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Abstract. Aerobic exercise has been associated with reduced burden of brain and cognitive changes related to Alzheimer’s
disease (AD). However, it is unknown whether exercise training in asymptomatic individuals harboring risk for AD improves
outcomes associated with AD. We investigated the effect of 26 weeks of supervised aerobic treadmill exercise training
on brain glucose metabolism and cognition among 23 late-middle-aged adults from a cohort enriched with familial and
genetic risk of AD. They were randomized to Usual Physical Activity (PA) or Enhanced PA conditions. Usual PA received
instruction about maintaining an active lifestyle. Enhanced PA completed a progressive exercise training program consisting
of 3 sessions of treadmill walking per week for 26 weeks. By week seven, participants exercised at 70–80% heart rate reserve
for 50 minutes per session to achieve 150 minutes of moderate intensity activity per week in accordance with public health
guidelines. Before and after the intervention, participants completed a graded treadmill test to assess VO2peak as a measure
of cardiorespiratory fitness (CRF), wore an accelerometer to measure free-living PA, underwent 18F-fluorodeoxyglucose
positron emission tomography imaging to assess brain glucose metabolism, and a neuropsychological battery to assess
episodic memory and executive function. VO2peak increased, sedentary behavior decreased, and moderate-to-vigorous PA
increased significantly in the Enhanced PA group as compared to Usual PA. Glucose metabolism in the posterior cingulate
cortex (PCC) did not change significantly in Enhanced PA relative to Usual PA. However, change in PCC glucose metabolism
correlated positively with change in VO2peak. Executive function, but not episodic memory, was significantly improved after
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Enhanced PA relative to Usual PA. Improvement in executive function correlated with increased VO2peak. Favorable CRF
adaptation after 26 weeks of aerobic exercise training was associated with improvements in PCC glucose metabolism and
executive function, important markers of AD.

Keywords: Aerobic exercise, physical activity, Alzheimer’s disease, posterior cingulate cortex, executive function, episodic
memory

INTRODUCTION

The human and monetary costs of Alzheimer’s dis-
ease (AD) are concerning given that the prevalence of
AD is expected to increase dramatically in the com-
ing years [1]. While disease-modifying agents are
under investigation, attention is shifting toward pre-
vention of AD especially via non-pharmacological
approaches [2]. Furthermore, the preclinical phase
is now believed to be the most opportune window
during which to modify the disease course prior to
substantial neuronal damage [2].

Aerobic exercise training is a low-cost, low-risk
intervention that may delay disease progression. In
animal models, exercise has been shown to alter
the pathophysiology of AD [3–5]. Furthermore,
mounting evidence from randomized controlled trials
reveals that aerobic exercise training in older adults
can affect outcomes associated with AD including
brain volume, memory, and executive function [6–8]
although effect sizes may be small to medium [9].
The mechanisms by which exercise benefits brain
health (e.g. brain volume) and supports cognition
have yet to be fully elucidated. Cross-sectional, ani-
mal model, and limited human intervention data
support that cardiorespiratory fitness (CRF) is related
to possible mechanisms that support brain health
such as angiogenesis [10, 11] and white matter/brain
structure integrity [12–14]. Nonetheless, whether aer-
obic exercise training affects key biomarkers of AD
remains unknown. While asymptomatic individuals
with genetic and familial history of AD face increased
risk of developing AD [15, 16], it also remains
unknown whether aerobic exercise training modu-
lates CRF and outcomes associated with AD among
such individuals. This is important because interven-
tions to alter AD pathophysiology are more likely
to be effective if implemented prior to significant
neuronal damage [2] and because targeting at-risk
individuals lends itself to reducing the growing pop-
ulation with AD.

Posterior cingulate cortex (PCC) hypometabolism
is an established characteristic of AD that appears

early in the disease course and is suggestive of neu-
ronal damage [17]. PCC hypometabolism can even
be detected in cognitively normal individuals with
increased risk for the disease [18]. While evidence
supports that aerobic exercise benefits brain struc-
ture and function, how brain glucose metabolism
responds to aerobic exercise training among individ-
uals at risk for AD remains unknown. Furthermore,
episodic memory and executive function are cogni-
tive domains relevant to AD [19, 20] that can be
improved with aerobic exercise [6, 8]. Disturbance
in executive function has been shown to be present in
cognitively normal individuals with AD pathology,
sometimes prior to detectable memory deficit. The
color-word interference (i.e., Stroop) effect may be
a particularly relevant measure of executive function
for identifying pre-clinical AD [20].

