3. Study design

The data presented here were collected as part of a larger random-
ized controlled trial with multiple aims called Fitness, Older Adults, and
Resting State Connectivity Enhancement (FORCE). Funding for this
study was provided by RO1AG43452 (NIA). Clinical- trials.gov identi-
fier: NCT0206861. The overall aim of FORCE was to examine the rela-
tionship between changes in physical activity and changes in brain
network connectivity and cognitive, social, emotional, and financial
functioning among older adults. MRI data, as well as measures of social,
emotional, and financial functioning were collected but are not included
in the present analysis. Older adults participated in a randomized
controlled exercise trial with two conditions, MICT+IT or LICT. A group
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of younger adults was also enrolled in the study for a baseline session but
did not participate in either exercise condition. Older and younger adult
participants completed a blood draw for SNP analysis, a demographics
questionnaire, and a cognitive performance assessment at baseline, and
older adult participants completed a follow-up cognitive performance
assessment after the conclusion of their 16-week exercise participation.

1.4. Randomization and masking

A random assignment table for each gender was created using a
random number generator. Upon completion of consent and assent and
following assessment by a study physician, a research assistant block-
randomized older adult participants by gender to either the MICT+IT
or LICT intervention. It was not possible for participants to be fully blind
to condition given the nature of a behavioral trial. They were however
blind to the nature of the other intervention condition as well as the
study hypotheses.

1.5. Study procedures

1.5.1. Training protocol

Older adults in both exercise conditions were asked to attend exer-
cise sessions three times per week for 16 weeks at the Center for Health
and Neuroscience, Genes, and Environment (CUChange) Exercise Lab-
oratory on the University of Colorado Boulder campus. Exercise sessions
lasted approximately 30 min and were supervised by trained research
assistants. Participants were fitted with a heart rate monitor (Polar T31,
Kempele, Finland) and predominantly exercised on the treadmill,
however participants with orthopedic limitations or balance concerns
were allowed to exercise on an elliptical or cycle ergometer. Exercise
prescription was based off of percentages of the maximum heart rate
(HRmax) achieved during two exercise tests prior to the exercise inter-
vention. The MICT-+IT program was progressive in design, increasing
intensity and increasing the frequency of interval training over the
course of the program to make it safe for and tolerable to older adults.
This group performed approximately 2 min of warm-up at a low in-
tensity at the beginning of each exercise session. During the first three
weeks of this program, participants exercised for 30 min at 60% of
HRmax (e.g., a “moderate level of exertion). During weeks 4-6, partic-
ipants began interval training during one session per week. Interval
training included 15 minutes of exercise at 75-80% HRmax, followed by
3 X 3 minute intervals at 85-95% HRmax. Each interval was separated
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by two minutes of active recovery. Non-interval sessions included 30
minutes at 75-80% HRmax. During weeks 7-9, participants completed
interval training two times per week. In weeks 10-16, interval training
was completed three times per week. Participants were allowed to cool
down for approximately five minutes, or until heart rate returned to near
resting values. The LICT group exercised for 30 minutes at 50% of
HRmax (e.g., a “low” level of exertion) for all 16 weeks Fig. 1).

1.6. Measures

1.6.1. Demographics

Participants in both groups (older and younger adults) completed a
demographics questionnaire on a laptop computer. Demographics data
were collected and managed using Research Electronic Data Capture
(REDCap) (Harris et al., 2009) and included sex, age, race, ethnicity,
marital status, highest level of education, and employment status.

1.6.2. Cardiopulmonary fitness

Cardiopulmonary fitness was assessed as peak oxygen uptake
(VOgpeak) at baseline for younger and older adults and at follow-up for
older adults using an incremental graded exercise test with breath-by-
breath gas collection (MGC Diagnostics Ultima, Saint Paul, MN) on a
motorized treadmill (Full Vision Inc. Trackmaster, Newton, KS) at the
Clinical Translational Research Center (CTRC) on the University of
Colorado Boulder campus. In contrast to VOomax, (Cade et al., 2018),
VOspeak is the highest value of oxygen uptake that one reaches on a
specific high intensity exercise test, and was calculated as the highest 30
s average during the test. VOypeak was selected as an objective measure
of fitness given that it's not uncommon for untrained research partici-
pants to tire before reaching the VO, plateau requirements to measure
VO, max. According to the Balke protocol (American College of Sports
Medicine, 2013), treadmill speed remained constant and grade was
increased by 2% every 2 min until exhaustion. Treadmill speed was
chosen to elicit approximately 70% of age predicted maximum heart
rate and a rating of perceived exertion (RPE) of 13 (Borg; 6-20 scale)
(Borg, 1970), and heart rate was continuously monitored using a 12-lead
electrocardiogram (EKG). Two participants completed the VOypeak
assessment on a cycle ergometer (Lode Excalibur; Lode Groningen, The
Netherlands) due to an orthopedic limitation or balance concern on the
treadmill. One of these participants performed the exercise intervention
on a cycle ergometer and the other performed it on a treadmill. All other
participants completed exercise testing on a treadmill. The cycle

