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Abstract.
Background: Sleep disturbances have been shown to be associated with the presence of the apolipoprotein (APOE) �4 allele,
the well-known genetic risk factor for late-onset sporadic Alzheimer’s disease (AD).
Objective: This study quantifies the effects of a six-month aerobic exercise intervention on objective and subjective sleep
quality in middle-aged to older individuals including those at increased genetic risk for late-onset sporadic Alzheimer’s
disease (AD), who carry the apolipoprotein (APOE) �4 risk allele.
Methods: 199 sedentary men and women without significant cognitive impairments were enrolled in the Brain in Motion
study, a quasi-experimental single group pre-test/post-test study with no control group. Participants completed a six-month
aerobic exercise intervention and consented to genetic testing. Genotyping of APOE confirmed that 54 individuals were
carriers of the �4 allele. Participants’ subjective quality of sleep was assessed with the Pittsburgh Sleep Quality Index (PSQI)
pre- and post-intervention. A convenience sample of participants (n = 29, APOE �4+ = 7) consented to undergo two nights of
in-home polysomnography (PSG) pre- and post intervention. Sleep architecture and respiratory variables were assessed.
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Results: The six-month aerobic exercise intervention significantly improved participants’ total PSQI score, sleep efficiency,
and sleep latency in the full sample (n = 199). PSG results showed that total sleep time and sleep onset latency significantly
improved over the course of the exercise intervention only in individuals who carried the APOE �4 allele. These results are,
however, exploratory and need to be carefully interpreted due to the rather small number of APOE �4+ in the PSG subgroup.
Conclusions: The six-month aerobic exercise intervention significantly improved participants’ sleep quality with beneficial
effects on PSG shown in individuals at increased genetic risk for late-onset sporadic AD.
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INTRODUCTION

The number of Canadians living with dementia is
projected to double by 2031 [1]. There are currently
no disease-modifying pharmacological therapies for
Alzheimer’s disease (AD), the most common cause
of dementia among older individuals. The available
pharmacological agents provide symptomatic benefit
and have not been shown to address underlying dis-
ease processes [2–4]. Despite a large investment, drug
development for AD has been marked by repeated
failures [2–4]. This has led to a shift in prevention tri-
als from targeting individuals already showing early
cognitive symptoms, to interventions trials on indi-
viduals not yet showing symptom but who are at
increased risk of AD [5].

Recent research has examined a possible link
between changes in sleep quality and the devel-
opment of AD pathology, particularly amyloid-�
deposition. One potential mechanism that could
result in increased amyloid-� deposition is the
reduced activity of the glymphatic system when
sleep is fragmented [6–8]. This system is involved
in the clearance of metabolic waste products includ-
ing amyloid-� from the brain. This clearance takes
place at a faster rate during sleep [8]. Reduced slow
wave sleep (SWS), which typically occurs in older
age has been considered as another potential mech-
anism through which sleep disruption influences the
development of the pathological features of AD [9].
Improving sleep quality may be a strategy to delay
the onset of AD and slow its progression [10].

The presence of the apolipoprotein (APOE) �4
allele is a well-known genetic risk factor for late-
onset sporadic AD [11], although the underlying
mechanisms for this association are unsettled in the
research literature [12, 13]. The presence of this
allele in older adults has also been associated with
reduced sleep quality [14, 15]. In a previous study
[14], we examined the relationship between the qual-
ity of sleep and the presence of the APOE �4 allele.

Compared to non-carriers, individuals with the �4
allele had lower sleep efficiency (expressed as the
ratio of total sleep time to the total time in bed),
reduced total sleep time, and increased wakeful-
ness after sleep onset (WASO) on polysomnography
(PSG) but did not score differently on subjective (i.e.,
self-reported) measures of sleep. These results are
consistent with previous literature showing the effects
of the �4 allele on sleep architecture [16–20].