In this study, we investigated whether engagement
in 26 weeks of aerobic exercise training favorably
alters brain glucose metabolism and cognition in
asymptomatic, late-middle-aged adults at risk for
AD. The hypothesis was that participants perform-
ing aerobic exercise training would preserve brain
glucose metabolism, memory, and executive function
while scores in the comparison group would decline.

METHODS

Participants

Twenty-three asymptomatic, late-middle-aged
adults were included in this pilot randomized,
controlled, 26-week aerobic exercise training
intervention. Participants were recruited from the
Wisconsin Registry for Alzheimer’s Prevention
(WRAP), a cohort enriched for family history of
AD and the APOE �4 allele [21], or the Wisconsin
Alzheimer’s Disease Research Center (WADRC)
Investigating Memory in People At risk, Causes
and Treatments (IMPACT) cohort. Thirty-eight
(WRAP) to 40% (WADRC IMPACT) of participants
in these cohorts carry at least one APOE �4 allele
as compared to approximately 15% in a population
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Fig. 1. Recruitment and study protocol flowchart.

of comparable age [22]. To be eligible for our
study, participants were required to be between
ages 45 to 80, have a documented positive parental
history of AD, be deemed cognitively healthy by a
consensus panel consisting of at least of a physician,
a neuropsychologist, and one other clinician (e.g.,
a nurse practitioner), and be physically inactive
(<150 min/week moderate intensity activity) accord-
ing to a telephone assessment of physical activity
(PA) [23]. Exclusion criteria were pregnancy, dia-
betes, presence of significant neurological disease,
known structural brain abnormalities, contraindica-
tion to magnetic resonance imaging (MRI), medical
condition prohibiting safe participation in aerobic
exercise training, severe psychiatric conditions or
history of substance abuse, any significant medical
condition affecting cognition, severe untreated

hypertension, use of antipsychotic medications,
and cancer in the previous five years. Figure 1
details the enrollment process for the study. All
study procedures were completed at baseline and
post-intervention, as described below. Participants
gave written informed consent prior to study entry
and the study was approved by the University of
Wisconsin – Madison Institutional Review Board.
The study was registered with ClinicalTrials.gov,
number NCT02384993.

Randomization and intervention

Participants were block randomized using a 1:1
scheme, stratified for age and sex, into either Usual
PA or Enhanced PA. Participants randomized to
Usual PA received informal education at the time of
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randomization about the importance of maintaining
a healthy and active lifestyle. They were then pro-
vided with a copy of “Exercise & Physical Activity:
Your Everyday Guide from the National Institute on
Aging.” No additional guidance or instruction about
an exercise program was given to this group during
the study.

Participants in the Enhanced PA group completed
three sessions per week of supervised treadmill walk-
ing for 26 weeks. Session duration increased by five
minutes each week from 15 minutes in week one
to 40 minutes in week six, and finally 50 minutes
in weeks seven to 26. Treadmill speed and incline
was adjusted by the supervising exercise specialist to
achieve 50–60% heart rate reserve (HRR) for weeks
one and two, 60–70% HRR for weeks three through
six, and 70–80% HRR for weeks seven through 26.
The intent of this structured program was to incre-
mentally increase exercise duration and intensity,
given that these individuals had previously engaged
in little PA. Thus, beginning in week seven and con-
tinuing through week 26, participants completed 150
minutes per week of moderate intensity aerobic exer-
cise in accordance with public health PA guidelines
[24]. If a participant could not attend an exercise ses-
sion(s) due to travel, they were asked to complete
any missed sessions independently or to reschedule
sessions with the exercise specialist. Heart rate (HR)
and rating of perceived exertion (RPE; [25]) were
assessed by the exercise specialist every five min-
utes throughout each session. Exercise sessions began
and ended with five-minute warm up and cool down
periods.