Older Adult Participants

(Jrienfation Neurophysiological Neurophysiological
* Informed consent Health Assessment Measures/MRI Measures/MRI Health Assessment
* Medical history Baseline Baseline 16-Week Follow-up Baseline
and physical —>{ + VO2max test + Cognitive —>| Exercise - Cognitive * VO2max test
* Blood collection * Self-report performance tests Intervention performance tests * Self-report

* Demographics
* PAR

questionnaires
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Phone screen .
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Fig. 1. Research flowchart for older and younger study participants.
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ergometer tests began at a resistance of 0 W and increased by 20-25 W
every 2 min until exhaustion.

1.6.3. Cognitive performance

Cognitive performance was measured at baseline for younger and
older adults and at follow-up for older adults using three EF tasks
(Friedman et al., 2006; Miyake and Friedman, 2012; Miyake et al., 2000)
that measured inhibition (Stroop task), shifting (Category Switch task),
and updating (Keep Track task). The cognitive tests were administered
by trained research assistants using E-Prime software (Psychology
Software Tools, Sharpsburg, PA) running on a laptop computer with
stimuli displayed on a monitor. A response device was used for the
Stroop and Category Switch tasks. Verbal responses were recorded for
the Keep Track task.

The Stroop task (Golden and Freshwater, 1978) asked participants to
identify the ink color of the word presented and ignore the meaning of
the word. The ink colors used in this task were red, yellow, green, and
blue. The task included congruent trials in which the meaning of the
word matched the ink color of the word, as well as incongruent trials in
which the meaning of the word corresponded to a color different than
the ink color presented. Participants completed two blocks of eight
practice trials that included only neutral trials, where X's were presented
rather than a word. Participants then completed four blocks of 48 trials,
where two of the blocks were comprised of 25% incongruent trials, and
two blocks contained 75% incongruent trials. The blocks alternated
between 25% and 75%. Participants were block randomized by exercise
condition to receive the 25% or 75% block first. The ordering of the
blocks was the same for participants at baseline and follow-up. Trials
were pseudorandomized within each block.

In the Category Switch task (Gibson, 1941; Jersild, 1927) partici-
pants were asked to categorize words regarding their animacy (living or
non-living) or size (smaller or larger than a soccer ball). A cue appeared
above the word to signify the dimension to apply (N/L or S/L) using a
button box. Participants completed two blocks of 34 trials each assessing
a single dimension preceded by 12 practice trials. Participants then
completed two blocks of 68 trials that included a mixture of both di-
mensions, preceded by 24 practice trials. The two dimensions were
queried equally across each mixed block, with 33 trials involving a
switch between dimensions. As a manipulation of difficulty, mixed
blocks further varied by cue-stimulus onset latency (1250 ms and a
shorter, more difficult 750 ms latency). Participants were block ran-
domized by exercise condition to receive a set of trials in one of two
possible orders at baseline and received another set of trials in the same
order at follow-up.

In the Keep Track task (Yntema, 1963; Yntema and Mueser, 1962), a
series of words belonging to one of six categories (relatives, distances,
metals, animals, colors, and countries) was presented one at a time.
After two practice trials, participants completed nine trials in which they
were asked to keep track of and report the last word presented from two
to four categories. Three trials included two categories, three trials
included three categories, and three trials included four categories. Each
word was presented for 2 sec, with the applicable categories at bottom of
the screen. Participants were block randomized by exercise condition to
receive one of two sets of trials in one of two possible orders at baseline.
Participants received the other set of trials in the same order at follow-

up.
1.7. APOE allele status

1.7.1. DNA extraction

Blood samples for DNA extraction were collected from participants
following a four hour fast and prior to the start of the exercise inter-
vention. The blood was stored in EDTA tubes at 4 °C until extraction.
The Gentra Puregene kit (QIAGEN, Hilden, Germany) for whole blood
was used following the manufacturer's instructions optimized for 10 mL
of blood with several exceptions: the RNase A optional step was not
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taken, DNA was vortexed in DNA hydration solution until no longer
visible, and DNA was immediately stored at +4 °C for at least 24 h prior
to quantification rather than the 65 °C and room temperature incubation
steps. DNA concentrations were assessed for genotyping using the
Quant-iT Qubit 1.0 fluorometer (ThermoFisher Scientific, Waltham,
Massachusetts) and protocol following all manufacturer instructions.
Samples were then stored at -80 °C until analysis.