Exercise has been associated with improvements
in general well-being, body weight and metabolism,
cerebrovascular reserve, cognitive performance, and
brain health (hippocampal volume and functional
connectivity) [21–27]. Further, physical activity has
been associated with improved sleep quality, par-
ticularly sleep efficiency, sleep latency and depth
[28–30], possibly due to stimulation of the serotonin-
ergic pathway [31]. Wilckens and colleagues [32]
examined the role of sleep efficiency in mediating
the effects of physical activity on cognitive func-
tioning. They reported that improved sleep efficiency
modulated the relationship between physical activ-
ity and improved cognitive performance. In another
study [33], independent relationships between both
physical activity (PA) and sleep efficiency and
improvements in cognitive performance were found.
Altogether, this evidence supports the hypothesis that
aerobic exercise, partly by improving sleep quality,
promotes better cognitive function and reduces the
risk of developing sporadic late-onset AD.

In the current study, we examined the effects of
a six-month aerobic exercise intervention on sleep
quality in healthy middle-aged and older participants
as an ancillary study of the larger Brain in Motion
study [34], a quasi-experimental single group pre-
test/post-test study with no control group on the
effects of aerobic exercise on cerebral blood flow and
cognition. Our primary objective was to determine
whether six-months of aerobic exercise improved
overall sleep quality and sleep efficiency as deter-
mined by both subjective (self-reports) and objective



V. Guadagni et al. / Sleep, Genetic Status, and Exercise 231

(PSG) measures of sleep. As a secondary objective,
we assessed if individuals who carried the risk allele
APOE �4 showed differential effects with exercise on
sleep quality compared to non-carriers. Specifically,
we hypothesize that individuals carrying at least one
�4 allele (APOE �4+) would show greater improve-
ments in sleep quality as compared to non-carriers.

METHODS

Participants

Two hundred and sixty-five sedentary middle-
aged to older participants of either sex (mean age
(SD) 65.2 (6.4) years; 141 (53.2%) females) with-
out significant cognitive impairment (mean Montreal
Cognitive Assessment (MoCA) [35] score (SD) 27.2
(1.6)) were enrolled in the Brain in Motion study,
a quasi-experimental single group pre-test/post-test
study with no control group [34]. A total of 203 indi-
viduals completed the exercise intervention with 62
dropouts (mainly due to changes in their medical con-
ditions). Of the 203 who completed the intervention,
199 consented to genetic testing and their data are
reported in this manuscript.

Participants were volunteers recruited through
word-of-mouth, social media, posters and newspa-
per advertisements. Ethics approval was obtained by
the University of Calgary Conjoint Health Research
Ethics Board (CHREB: REB 14–2284) and the study
was done in agreement with the Helsinki Declara-
tion of 1975. Participants provided informed written
consent prior to enrollment and a separate written
consent for genetic testing. For further details, please
see Tyndall et al. [34].

APOE genotyping

Genomic DNA was extracted from buffy coats
obtained from whole blood samples (Gentra Pure-
gene Blood Kit; Qiagen, Venlo, Netherlands).
Samples underwent PCR amplification followed by
Sanger sequencing (Big Dye v1.1 Cycle Sequencing
Kit; Applied Biosystems, Foster City, CA) on ABI
3130XL Genetic Analyzer (Applied Biosystems).
Mutation Surveyor DNA Variant Analysis software
(Soft Genetics, LLC; State College, PA) was identify
APOE �2, �3, and �4 alleles by manually combining
the alleles from the single nucleotide polymor-
phisms NM 000041.2:c.388T>C (p.(Cys130Arg);
rs429358) and c.526C>T (p.(Arg176Cys); rs7414).
Individuals who carried the �3/�4, �2/�4, and �4/�4

Table 1
Detailed breakdown of the APOE

alleles in N = 199 individuals

APOE alleles n

�3/�3 123
�4/�4 5
�2/�2 1
�2/�4 4
�2/�3 21
�3/�4 45
TOT 199

allele combinations were classified as APOE �4+,
while individuals who carried the other allele com-
binations (�2/�2, �2/�3, �3/�3) were classified as
APOE �4– (detailed breakdown of the APOE alleles
is reported in Table 1). The �2/�4 allele combina-
tion has been shown to have protective effects [36]
however we included the �2/�4 carriers in the APOE
�4+ group because of a recent meta-analysis of clin-
ical and autopsy-based studies on sporadic late onset
AD reporting higher risk of AD in individuals with
one copy of the �4 allele (�2/�4, OR 2.6; �3/�4, OR
3.2) or two copies (�4/�4, OR 14.9) among Caucasian
subjects [37].