Clinical assessment

Participants reported to the University of Wiscon-
sin – Madison Clinical Research Unit in the morning
after a 12-hour fast from food, nicotine, caffeine,
alcohol, and medications with vasomodulatory prop-
erties. Blood pressure was obtained three times after
the participant was seated for 10 minutes and the aver-
age of the second and third readings was recorded
for systolic and diastolic blood pressure. Weight was
measured to the nearest tenth of a kilogram using a
medical grade scale and height was measured using
a stadiometer. All participants already had parental
history of AD and APOE genetic status on record
[21]. Fasting blood samples were collected from the
antecubital vein and sent to the UW Health Central
Laboratory for analysis of clinical laboratory values.

Cardiorespiratory fitness

Participants performed a continuous graded peak
oxygen consumption (VO2peak) test on a treadmill
(Trackmaster TMX428CP, Full Vision Inc., Newton,
KS) to assess CRF after a 12-hour fast from nicotine,
caffeine, alcohol, and medication (prescription and
over-the-counter). Participants refrained from exer-
cise on the day of the test. The graded treadmill test
was administered by a certified exercise physiolo-
gist and supervised by a physician. During a brief
warm-up period, a comfortable walking speed was
determined that was kept constant for the duration
of testing. The majority of participants walked at 3.5
miles per hour; however, if the participant indicated
that speed to be uncomfortable, a slower speed was
chosen. The test began with an incline of 0%, and
the incline was increased by 2.5% every two minutes
until the participant reached volitional exhaustion or
the supervising exercise physiologist stopped the test
due to safety concerns.

A metabolic cart and 2-way non-rebreathing valve
(TrueOne 2400, ParvoMedics, Sandy, UT) were
used to obtain continuous measurements of VO2,
VCO2, and minute ventilation. The system was cal-
ibrated prior to each test using standard gases with
known concentrations and with a calibrated three-
liter syringe. HR via electrocardiogram and RPE
were recorded during the last 30 seconds of each
stage. Criteria for meeting VO2peak involved sat-
isfying at least two of the following: respiratory
exchange ratio ≥ 1.1, achievement of 90% of age-
predicted maximum HR, RPE ≥ 17, and a change in
VO2 < 200 mL with an increase in treadmill incline
[26]. Following volitional exhaustion, the speed and
grade of the treadmill were reduced to 2 mph and 0%
grade for a 3-minute active recovery period.

Accelerometry

Participants wore a triaxial accelerometer
(GT3X+, Actigraph LLC, Pensacola, FL) for seven
consecutive days to record free-living PA and
sedentary behavior before and after the intervention.
The device was given to participants at the end of
the post-intervention visit such that accelerometer
data collection was done the week following the
completion of the exercise intervention and all other
post-intervention testing. The accelerometer was
worn on the hip during all waking hours except
while bathing or swimming. Participants kept a
written log detailing when they wore the device
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and when they exercised or did any other activity.
This facilitated the interpretation of accelerometer
data by the study team. Standard accelerometer data
inclusion criteria were used: at least 10 hours of
valid wear time per day for a minimum of three
weekdays and one weekend day [27]. Accelerometer
data in 1-second epochs were processed using the
sojourn-3 axis method [28] to calculate time spent
sedentary and in light (LPA), moderate (MPA), and
vigorous (VPA) intensity PA [28, 29]. Briefly, this
method utilizes data from vertical, anterior-posterior,
and medial-lateral axes to identify independent
bout intervals—time between starting one activity
and transitioning to another—by instances of rapid
acceleration or deceleration.

Within the sojourn-3 axis method [28], esti-
mated metabolic equivalents (METs) are determined
for each bout interval using a validated neural
network approach [30], as opposed to the tra-
ditional counts-per-minute approach. The METs
values were classified into PA intensity categories:
<1.5 METs = sedentary, 1.5–2.99 METs = LPA, 3–6
METs = MPA, and > 6 METs = VPA. Moderate and
vigorous PA were collapsed into a composite score of
moderate-to-vigorous PA (MVPA) as our intent was
to determine whether participants were engaged in PA
aligned with public health guidelines that recommend
moderate and/or vigorous PA [24]