1.7.2. SNP analysis

From the whole blood DNA extracted, genotyping analyses were
conducted on the SNPS rs7412 and rs429358 in order to assess APOE €4
carrier status. rs7412 genotype was identified in 98% of participants,
rs429358 in 93.9% of participants, and APOE ¢ 4 carrier status assayed
with 92.7% success. Participants with one or more undetermined alleles
were excluded from analyses involving APOE genotype, while ambigu-
ously genotyped participants were combined with unambiguous e4
carriers for analysis. Both assayed SNPs were in Hardy-Weinberg equi-
librium (p > 0.16). TagMan SNP Genotyping Assays and TagMan Gen-
otyping Master Mix (ThermoFisher Scientific, Waltham, Massachusetts)
were used to prepare 384-well plates with samples in duplicate. The
genotyping PCR reaction was conducted on the QuantStudio 6 Flex Real-
Time PCR system (ThermoFisher Scientific, Waltham, Massachusetts) on
VIC/FAM genotyping settings for a 5ul reaction and 42 cycles. Data were
analyzed using QuantStudio Real-Time PCR Software (ThermoFisher
Scientific, Waltham, Massachusetts).

2. Analysis

Analyses were conducted using R and R Studio (RStudio: Integrated
development for R, 2015) and SPSS statistical software (IBM SPSS Sta-
tistics (25.0), 2017). Stroop effects on reaction time were calculated as
the difference in mean response time (RT) between incongruent trials
and congruent trials divided by the mean response time of congruent
trials, yielding a proportion effect to control for baseline differences in
reaction time. Stroop effects on error rate were calculated as the dif-
ference in mean error rate between incongruent and congruent trials.
These calculations were performed across, and by, the two different
levels of block difficulty. Trials with reaction times 200 ms or lower were
regarded as spurious responses (e.g. accidental button pressing) and
removed from analyses. Participants that were unable to generate any
accurate responses across all blocks of a specific difficulty at a given time
point were removed from analyses examining Stroop effects.

For Category Switch, switch effects were calculated as the difference
in mean response time for switch trials and repeat trials within mixed
blocks divided by the mean response time of repeat trials within the
mixed blocks to yield a proportion switch RT effect. The mixing effect
was calculated as the mean difference in response time between repeat
trials in switch blocks and repeat trials in repeat blocks. These calcula-
tions were performed across, and by, the two different levels of block
difficulty (25% incongruent trials and 75% incongruent trials). Trials
with reaction times 200 ms or lower were regarded as spurious re-
sponses (e.g. accidental button pressing) and removed from all analyses.

The Keep Track was scored by taking the total number of correct
responses across all trials.

To examine differences in cognitive function between the older and
younger adults pre-intervention independent samples t-tests were con-
ducted, assuming equal variance when deemed appropriate by an F test.
Two-way ANOVAs were conducted to examine whether APOE g4 carrier
status moderated any age differences on cognitive function pre-
intervention. Mixed design ANCOVAs were constructed to examine
differential effects of the MICT+IT vs LICT exercise conditions on
changes in each cognitive task, where time (pre-intervention versus
post-intervention) was a within subjects independent variable and ex-
ercise condition (MICT+IT vs LICT) was a between subjects independent
variable. Mixed design ANCOVAs were also constructed to examine
whether APOE €4 carrier status moderated any of the effects of the
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interventions on changes in performance on the cognitive tasks. These
analyses mirrored those for the prior analyses described above except
that the main effect of APOE €4 carrier status and all possible in-
teractions with time and intervention condition were added to the
model. Age and SES were again included as covariates.

3. Results
3.1. Demographics

Enrolled participants included 273 older adults and 44 younger
adults living in the Denver-Boulder area. Of those, 62 older adults were
excluded after being found to not meet eligibility criteria or choosing to
discontinue participation. A total of 211 older adults were randomized
to either LICT or MICT-+IT (133 Female; 78 Male). 50 older adults were
lost to attrition following randomization. A further 19 older adults and
one younger adult were excluded due to incomplete genotyping. Final
participant flow is described in Fig. 2, whereas participant characteris-
tics by age group and exercise condition are described in Table 1.