One hundred and ninety-nine participants (mean
age (SD) = 65.00 (6.00) years; mean years of for-
mal education (SD) = 15.8 (2.5) years; mean MoCA
(SD) = 27.5 (1.4), BMI (SD) = 27 (4) kg·m−2; 103
(51.8%) females) completed the exercise interven-
tion, had complete PSQI data, and underwent genetic
testing. Fifty-four individuals were APOE �4+ (mean
age (SD) = 64.5 (5.9) years; mean years of for-
mal education (SD) = 16.0 (2.3) years; mean MoCA
(SD) = 27.5 (1.4); 24 (44.4 %) females).

Experimental procedures

Participants completed four testing sessions
including one just before the start of the six-month
exercise intervention (taken as the baseline assess-
ment for this report) and one at the end. At each
session, participants were asked to complete the
Pittsburgh Sleep Quality Index (PSQI) [38], a retro-
spective self-report measure assessing their quality of
sleep during the month preceding the study. Scores
for the seven components of the PSQI were com-
puted and represented 1) subjective sleep quality; 2)
sleep latency; 3) sleep duration; 4) sleep efficiency; 5)
sleep disturbance; 6) sleep medications; and, 7) day-
time dysfunction. The component scores were then
summed to produce a global score (range 0 to 21).
Lower scores indicate better sleep with global scores



232 V. Guadagni et al. / Sleep, Genetic Status, and Exercise

≥5 indicating poor sleep quality. Participants also
completed the Epworth Sleepiness Scale (ESS) [39]
at each session, which measures individuals’ general
level of daytime sleepiness. In this study, we only
report pre- and post- intervention data for participants
that 1) completed the exercise intervention, 2) pro-
vided pre/post PSQI data, and 3) consented to genetic
testing.

In-home polysomnography (PSG)

A convenience sample of participants (n = 29,
APOE �4+ = 7) consented to undergo two nights of
unattended PSG recordings in their home, which were
done just prior to six-month exercise intervention and
immediately after its conclusion. This was a con-
venience sample and post-hoc evaluations revealed
matching pre-intervention characteristics to the full
sample (i.e., mean age (SD) = 65.00 (5.00) years;
mean years of formal education (SD) = 16.7 (3.09)
years; mean MoCA = 27.5 (1.4); BMI (SD) = 26.4
(3.8) kg·m−2; 17 (58.6%) females). We used the
Embletta MPR PG (Natus Medical Inc., Pleasan-
ton, CA) and an ST1 proxy unit. Each participant
was instrumented by a trained technician in his/her
home. Respiratory data were obtained through fin-
ger pulse oximetry and respiratory effort through
inductive plethysmography. Airflow was measured
by using nasal pressure and an oro-nasal thermis-
tor. Participants were also instrumented with standard
one-lead ECG. Body position was derived using
the gravity sensors in the Embletta unit. Electrode
placement for the EEG followed the standard 10–20
system. Data were scored by an experienced regis-
tered polysomnographic technologist (J.K.R.). The
following variables were extracted: 1) total sleep
time; 2) total recording time; 3) sleep efficiency;
4) sleep onset latency; 5) REM onset latency; and,
6) number of awakenings. The number of minutes
spent in each sleep stage (Awake, N1, N2, N3, REM)
was also computed together with respiratory variables
(including oximetry) that were then used to compute
the apnea/hypopnea index (AHI). Apneas and hypop-
neas were defined according to the revised American
Academy of Sleep Medicine guidelines [40].

Six-month aerobic exercise intervention

Participants were enrolled in a supervised six-
month aerobic exercise training program held three
days per week at the Fitness Centre in the Fac-
ulty of Kinesiology at the University of Calgary.

Each session included a five-minute warm up, aer-
obic exercise and a five-minute cool down with
stretching. Exercise prescriptions followed the Amer-
ican College of Sports Medicine guidelines [41].
As participants progressed through the program, the
duration of exercise between warm up and cool
down increased from 20 to 40 minutes. In the case
of aerobic exercise, the intensity was determined
based on individual V̇O2max. The intensity increased
from 30–45% maximum heart rate reserve (HRR) to
60–70%. For further details, see Tyndall et al. [34].