Neuroimaging protocol

Participants underwent 18F-fluorodeoxyglucose
(FDG) positron emission tomography (FDG-PET)
imaging after a four-hour fast from food, nico-
tine, caffeine, and alcohol. Details of the FDG-PET
scan have been published previously [31–33].
Images were acquired on a Siemens EXACT HR+
scanner (Siemens AG, Erlangen, Germany) using
the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) protocol [34] which involves a 5 mCi FDG
injection. Imaging began after a 30-minute uptake
period, and the scan was a 30-minute transaxial
acquisition. Post-processing was done using an auto-
mated pipeline [35]. Each FDG-PET image was
proportionally scaled to the mean FDG signal from
the cerebellar vermis and pons. We focused on the
posterior cingulate cortex (PCC), a well-established
inception site for AD-related neurometabolic alter-
ations [36], and sampled FDG uptake values from it
using the PCC mask within the ADNI FDG Meta-ROI
suite [37]. The mean FDG uptake in the entire PCC
was calculated for each group for statistical analysis.

Cognitive function

A trained technician administered the cognitive
test battery to each participant. These tests targeted
global cognition, as well as cognitive domains of
episodic verbal memory and executive function. The
test battery included the Mini Mental State Exam-
ination (MMSE) [38], California Verbal Learning
Test-II (CVLT) [39], and the Delis-Kaplan Executive
Function System (D-KEFS) which comprises Ver-
bal Fluency, Design Fluency, Trail Making, Sorting,
Color-Word Interference (CWI), and Tower subtests
[40]. For the D-KEFS, only the CWI subtest was
analyzed for the present report due to its particu-
lar sensitivity to executive dysfunction in pre-clinical
AD [20].

Statistical analyses

Data were analyzed using SPSS 25.0 (IBM Corp.,
Armonk, NY). Independent samples t-tests (for con-
tinuous variables) and Fischer’s exact tests (for
categorical variables) were used to analyze base-
line differences between treatment groups. For each
outcome, we calculated change from baseline to post-
intervention. Then, independent samples t-tests was
used to analyze differences between groups on the
change measure. The change in PCC FDG uptake was
not normally distributed within the Usual PA group.
The data for this variable were thus transformed using
Blom’s formula prior to being analyzed using the
t-test. Pearson’s correlation was used to determine
associations between outcomes. Data are presented
as mean (standard deviation), and significance was
established as p < 0.05.

RESULTS

Baseline characteristics

The Usual and Enhanced PA groups were com-
posed of late-middle aged participants with an
overweight BMI on average. Participants had nor-
mal cognition as demonstrated by their MMSE scores
and had on average 16 years of schooling. Usual and
Enhanced PA groups were similar in age, sex, years of
schooling, APOE positivity, parental history of AD,
cognitive capacity, body habitus, and blood pressure.
Table 1 presents the characteristics of the partici-
pants within Usual and Enhanced PA at baseline.
Furthermore, Table 1 shows that the randomization
procedure successfully produced groups that did not
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Table 1
Baseline characteristics of the participants

Variable Usual PA, n = 12 Enhanced PA, n = 11 p

Characteristics
Age, y 63.92 (5.19) 65.88 (4.00) 0.33
Female, n 6 5 0.99
Education, y 16.67 (2.57) 16.27 (2.33) 0.71
Parental history of AD, n 12 11 –
APOE �4 positive, n 5 3 0.67
MMSE, a.u. 29.67 (0.49) 29.55 (0.69) 0.63
BMI, kg/m2 29.38 (5.96) 29.89 (4.81) 0.82
Systolic BP, mmHg 128.50 (19.65) 123.23 (18.65) 0.52
Diastolic BP, mmHg 79.92 (9.47) 75.96 (10.45) 0.35

Outcomes
VO2peak, mL/kg/min 25.74 (6.58) 23.57 (4.97) 0.39
Sedentary behavior, min 670.73 (94.26) 725.96 (75.81) 0.14
MVPA, min 78.97 (35.29) 60.58 (23.49) 0.16
Brain glucose metabolism, a.u. 1.49 (0.12) 1.50 (0.11) 0.84
CVLT Total, words 49.58 (11.06) 53.18 (7.99) 0.39
CVLT Long Delay, words 10.83 (2.82) 12.00 (2.72) 0.33
D-KEFS CWI, seconds 60.00 (11.71) 64.82 (15.11) 0.40

Characteristics of the participants at study entry. p-values result from t-tests and Fis-
cher’s exact tests to determine differences between groups. Data are presented as mean
(standard deviation). Abbreviations: physical activity (PA); Alzheimer’s disease (AD);
apolipoprotein E epsilon 4 (APOE �4); Mini-Mental State Examination (MMSE); body
mass index (BMI); blood pressure (BP); peak oxygen consumption (VO2peak).

differ at baseline on the outcome measures, includ-
ing VO2peak, sedentary behavior and MVPA, brain
glucose metabolism, and cognitive performance.