3.2. Age differences in and exercise effects on cardiopulmonary fitness

Four older adult participants were excluded from this analysis
because they had incomplete VO, data (n = 138). At baseline, as ex-
pected, VO, peak was greater in younger adults than older adults [t
(55.057) = 8.036, p < 0.001, Cohen's d = 1.58]. For older adults who
completed the exercise intervention, there was a significant main effect
of time [F(1,136) = 11.116, p < 0.01, nz = 0.076] such that VO, peak
increased from pre- to post-exercise (Fig. 3). Finally, there was a sig-
nificant time X condition interaction [F(1, 136) = 19.192, p < 0.001, n2
= 0.124] such that MICT + IT exercisers had a larger increase in VO3
peak (1.324 + 1.991 mL/kg/min) than LICT exercisers (—0.18 + 2.00
mL/kg/min) (Fig. 2).

Younger Adult Participants l

Assessed for eligibility
(n=116) Excluded (n =72)
NI Not meeting inclusion criteria
(n=50)

Enrolled (n =44) * Declined to participate
« Completed study (n=22)

(n=44)
« Did not complete study

=0

Lost to follow-up (n = 0)

Analyzed (n =43)

* Excluded from
analysis due to
indeterminate or
missing APOE status
(m=1)
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Table 1
Participant descriptives.
Older adults Younger
adults
MICT + LICT All
IT
78 64 142 44
% APOE €4 carrier 25.6" 12.5 19.7 29.5
(n homozygous/n (1/19) (2/6) (3/25) (1/12)
heterozygous)
% > college education 85.9 82.8 84.5 69.0*
Age 67.49 + 68.12 + 67.77 + 28.86 +
0.585 0.722 0.456 0.473 ***
% Female 64.1 60.9 62.7 60.5
PAR Days" 0.99 + 1.72 + 1.33 + 1.8 £ 1.95
1.24 2.03 1.69
% Income >60,000%/yr 63.0 52.3 58.0 9.1%%*
% Hispanic/Latino 5.1 4.7 4.9 14.0
% White 93.6 92.2 93.0 67.47"*
% Am. Indian/Alaska 0 1.6 0.7 0
Native
%Asian 3.8 3.1 3.5 11.6*
%Black or African 0 0 0 2.3
American
% More than one race 1.3 1.6 1.4 18.6%**

? PAR Days is an item from the interviewer-led Physical Activity Recall
assessing how many of the previous 7 days the participant engaged in activity
that was moderate intensity or greater for at least 30 min.

" p < 0.05 MICT vs. Older LICT.

" p < 0.05 vs all Older.

"™ p < 0.001 vs all Older, survives Sidak correction $ p < 0.05 vs LICT.

3.3. Age differences on cognitive tasks

3.3.1. Differences in cognitive function between the older and younger
adults pre-intervention
Stroop effects on error rate and RT across block difficulty and in 25%

Older Adult Participants ‘

Assessed for eligibility Excluded (n =455)
(n=666) * Not meeting inclusion criteria
(n=307)
¢ « Declined to participate
Randomized (n=90)
(n=211) « Issue found in graded exercise
| test (n = 58)

J y

Allocated to Low Intensity Allocated to Moderate

Continuous Training (LICT) Intensity Continuous

intervention (n = 101) Training + Interval Training

Received allocated (MICTHIT) intervention

intervention (n = 75) (n=110)

Did not receive allocated * Received allocated

intervention (n = 26) intervention (n = 86)

* Did not receive allocated
intervention (n = 24)

! J

Lost to follow-up (n =26)
 Discontinued intervention
due to personal reason

(n=24)

Lost to follow-up (n =24)
* Discontinued intervention
due to personal reason

(n=26)
!

!

Analyzed (n =64)

* Excluded from analysis due
to indeterminate or missing
APOE status (n=11)

Analyzed (n=78)

* Excluded from analysis due
to indeterminate or missing
APOE status (n = 8)

Fig. 2. CONSORT diagram for older and younger study participants.
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and 75% incongruent blocks were larger in older adults than younger
adults pre-intervention. There were no differences between older and
younger adults in the Category Switch switch effect RT across block
difficulty or in 750 ms or 1250 ms blocks pre-intervention. The mixing
effect RT was larger in older adults across block difficulty and in both
750 ms and 1250 ms blocks pre-intervention. Younger adults signifi-
cantly outscored older adults in the Keep Track task. Notably, age dif-
ferences emerged regardless of task difficulty across domains. Thus, for
parsimony, subsequent analyses of the influence of the exercise inter-
vention on task performance, and moderation of those analyses by APOE
€ 4 status on the Stroop and Category Switch tasks were conducted only
for the overall effects collapsed across difficulty. The Keep Track task
also showed significant age differences and was retained as is for sub-
sequent analyses. Results are summarized in Table 2.

3.3.2. Moderation of age differences in cognitive task performance by
APOE &4 carrier status

While all age group differences reported above and in Table 2 were
replicated with APOE ¢ 4 carrier status in the model, there were no main
effects of APOE &4 status and it did not moderate any of the age differ-
ences on cognitive task performance at baseline. Results are summarized
in Table 3.