Statistical analysis

Data were analyzed using IBM SPSS Statistics for
Windows, version 24.0 (IBM, Armonk, NY, USA).
Pre- intervention descriptive statistics are reported in
Tables 2 and 3; Paired samples t-tests were used to
compare pre- and post- measurements for continu-
ous variables and descriptive statistics are reported in
Tables 4 and 5. Categorical variables were examined
with the McNemar Chi-squared for repeated mea-
sures. Further, stratified analyses for genetic status
were conducted. All analyses were two-tailed and

Table 2
Pre- intervention subjective measures of sleep (PSQI) in individ-

uals with APOE �4± alleles (Means and SD)

PSQI APOE �4+ APOE �4–
(n = 54) (n = 145)

PRE PRE p

Global score 5.8(3.2) 5.8(3.1) 0.958
Sleep efficiency (%) 84.3(10.7) 85.3(10.1) 0.554
Sleep latency (min) 17.5(15.5) 18.5(17.2) 0.715
Sleep duration (min) 411.5(61.3) 420.0(56.3) 0.262

PSQI, Pittsburgh Sleep Quality Index; SD, standard deviation.

Table 3
Pre- intervention objective measures of sleep (PSG) in individuals

with APOE �4± alleles (Means and SD)

PSG APOE �4+ APOE �4–
(n = 7) (n = 22)
PRE PRE p

Total sleep time (min) 352 (67) 441 (50) 0.001
Total recording time (min) 481.1 (25.6) 502.6 (61.1) 0.378
Sleep onset latency (min) 20.8 (25.6) 14.7 (13.4) 0.414
Sleep efficiency (%) 74 (17) 88 (3) 0.001
Stage N1(min) 52 (23) 68 (30) 0.219
Stage N2 (min) 207 (48) 281 (30) <0.001
Stage N3 (min) 15 (16) 13 (16) 0.783
REM (min) 78 (17) 79 (18) 0.863
REM onset latency (min) 86 (23) 114 (65) 0.270
Number of awakenings 28 (11) 28 (6) 0.824

PSG, polysomnography; REM, rapid eye movements; SD, stan-
dard deviation.
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Table 4
Subjective measures of sleep (PSQI) and BMI in individuals with APOE �4± alleles (Means and SD)

APOE �4+ (n = 54) APOE �4– (n = 145)
PRE POST p PRE POST p

PSQI Global score 5.8 (3.2) 5.5 (3.2) 0.181 5.8 (3.1) 5.4 (3.0) 0.004
Sleep efficiency (%) 84.3 (10.7) 88.1 (14.3) 0.021 85.4 (10.0) 87.6 (11.1) 0.003
Sleep latency (min) 17.9 (15.7) 15.4 (11.8) 0.095 18.7 (17.5) 16.4 (16.2) 0.049
Sleep duration (min) 411.3 (60.5) 401.8 (63.1) 0.062 421.6 (55.2) 419.5 (59.8) 0.531
BMI (kg·m−2) 26.5 (3.4) 26.1 (3.4) <0.001 27.1 (3.8) 26.8 (3.7) <0.001

PSQI, Pittsburgh Sleep Quality Index; SD, standard deviation; BMI, body mass index.

Table 5
Objective measures of sleep (PSG) in individuals with APOE �4± alleles (Means and SD)

APOE �4+ (n = 7) APOE �4– (n = 22)
PSG PRE POST p PRE POST p

Total sleep time (min) 352 (67) 406 (44) 0.008 441 (50) 423 (63) 0.187
Sleep onset latency (min) 20.8 (25.6) 15.3 (23.7) 0.010 14.7 (13.4) 10.5 (6.5) 0.169
Sleep efficiency (%) 74 (17) 83 (11) 0.040 88 (3) 88 (8) 0.872
Stage N1(min) 52 (23) 55 (32.8) 0.693 68 (30) 57 (23) 0.053
Stage N2 (min) 207 (48) 240 (42) 0.088 281 (30) 280 (37) 0.937
Stage N3 (min) 15 (16) 14 (14) 0.808 13 (16) 11 (13) 0.443
REM (min) 78 (17) 97 (37) 0.095 79 (18) 75 (29) 0.552
REM onset latency (min) 86 (23) 78 (30) 0.603 114 (65) 115 (58) 0.928
Number of awakenings 28 (11) 26 (9) 0.549 28 (6) 28 (10) 0.919