Exercise training characteristics

Participants in the Enhanced PA group success-
fully engaged in moderate intensity aerobic exercise
with mean HRR and RPE over 73% and 12 a.u.,
respectively, during their 50-minute exercise ses-
sions. Table 2 presents summary data for exercise
intensity, volume, and adherence for participants in
the Enhanced PA group. Data in Table 2 represent
group means from weeks 7–26 of the intervention
because weeks 1–6 consisted of a gradual increase of
session duration and intensity. Six of the 11 partici-
pants randomized to Enhanced PA missed at least one
supervised exercise session due to travel or illness.
Participants missed an average of 2.4 and a maximum
of 10 (by a single participant) supervised sessions
over the course of the program, and the maximum
number of supervised sessions missed by a single
participant was 10. In all, participants missed 26 ses-
sions during the intervention. Of these, they made up
19 sessions (e.g., by independently exercising while
traveling), resulting in only 7 uncompleted sessions.
Thus, 851 out of 858 total expected sessions were
completed, resulting in a 99.2% session adherence
rate.

Table 2
Enhanced PA aerobic exercise intervention characteristics

Variable Enhanced PA, n = 11

HR, bpm 128.8 (2.6)
HRR, % 73.5 (2.5)
Treadmill speed, mph 3.3 (0.3)
Treadmill incline, % 7.7 (3.3)
Session RPE, a.u. 12.1 (1.5)
Session adherence, % 99.2

Descriptive statistics of the Enhanced PA intervention. Data are
from weeks 7–26 (full exercise dose) of the intervention, as weeks
1–6 were comprised of a gradual buildup of session duration and
intensity. Session adherence % is presented for the full 26 weeks of
the intervention. Data are presented as mean (standard deviation).
Abbreviations: physical activity (PA); heart rate (HR); heart rate
reserve (HRR); rating of perceived exertion (RPE).

Accelerometry

Sedentary behavior decreased from baseline
to post- intervention from 726.0 ± 22.9 min/day
to 698.6 ± 27.1 min/day in the Enhanced PA
group and increased from 670.7 ± 27.2 min/day to
690.1 ± 26.7 min/day in the Usual PA group. The
decline in sedentary behavior among Enhanced PA
was significant as compared to the change in the
Usual PA group, p = 0.003 (Fig. 3A). Moderate-to-
vigorous PA (MVPA) increased in the Enhanced
PA group from 60.58 ± 7.08 min/day to 89.05 ±
15.48 min/day and decreased in the Usual PA group
from 78.97 ± 10.19 min/day to 69.3 ± 8.37 min/day.
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Fig. 2. Change in VO2peak after the 26-week intervention. Inde-
pendent samples t-test was conducted to determine the statistical
significance of the difference between Usual PA (n = 12) and
Enhanced PA (n = 11). Abbreviations: peak oxygen consumption
(VO2peak); physical activity (PA).

The increase in MVPA in the Enhanced PA group
was significant as compared to the change in the
Usual PA group, p = 0.008 (Fig. 3B).

Cardiorespiratory fitness

VO2peak increased from baseline to post-
intervention from 23.57 ± 4.97 mL/kg/min to
27.46 ± 4.71 mL/kg/min in the Enhanced PA
group, and from 25.74 ± 6.58 mL/kg/min to
27.18 ± 6.05 mL/kg/min in the Usual PA group. The
increase in VO2peak was significantly greater in
Enhanced PA than Usual PA, p = 0.018 (Fig. 2). The
change in MVPA from baseline to post-intervention
was not significantly correlated with change in
VO2peak, r = 0.129, p = 0.557.