3.4. Effects of exercise condition on cognitive task performance

As age was correlated with performance on each task (0.085 < r <
0.285), it was included as a covariate in all analyses. Based on literature
suggesting that socioeconomic status (SES) is associated with executive
function in the context of aging (Steptoe and Zaninotto, 2020), SES was
also included as a covariate. However, given the restricted range for SES
in this sample, income equal to or greater than $60,000 per year was
coded as 1 and income less than $60,000 was coded as 0. Given the high
correlation between SES and education, and because controlling for
education did not appreciably change the direction or significance of
any effects, the simpler models controlling for only age and income are
reported for parsimony. Pre- and post-intervention means by condition
and significance tests appear in Table 4.

There were no significant main effects of time or exercise condition,
nor was there a condition X time interaction for the Stroop Effect on RT.
Significant main effects of time showed that the Stroop effect on error
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Table 2
Cognitive performance at baseline for older adults compared to younger adults.
Mean =+ St. Mean =+ St. Cohen's t )
dev. dev. (Older) d
(Younger)
Stroop RT (ms) 0.103 + 0.142 + 0.524 2879 p<
0.072 0.0769 0.01
Stroop RT 25% 0.141 + 0.178 + 0.378 1.995 p<
0.089 0.106 0.05
Stroop RT 75% 0.091 + 0.126 + 0.479 2,668 p<
0.070 0.076 0.01
Stroop error (%) 0.022 + 0.090 + 0.824 6.121 p<
0.036 0.111 0.001"
Stroop error 0.040 + 0.148 + 0.882 6.306 p<
25% 0.064 0.161 0.001"
Stroop error 0.011 + 0.070 + 0.683 4894 p<
75% 0.044 0.114 0.001°
Category switch 0.161 + 0.126 + 0.237 1372 p=
RT (ms) 0.155 0.140 0.172
Category switch 0.145 + 0.190 + 0.271 1.274 =
RT 750 ms 0.165 0.168 0.127
Category switch ~ 0.110 + 0.125 + 0.088 0852 p=
RT 1250 ms 0.159 0.181 0.395
Category switch ~ 194.218 + 334.502 + 0.786 5397 p<
mixing RT 151.235 202.135 0.001"
Category switch ~ 225.784 + 398.280 + 0.762 4.821 p<
mixing RT 185.567 260.991 0.001"
750 ms
Category switch 163.568 + 310.213 + 0.782 5016 p<
mixing RT 148.952 219.351 0.001"
1250 ms
Keep track (n) 22.61 + 3.64 20.60 + 0.661 4302 p<
2.29 0.05

& Survives Sidak correction.

decreased (i.e., improved) from pre- to post-intervention, but there was
no condition X time interaction. Significant main effects of time showed
that the Category Switch switching effect RT decreased (i.e., improved)
from pre- to post-intervention, but no condition X time interaction was
found. No effects of time or condition were found for Category Switch
mixing effect RT.

A trending main effect of condition was found [F(1, 264) = 2.982, p
= 0.085, 12 = 0.011] for the Keep Track task that was modified by a
significant time X condition interaction. Keep Track scores trended to-
ward increasing (i.e., improving) from pre- to post-intervention in
MICTHIT exercisers [t(261) = 2.427, p = 0.072, Tukey HSD] but were
unchanged in LICT exercisers [p = 0.9743, Tukey HSD].

3.5. Moderation of exercise effects on cognitive task performance by
APOE €4 carrier status

There were no significant main effects of condition, time, or APOE &4
carrier status, nor were any significant interactions noted for the Stroop
Effect on RT. As with the prior analysis of the Stroop effect on error,
there were significant main effects of time [F(1, 256) = 9.381, p < 0.01,
1n? = 0.031] showing that participants in both conditions improved after
exercise. Additionally, a time X condition X APOE status interaction was
found [F(1, 256) = 4.2455, p < 0.05, nz = 0.014], such that APOE ¢4
carriers assigned to the MICT+IT exercise condition performed worse in
terms of the Stroop effect on error after the exercise intervention,
whereas all other participants improved (Fig. 4).