PSG, polysomnography; REM, rapid eye movements; SD, standard deviation.

statistical significance was set at p < 0.05, Bonferroni-
Holm correction for multiple comparisons was used
[42]. We performed four tests for the PSQI in the
full sample (n = 199) looking at PSQI total score,
sleep efficiency, duration, and sleep latency. Accord-
ing to the Bonferroni-Holm method [42] � = 0.05/
(4-1+1) = 0.0125 for the smallest p value, � = 0.05/(4-
2+1) = 0.0167 for the second smallest, � = 0.05/(4-3
+1) = 0.025 for the third and � = 0.05/(4-4+1) = 0.05
for the last. In the PSG, we examined similar charac-
teristics of sleep quality and performed three tests
looking at total sleep time, sleep efficiency, and
sleep latency. Similarly, as per the Bonferroni-Holm
method [42] � = 0.05/(3-1+1) = 0.016 for the small-
est p value, � = 0.05/(2-2+1) = 0.025 for the second
smallest, � = 0.05/(3-3+1) = 0.05 for the last.

RESULTS

Subjective sleep measures

One-hundred and eleven participants (55.7%) out
of 199 reported global scores on the PSQI ≥5
indicating poor sleep quality at pre-intervention.
This percentage decreased to 46.7% (93/199, 9%
decrease,) at post-intervention. Statistically signif-
icant but modest (6.9%) improvements in global
PSQI scores between pre- (mean (SD) = 5.8 (3.1)) and
post-intervention (mean (SD) = 5.4 (3)), t198 = 3.166,

p = 0.002, Cohen’s dz = 0.22; see Fig. 1A) were
found. Statistically significant but likewise modest
(3.4%) improvements were found in sleep effi-
ciency (pre-intervention mean (SD) = 85.1 (10.2)
versus post-intervention mean (SD) = 88 (12),
t195 = – 3.845, p < 0.001, Cohen’s dz = 0.27; see
Fig. 1B). Sleep latency also showed a statistically
significant decrease of 14.1% post-intervention (pre-
intervention mean (SD) = 19 (17) minutes versus
post-intervention mean (SD) = 16.3 (15.1) minutes),
t190 = 2.596, p = 0.010, Cohen’s dz = 0.18; see
Fig. 1C). No statistically significant changes were
found in sleep duration (p = 0.154). Among the
four categorical components statistically significant
differences (p = 0.012) were only found for the sub-
jective sleep quality component. Sixty percent of
participants reported very good sleep quality after
the intervention compared to 51.3% before. Changes
in sleep quality were not related to changes in body
mass index. There were no statistically significant
changes in daytime sleepiness as measured by the
ESS (p = 0.442).

The analysis of pre-intervention characteristics
revealed no statistically significant differences in
global PSQI score, sleep efficiency, sleep latency
and sleep durations between APOE �4 carriers
and non-carriers (see Table 2). Over the course
of the exercise intervention, statistically signifi-
cant differences in global PSQI scores were only



234 V. Guadagni et al. / Sleep, Genetic Status, and Exercise

Fig. 1. Effects of six-months aerobic exercise on subjective sleep measures (PSQI). Panel A illustrates the total Pittsburgh Sleep Quality
Index (PSQI) in the overall sample (n = 199) between pre-intervention scores [Mean (SD) = 5.8 (3.1)] and post-intervention scores [Mean
(SD) = 5.4 (3)]. We note a significant decrease in the total PSQI score, reflecting an 6.9% improvement in sleep quality. Panel B illustrates
sleep efficiency in the overall sample (n = 199) between pre-intervention [Mean (SD) = 85.1 (10.2)] and the end of the exercise intervention
[Mean (SD) = 88(12)]. We note a significant 3.4% increase in sleep efficiency in the overall sample. Panel C illustrates a 14.1% decrease
in sleep latency in the overall sample (n = 199) before (pre-intervention) [Mean (SD) = 19 (17) minutes] and after (post-intervention) six-
months of aerobic exercise intervention [Mean (SD) = 16.3 (15.1) minutes]. Bars represent Means and Standard Error; ∗p < 0.5; ∗∗p < 0.01;
∗∗∗p < 0.001.