Cerebral glucose metabolism

Because only change in PCC FDG (but not pre-
or post-intervention values) was Blom-transformed
due to non-normality (see METHODS: STATIS-
TICAL ANALYSIS), raw values are presented as
follows: PCC FDG uptake changed from baseline to
post- intervention in the Enhanced PA group from
1.50 ± 0.03 a.u. to 1.54 ± 0.04 a.u. and changed
in the Usual PA group from 1.49 ± 0.04 a.u. to
1.52 ± 0.04 a.u. Blom-transformed change in PCC
FDG uptake was not different between groups,

Fig. 3. Change in sedentary behavior (A) and moderate-to-
vigorous physical activity (B) after the 26-week intervention.
Independent samples t-test was conducted to determine the sta-
tistical significance of the difference between Usual PA (n = 12)
and Enhanced PA (n = 11). Abbreviations: moderate-to-vigorous
physical activity (MVPA); physical activity (PA).

p = 0.482 (Fig. 4). However, Pearson’s correlation
with data from both groups pooled revealed that
Blom-transformed change in PCC FDG uptake was
positively correlated, albeit not significantly, with
change in VO2peak, r = 0.381, p = 0.073 (Fig. 5);
it was not significantly correlated with change
from baseline to post-intervention MVPA, r = 0.200,
p = 0.360.
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Fig. 4. Change in PCC FDG uptake after the 26-week intervention.
Independent samples t-test was conducted to determine the statis-
tical significance of the difference between Usual PA (n = 12) and
Enhanced PA (n = 11). Abbreviations: Posterior cingulate cortex
18F-fluorodeoxyglucose (PCC FDG); physical activity (PA).

Fig. 5. Pearson’s correlation between changes in PCC FDG
uptake and VO2peak after 26 weeks of Usual PA (n = 12) or
Enhanced PA (n = 11). Abbreviations: Posterior cingulate cortex
18F-fluorodeoxyglucose (PCC FDG); peak oxygen consumption
(VO2peak); physical activity (PA).

Cognitive function

Scores on the baseline MMSE indicated normal
cognition in Enhanced and Usual PA and are pre-
sented in Table 1. Table 3 presents results of cognitive
testing within each group, as well as effect sizes
within and between groups. Higher scores on the
CVLT indicate more words recalled and thus bet-
ter performance. In contrast, lower scores on the
D-KEFS CWI indicate faster responses and thus bet-
ter performance. CVLT Total and Long Delay scores
increased from baseline to post-intervention in both
groups. D-KEFS CWI scores decreased from base-
line to post- intervention in the Enhanced PA group
and remained constant in the Usual PA group. In order
to plot all cognitive test results on the same graph,
we converted the raw scores to z-scores (Fig. 6).
Changes in the standardized CVLT Total and Long
Delay were not different between groups, p = 0.210
and p = 0.169, respectively. In contrast, the Enhanced
PA group improved significantly on the D-KEFS
CWI as compared to the Usual PA group, p = 0.022.
Improvement on the D-KEFS CWI was positively
correlated with change in VO2peak when both groups
were pooled, r = –0.449, p = 0.032 (Fig. 7) but was
not significantly correlated with change in MVPA,
r = –0.221, p = 0.312.

DISCUSSION

The major finding of this study is that increased
brain glucose metabolism and executive function fol-
lowing 26 weeks of aerobic exercise training was
associated with CRF improvement. Furthermore,
executive function was improved in participants ran-
domized to Enhanced PA as compared to those
maintaining Usual PA. The present results are con-
sistent with mounting evidence that aerobic exercise
training has positive effects on brain structure and
function in late-middle aged adults with normal cog-
nition [6, 41–46]. Importantly, we expand on this

Table 3
Baseline and post-intervention cognitive scores

Usual PA Enhanced PA

Baseline Post Effect Size Baseline Post Effect Size

MMSE, a.u. 29.67 (0.49) 29.08 (1.24) 0.626 29.55 (0.69) 29.55 (0.52) 0.000
CVLT Total, words 49.58 (11.06) 53.33 (9.18) 0.369 53.18 (7.99) 60.64 (9.04) 0.874
CVLT Long Delay, words 10.83 (2.83) 11.42 (3.26) 0.193 12.00 (2.72) 14.00 (1.73) 0.877
D-KEFS CWI, seconds 60.00 (11.71) 60.00 (11.99) 0.000 64.82 (15.11) 57.64 (11.96) 0.527