Again, significant main effects of time [F(1, 274) = 4.442, p < 0.05,
n? = 0.020] were found for Category Switch such that the switching
effect RT decreased from pre- to post-intervention. A trending main ef-
fect of APOE &4 carrier status was found [F(1, 274) = 2.763, p = 0.098,
12 = 0.007] such that switching effect RT was shorter (i.e., better) in &4
carriers than non-e4 carriers. Trending main effects of time [F(1, 274) =
2.806, p = 0.095, n2 = 0.010] were again noted for Category Switch
mixing RT, and there was also a trending main effect of APOE status [F
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Table 3
APOE €4 moderation of age effects on cognitive task performance.
Younger (Mean + St.dev) Older (Mean =+ St.dev) Age APOE APOE x age
e4 Non-e4 e4 Non-e4 P n2 P n2 P n2
Stroop RT 0.123 + 0.100 0.096 + 0.061 0.141 + 0.070 0.142 + 0.079 0.005 0.047  0.644 0.001  0.38 0.004
Stroop RT 25% 0.179 + 0.089 0.129 + 0.086 0.163 + 0.106 0.181 + 0.106 0.047 0.022  0.948 0.024  0.108 0.015
Stroop RT 75% 0.119 + 0.068 0.081 =+ 0.069 0.137 + 0.072 0.124 £ 0.077 0.008 0.042  0.156 0.011  0.426 0.004
Stroop error 0.025 + 0.036 0.022 + 0.037 0.089 + 0.100 0.091 + 0.113 0.0001° 0.008 0.97 0.000 0.9 0.000
Stroop error 25% 0.015 + 0.033 0.048 + 0.071 0.141 + 0.155 0.149 + 0.163 0.00004" 0.093  0.568 0.002 0.678 0.001
Stroop error 75% 0.038 £ 0.054 0.005 + 0.039 0.075 £ 0.118 0.068 + 0.113 0.0015 0.059  0.555 0.002  0.715 0.001
Category switch RT 0.100 + 0.100 0.182 + 0.166 0.105 + 0.142 0.131 + 0.140 0.17 0.012 0.102 0.014 0.317 0.005
Category switch RT 750 ms 0.113 + 0.147 0.216 + 0.170 0.137 + 0.137 0.148 + 0.172 0.126 0.014  0.236 0.008 0.173 0.010
Category switch RT 1250 ms 0.086 + 0.096 0.151 + 0.200 0.075 + 0.183 0.119 £+ 0.152 0.394 0.005 0.0907 0.016 0.753 0.000
. . 225.456 + 183.478 + 400.149 + 343.200 + N
Category switch mixing RT 168.102 146.311 315.685 179.857 0.000008 0.107 0.146 0.010 0.855 0.000
Category switch mixing RT 268.932 + 210.952 + 468.616 + 381.004 + ,
. * . .0731 .01 .7672 .

750 ms 190.525 184.543 378.260 221.991 0.00008 0.086  0.073 0.016  0.767 0.000
Category switch mixing RT 183.402 + 156.750 + 333.260 + 304.552 + B

1250 ms 171.961 142.593 305.777 193.734 0.000066 0.086  0.45 0.003  0.981 0.000
Keep track 23.818 +1.888 22.219 + 2.338 20.815 + 3.803 20.351 + 3.612 0.0003" 0.068  0.211 0.008  0.413 0.003

& survives Sidak correction.

Table 4
Cognitive performance from baseline to follow-up by condition.

Task Means by condition Effect of time Time x
condition
MICTHIT  LICT F 2 F n?
Stroop effect on RT
Pre- 0.129 + 0.152 +
intervention 0.065 0.085
Post- 0138 4+ 0141 + 0.020 0.000 1.374 0.005
intervention 0.070 0.072
Stroop effect on error
Pre- 0.102 + 0.081 +
intervention 0.114 0.107 s
Post- 0.066 & 0.050 & 8.789 0.032  0.036 0.000
intervention 0.087 0.066
Cat.switch switching effect RT
Pre- 0.142 + 0.113 +
intervention ~ 0.148 0.133 .
Post- 0.089 + 0.095 + 5.632 0.021  1.340 0.005
intervention 0.104 0.121
Cat. switch mixing effect RT
351.909 356.496
Pre- + +
intervention 194.112 229.185
Post- 316,743 312.798 2.722 0.010 0.032 0.000
intervention + +
207.516 173.492
Keep track
Pre- 19.59 + 21.18 +
intervention 4.26 2.84
Post- 21.00 + 20.93 4+ 2.367 0.006  4.268 0.014
Intervention 3.23 3.26
" p <0.05.

- p < 0.001, survives Sidak correction.

(1, 274) = 3.149, p = 0.077, n2 = 0.019]. In contrast to the switching
effect RT, the mixing effect RT was longer (i.e., worse) in €4 carriers than
non-carriers. Finally, the condition X time interaction from the prior
Keep Track analysis decreased to a trend level once APOE status was
included in the model [F(1, 260) = 2.907, p = 0.089, n? = 0.014],
though the direction of the interaction was in the same pattern. No ef-
fects involving APOE status were found.