Fig. 2. Effects of a 6-month aerobic exercise on subjective sleep quality and sleep efficiency in individuals with APOE �4± alleles. Panel A
highlights changes before (pre-intervention) [Mean (SD) = 5.8 (3.1)] and after (post-intervention) six-months of aerobic exercise intervention
[Mean (SD) = 5.4 (3.0)], in total Pittsburgh Sleep Quality Index (PSQI) in the APOE �4– (light bars, n = 145) group but not in the APOE �4+
(dark bars, n = 54) group. Panel B shows improvements in sleep efficiency in both APOE �4+ (dark bars, n = 54) and APOE �4– (light bars,
n = 145) groups, with the APOE �4+ group having the greatest improvement (4.5 %) before (pre-intervention [Mean (SD) = 84.3 (10.7)] and
after (post-intervention) six-months of aerobic exercise intervention Mean (SD) = 88.1 (14.3). Panel C shows a decrease in sleep latency
only in the APOE �4– (light bars, n = 145) group from pre-intervention [Mean (SD) = 18.7 (17.5)] to post-intervention [Mean (SD) = 16.6
(16.2)]. Bars represent Means and Standard Error; ∗p < 0.5; ∗∗p < 0.01; ∗∗∗p < 0.001.

found in APOE �4- individuals (pre-intervention
mean (SD) = 5.8 (3.1) versus post-intervention mean
(SD) = 5.4 (3.0)], t144 = 2.889, p = 0.004, Cohen’s
dz = 0.23; see Fig. 2A) with no significant differences
found in the APOE �4+ group (p = 0.181). Statis-
tically significant differences were found in sleep
efficiency for both APOE �4+ and APOE �4– partici-
pants (pre-intervention APOE �4+ mean (SD) = 84.3

(10.7)/APOE �4– mean (SD) = 85.4 (10.0) versus
post-intervention APOE �4+ mean (SD) = 88.1
(14.3)/APOE �4– mean (SD) = 87.6 (11.1); (APOE
�4+: t53 = –2.390, p = 0.021, 4.5 % change, Cohen’s
dz = 0.32 APOE �4–: t142 = – 3.011, p = 0.003, 2.5
% change, Cohen’s dz = 0.25; see Fig. 2B). Sleep
latency decreased only in APOE �4– participants
(pre-intervention mean (SD) = 18.7 (17.5) minutes
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Fig. 3. Effects of a 6-month aerobic exercise on objective sleep measures (PSG) in individuals with APOE �4± alleles. Panel A highlights
changes in total sleep time before (pre-intervention) [Mean (SD) = 352 (66.7) minutes] and after (post-intervention) six-months of aerobic
exercise intervention [Mean (SD) = 406 (44.2) minutes] in the APOE �4+ (dark bars, n = 7) group but not in the APOE �4– (light bars, n = 22)
group. Panel B shows changes in sleep efficiency before (pre-intervention) [Mean (SD) = 73.8 (16.9)] and after (post-intervention) [Mean
(SD) = 83.2 (11.4)] six-months of aerobic exercise intervention in the APOE �4+ (dark bars, n = 7) group but not in the APOE �4– (light bars,
n = 22) group. Panel C shows changes in sleep onset latency before (pre-intervention) [Mean (SD) = 20.8 (25.6)]] and after (post-intervention)
[Mean (SD) = 15.3 (23.7)] six-months of aerobic exercise intervention in the APOE �4+ (dark bars, n = 7) group but not in the APOE �4–
(light bars, n = 22). Bars represent Means and Standard Error; ∗p < 0.5; ∗∗p < 0.01; ∗∗∗p < 0.001.

versus post-intervention mean (SD) = 16.6 (16.2)
minutes, t138 = 1.982, p = 0.049, Cohen’s dz = 0.16)
(see Fig. 2C). However, this comparison did not sur-
vive the Bonferroni-Holm correction for multiple
comparisons � = 0.05/ (4-3+1) = 0.025). No signifi-
cant changes were found in sleep latency for APOE
�4+ or sleep duration for either group.