Cognitive test scores at baseline and post-intervention; within-group Cohen’s d effect sizes for Usual and Enhanced PA groups.
Data are presented as mean (standard deviation). Abbreviations: physical activity (PA); Mini-Mental State Examination (MMSE);
California Verbal Learning Test-II (CVLT); Delis-Kaplan Executive Function System Color Word Interference (D-KEFS CWI).
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Fig. 6. Change in CVLT Total and Delayed scores, and D-KEFS
Color Word Interference scores after the 26-week intervention.
Raw scores were converted to z-scores so that the three tests could
be plotted along the same y-axis. Independent samples t-tests were
conducted to determine the statistical significance of the differ-
ence between Usual PA (n = 12) and Enhanced PA (n = 11). Higher
scores indicate better performance for the CVLT whereas lower
scores indicate better performance for the D-KEFS CWI. Abbre-
viations: California Verbal Learning Test-II Total Score (CVLT
Total); California Verbal Learning Test-II Long Delay (CVLT
Long Delay); Delis-Kaplan Executive Function System Color
Word Interference (D-KEFS CWI); physical activity (PA).

Fig. 7. Pearson’s correlation between in changes in D-KEFS Color
Word Interference scores and VO2peak after 26 weeks of Usual
PA (n = 12) or Enhanced PA (n = 11). The y-axis � D-KEFS values
are z-scores calculated to align with the z-scores plotted in Figure
5. Abbreviations: Delis-Kaplan Executive Function System (D-
KEFS); peak oxygen consumption (VO2peak); physical activity
(PA).

body of literature by demonstrating beneficial effects
of aerobic exercise on brain glucose metabolism in
a sample enriched for AD risk. Furthermore, we
demonstrate that six months of aerobic exercise train-
ing is feasible and acceptable in this population with

a session adherence rate of over 99%. A particularly
notable finding of this study is that the Enhanced
PA group successfully increased CRF and MVPA
and decreased sedentary behavior, which is likely
attributable to the study design and excellent adher-
ence on the part of the participants.

Our findings are in accordance with a previous
study demonstrating that aerobic exercise training
may benefit brain glucose metabolism. Porto and col-
leagues reported that 24 weeks of aerobic exercise
training increased PCC glucose metabolism among
individuals with MCI [47]. Their exercise training
was similar in session duration, intensity, and inter-
vention duration, but was lower in total training
volume (i.e., two sessions/week) and the improve-
ment in CRF was approximately half of that observed
in our Enhanced PA group. It is possible that more fre-
quent exercise sessions would have resulted in more
robust improvement, but also possible that individ-
uals who have already progressed to MCI have less
capacity to improve CRF than our cognitively normal
cohort [48]. Robinson et al. reported that 12 weeks of
high-intensity interval exercise in cognitively normal,
older adults resulted in no change in PCC glucose
metabolism despite an increase in the left parietal and
temporal lobes and right caudate nucleus [49]. Fur-
thermore, that study did not reveal any correlation
between CRF and brain glucose uptake. There may
be several explanations for our divergent findings. A
recent meta-analysis indicates exercise training for
more than 52 total hours is needed to observe change
in cognitive function [50]. Robinson et al.’s exercise
intervention lasted only 12 weeks and consisted of
approximately 35 total hours of training, which is
substantially less than our 26-week intervention of
approximately 58 hours of training. Furthermore, the
type of training performed in their study included
high intensity interval training, using 4 intervals of 4
minutes at 90% of VO2peak with 3 minutes of low
intensity recovery between intervals; it is possible
that moderate intensity PA is sufficient for promot-
ing brain glucose metabolism [29]. More research is
needed to understand how to better customize exer-
cise dose (i.e., frequency, intensity, and duration) for
targeted improvement in brain glucose metabolism.