Finally, we felt it was warranted to conduct a sensitivity analysis to
see whether cardiopulmonary fitness itself was related to task

performance. We first looked at correlations between VOspeak and
cognitive task performance in the younger sample and found no evi-
dence of significant relationships between VOypeak and performance on
any of the tasks. In contrast, for older adults, VOspeak was negatively
associated with Stroop errors overall (r = —0.241, p < 0.01) and for both
levels of difficulty (r25¢4 = —0.193, p < 0.05, 750, = —0.205, p < 0.05).
There was no association between VOypeak and performance on either
of the other tasks nor on Stroop RT.

To explore whether increases in cardiovascular fitness were associ-
ated with improvements in cognitive performance, we then looked cor-
relations between change in VOypeak and change in cognitive task
performance among older adults. Here there was only one significant
relationship, such that increases in VOspeak were significantly associ-
ated with a decrease in Stroop errors, but only in the 75% incongruent
blocks of that task (r = —0.227, p < 0.01). In sum, while there is some
evidence that cardiovascular fitness is positive associated with the
ability to correctly inhibit a prepotent response among older adults as
measured in the Stroop task, that association did not extend to measures
of the shifting or updating aspects of EF.

4. Discussion

In this study of aerobic fitness and cognitive performance, it was
hypothesized that older adults would demonstrate poorer cognitive
performance and cardiovascular health than younger adults before older
adults initiated 16 weeks of fitness training, older adults in both exercise
conditions would improve on measures of cognitive performance after
participation the 16-week intervention, that there might be stronger
effects on one condition versus the other, and that there would be an
interaction between €4 allele carrier status and exercise condition
among older adults. Despite being relatively closely matched in terms of
current physical activity levels, older adults generally had worse car-
diovascular fitness and cognitive performance than younger adults at
baseline, consistent with previous literature demonstrating the effect of
aging on cognition (Fjell et al., 2017; Grady, 2012; Salthouse, 2019).
One exception to this was Category Switch switch effects, where no age
differences were found. APOE &4 allele carrier status did not moderate
any of the age group differences on the cognitive tasks.

Following the 16-week intervention, older adults in both conditions
significantly improved in cardiovascular fitness, though MICT + IT ex-
ercisers had a larger increase in VOgpeak than LICT exercisers. Those in
the MICT-+IT condition improved more than those in the LICT condition,
and there were few group differences. These results are consistent with
previous work supporting that exercise overall is likely beneficial for
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Fig. 4. Stroop effect on error from baseline to follow-up by condition and APOE status.

cognitive performance (Badenhop et al., 1983; Berryman et al., 2014; Fu
et al., 2013), but they do not shed light on any particular mechanistic
hypothesis. Authors of another dose-response trial of the effects of aer-
obic exercise on cognition have suggested that an individualized
response to fitness as quantified by outcomes such as VOzpeak may be “a
better predictor of cognitive gains than exercise dose” (Vidoni et al.,
2015). Given this suggestion and the fact that our study yielded few
significant results according to group, we chose to make a final analysis
of the relationship between VOypeak and cognitive task performance.
However, few significant results were obtained from these analyses as
well. Given that our analysis of the effect of VOypeak on cognitive
performance was only significant for the Stroop task with 75% incon-
gruent blocks, it may be that the mechanism of the effects of physical
activity on cognitive task performance may be either tangentially
related or even unrelated to cardiovascular fitness. Our findings are
consistent with a recently published trial that showed similar trending
improvements in executive functioning in older adults following twelve
weeks of moderate intensity versus twelve weeks of high intensity in-
terval training (Kovacevic et al., 2020), suggesting a diminished role of
intensity in improving executive functioning.

Finally, it was hypothesized that older adults in the MICT+IT
intervention who were also APOE ¢4 allele carriers would demonstrate
more improved cognitive performance than other participants at follow-
up. However, exercise did not improve the Stroop effect on error for
these individuals, and their Stroop effect on error even increased after
the exercise intervention. This result is interesting both because it
demonstrates a differential negative effect for inhibition only, and for
APOE ¢4 allele carriers only. Pre-clinical and human studies have both
supported (Chaudhari et al., 2016; Head et al., 2012; Soto et al., 2015)
and refuted (Brown et al., 2013; Obisesan et al., 2012; Podewils et al.,
2005) a relationship between APOE, exercise, and cognition, in that
some studies suggest more benefits from exercise, some suggest less
benefit, and some do not support a benefit at all . In the case of this study
where Stroop effect on error increased after the exercise intervention for
APOE ¢4 carriers, we speculate that perhaps neuronal injury in the
prefrontal brain region may already be present as a result of possible

amyloid-beta (Af)- or tau protein accumulation, which is associated
with the increased risk of being an €4 allele carrier. In other words, since
neurofibrillary tangles (NFTs) and Ap plaques are known to accumulate
years before symptoms of cognitive decline emerge (Dubois et al., 2016;
Jack et al., 2013) and €4 allele carriers are at a higher risk for this type of
neuropathology (Ohm et al., 1995), it is possible that these injuries may
further limit benefits from exercise to the prefrontal cortex, a brain re-
gion central to response inhibition (Blasi et al., 2006). It should be noted
though, that this is a hypothesis which is not currently explored by the
literature, and further investigation into this possible mechanism would
be of benefit to the field. Overall, while the benefit of exercise to
cognition is supported by these results, it is unclear if there are benefits
to executive function unique to a particular intensity level of physical
activity.

More broadly, the moderating effects of APOE status on exercise in
the Stroop task versus the null results demonstrated for the Category
Switch and Keep Track tasks provides further support for the hetero-
geneous nature of executive function (Miyake and Friedman, 2012).
Normal aging may exert heterogeneous effects on executive function,
and recent meta-analytic findings suggest that Stroop performance
seems to be especially impaired in older adults (Maldonado et al., 2020).
Indeed, in the current study, age differences at baseline were strongest
on the Stroop task, and Stroop error rate showed the largest overall
change in performance following the exercise interventions. Notably,
our results diverge from those of Sanders et al. (2020), who demon-
strated that the APOE ¢4 allele did not significantly moderate the effect
of low vs. high intensity exercise on cognitive performance in partici-
pants with dementia, including on the Stroop task (Sanders et al., 2020).
However, in contrast to Sanders et al., our older participants were all
cognitively “normal” (i.e. lacked a clinical status of dementia), and
completed a longer (16 weeks as compared to 12 weeks) and more
intense exercise intervention. Another possible reason for finding an
association with the Stroop task is that this task has been demonstrated
to engage a variety of cognitive control mechanisms, each of which re-
lies on portions of prefrontal cortex (Banich, 2019), a brain region
known to be differentially affected in aging. While it is unclear as to why
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the Stroop task, in particular, showed a condition x time x APOE &4
carrier status interaction in the current study, we emphasize that our
findings should be replicated and interpreted with caution given low
sample sizes in the APOE &4 allele group.

This study presents some notable limitations that should be consid-
ered. The participants in this study comprised a healthy sample who
were not necessarily at increased risk for Alzheimer's Disease nor were
they actively experiencing cognitive decline. The study also lacked a no-
exercise control group matched for study participation and contact with
researchers with which to compare the cognitive effects of low- and
moderate-intensity aerobic training. Despite our attempts to match the
older and younger groups, the younger group was slightly more physi-
cally active and was significantly more diverse than the older group.
Further, study recruitment occurred in the Denver-Boulder area, which
has been noted as a particularly “healthy” region of the U.S. (Riffkin,
2014). As a result, the inclusion criteria were more generous than pre-
vious work, in that participants could have already been exercising
before they started the study (i.e., someone could have already been
exercising for 50 min a week when they began the intervention). This
may impact both the size and direction of effects of exercise on cognition
and may also impact generalizability to other geographical regions.

Several strengths also underly the results of this study. Whereas
previous work has primarily focused on a brain volume, but not cogni-
tive measures of executive function (Varma et al., 2015), or a single
aerobic exercise group versus resistance training or stretching groups
(Brinke et al., 2015) the present study's inclusion of both exercise groups
(low-intensity and moderate-intensity with higher intensity interval
training) allows for greater specificity in understanding the benefits of
exercise. Further, the inclusion of APOE €4 carrier status, especially
given the use of a non-clinical sample without increased risk for
cognitive impairment, is also a strength given that research on cognitive
impairment is increasingly focused on improving and maintaining
cognitive performance among asymptomatic/prodromal individuals.

5. Conclusions

The results of this study support previous work suggesting exercise is
broadly beneficial to cognitive performance, but it does not support any
particular hypotheses of the mechanisms of action of exercise effects on
cognition. APOE &4 allele carrier status did not moderate any of the age
group differences on the cognitive tasks, and while there were signifi-
cant effects of time showing that participants in both conditions had
improved Stroop effect on error, exercise did not improve the Stroop
effect on error for APOE &4 allele carriers. In fact, Stroop effect on error
increased after the exercise intervention for APOE ¢4 allele carriers in
the MICT-IT condition, demonstrating a differential negative effect for
inhibition only, and for APOE €4 allele carriers only. Further work is
needed to examine the relationship between exercise intensity, cogni-
tion, and the moderating role of APOE €4 carrier status, potentially
leveraging (VOypeak) as an individual-level predictor of cognitive
performance.
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