Previous findings from our laboratory [29] show
that engagement in physical activity is positively
associated with brain glucose metabolism in a
cohort similar to the present one. The results of
this pilot intervention extend those observational,
cross-sectional findings by demonstrating that CRF
contributes to the relationship between structured
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exercise training and brain glucose metabolism. The
data we report here suggest that improvement in CRF
contributes to enhanced brain glucose metabolism in
the PCC, a region in which hypometabolism is a fea-
ture of the earliest stages of AD [51]. In that previous
investigation by our group [29], engagement in higher
amounts of moderate intensity PA was positively
associated with PCC glucose metabolism in a step-
wise fashion: individuals in the highest two tertiles of
minutes of moderate PA (average of 68.1 and 105.7
minutes/day, respectively) had significantly greater
brain glucose metabolism than those in the lowest
tertile. As a result of the intervention, the Enhanced
PA group in the present study increased MVPA to
an amount consistent with detectably higher brain
glucose metabolism (i.e., 90 minutes/day of MVPA)
[29]. While there was no significant correlation
between change in PCC metabolism and MVPA,
there was with VO2peak, suggesting that engagement
in MVPA should aim to increase CRF in order to ben-
efit PCC glucose metabolism. This is supported by
previous research from our laboratory [52] and oth-
ers [12] demonstrating CRF to be a stronger predictor
than PA for a variety of outcomes that are linked with
AD.

Our results demonstrate a significant effect of aer-
obic exercise training on a measure of executive
function in our at-risk cohort. Enhancing executive
function prior to AD-related cognitive decline may
provide some measure of resilience to the disease.
Our findings are in accordance with aerobic exercise
interventions resulting in improved performance on
tests of executive function in individuals with normal
cognition [42, 45, 53, 54], although contradictions
have been reported [55]. A recent study reported
that cognition and executive function also improved
among individuals with MCI after six weeks of aer-
obic exercise training [56]. On the other hand, two
recent six-month aerobic exercise interventions did
not result in significant change in executive function
among individuals with AD [48, 57]. In the context of
the existing AD literature, findings from the present
study reinforce the idea that aerobic exercise may
have a more substantial impact on executive function
when implemented prior to disease onset or early in
the disease course [58–60]. Further research should
aim to determine the mechanisms underpinning the
relationship between exercise training, VO2peak, and
executive function in individuals at risk for AD.

Our findings demonstrate no significant effect of
exercise training on the CVLT. This is surprising
given studies that report improvement in episodic

memory after aerobic exercise training, even in indi-
viduals with MCI [61, 62]. It is possible that the
mechanisms underpinning the relationship between
CRF and executive function do not impact episodic
memory to the same degree, as we did not observe
a significant correlation between performance on the
CVLT and VO2peak. Chapman et al. also found no
improvement on the CVLT after 12 weeks of three
sessions per week of moderate intensity aerobic exer-
cise training among older individuals with normal
cognition, nor did they observe a significant increase
in CRF [55]. It is important to note that, while not
statistically significant, our Enhanced PA group did
increase their CVLT scores on average. It is likely that
the present study was underpowered to detect such a
change in episodic memory and that a ceiling effect
may have been observed since mean scores were high.

There are limitations to the present study that must
be considered. Due to budgetary constraints, the staff
who conducted the neuropsychological evaluations
was not blinded to the participants’ treatment assign-
ment. This is a potential source of bias that could have
affected the cognitive outcomes of the study. How-
ever, this limitation could not have affected findings
on brain glucose metabolism, especially as the tech-
nicians conducting the FDG-PET scans were blinded.
Secondly, this was a pilot study primarily designed to
establish feasibility of the protocol; further research
including a larger sample is needed to validate the
present findings and to allow determination of effects
that may be specific to sex or genetic risk profile, as
preliminary evidence shows that individuals at high
genetic risk differ on brain glucose metabolism as a
function of CRF [63]. Thirdly, the Usual PA group did
not have weekly interactions with an exercise trainer,
and thus may not have received the same degree of
structured social engagement as the Enhanced PA
group. Social engagement is known to impact cogni-
tive outcomes [64], and such an effect was observed
in an exercise training study [65]. Finally, practice
effects could have affected the validity of the cog-
nitive testing since tests were given just six months
apart.

In conclusion, increased CRF following this six-
month intervention was associated with enhanced
brain glucose metabolism in the PCC, a region linked
to AD, and cognition among late-middle-aged indi-
viduals at risk for AD. If these findings are supported
by a larger-scale study, this would provide strong evi-
dence that adults at risk for AD may enhance brain
function and cognition by engaging in aerobic exer-
cise training.
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