Polysomnography

There were no statistically significant differences
in PSG variables over the course of the exercise
intervention in the full sample. The analysis of
pre- intervention characteristics revealed statistically
significant differences at pre-intervention between
APOE �4 carriers and non-carriers in total sleep
time (p = 0.001), sleep efficiency (p = 0.001), and N2
sleep stage (p = <0.001, see Table 3) with APOE �4
carriers reporting less total sleep time, worse sleep
efficiency and less minutes spent in N2 stage of
sleep. Over the course of the exercise intervention,
stratified analyses revealed statistically significant
improvements exclusively in participants who car-
ried the �4 allele. There were statistically significant
differences in total sleep time (pre-intervention
APOE �4+ mean (SD) = 352 (66.7) minutes versus
post-intervention mean (SD) = 406 (44.2) minutes,
t6 = –3.880 p = 0.008, Cohen’s dz = 1.47; see Fig. 3A)
and sleep efficiency (pre-intervention APOE �4+

mean (SD) = 73.8 (16.9) versus post-intervention
(mean (SD) = 83.2 (11.4)], t6 = –2.615, p = 0.040,
Cohen’s dz = 0.99; see Fig. 3B), however, this
comparison did not survive the Bonferroni-Holm
correction for multiple comparisons (� = 0.05/(2-
2+1) = 0.025). Sleep onset latency in APOE �4+
significantly changed from pre- to post- intervention
(pre-intervention APOE �4+ mean (SD) = 20.8 (25.6)
versus post-intervention mean (SD) = 15.3 (23.7),
t6 = 3.702, p = 0.010, Cohen’s dz = 1.38; see Fig. 3C).
These changes were not related to changes in AHI
(p = 0.710, p = 0.118, p = 0.353 for total sleep time,
sleep efficiency and sleep onset latency, respectively).

DISCUSSION

We report on the effects of a six-month aerobic
exercise intervention on both subjective (PSQI) and
objective (PSG) measures of sleep quality in healthy
middle-aged and older adults with and without the
APOE �4 risk allele. Major findings from the PSQI
data for the entire study sample were an improve-
ment in sleep quality reflected by a decrease in overall
PSQI scores after the exercise intervention, reduced
sleep latency, and increased sleep efficiency. The
changes seen in sleep quality were modest in nature
though statistically significant. No significant differ-
ence in terms of percent change was found between
carriers and non-carriers, which is similar to other
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studies [43]. PSG data showed statistically signifi-
cant improvements in total sleep time and sleep onset
latency exclusively in the individuals with the �4
allele. The changes in sleep efficiency in APOE �4+
did not survive correction for multiple comparisons.
These results are exploratory and need to be care-
fully interpreted due to the rather small number of
participants with APOE �4+ in the PSG subgroup.

Previous literature on sleep disturbances in indi-
viduals who carry the risk allele had shown worse
sleep quality [14, 16]. Yesavage and colleagues [16]
conducted a longitudinal study on 40 community-
dwelling older adults using actigraphy and found that
APOE �4+ carriers had worse sleep efficiency and
greater WASO compared to non-carriers. A study
from our laboratory [14] showed that carriers had
shorter total sleep time, lower sleep efficiency, longer
sleep onset latency, greater WASO and less time spent
in Stage 2 sleep. To date, no study examined the
effects of a lifestyle intervention such as aerobic exer-
cise on the sleep quality of individuals at increased
genetic risk of developing AD. Our study suggests
that aerobic exercise might improve sleep in these
individuals.

We collected subjective measures of sleep with
the PSQI, and objective measures of sleep with
the gold standard PSG. Our data show limited
association between objective and subjective mea-
sures of sleep. Specifically, the only significant
correlations were found between the change in
sleep efficiency over the course of the exercise
intervention from the PSG and global PSQI post-
intervention scores (r = 0.454, p = 0.039) and sleep
efficiency pre-intervention scores from the PSG
and pre-intervention global PSQI scores (r = 0.426,
p = 0.030). Further, we found differential effects of
the exercise intervention between the PSQI and the
PSG results. Overall these findings indicate a lack
of association between subjective and objective mea-
sures of sleep as previously shown in other studies
[44]. One possible explanation may be the differences
in sample sizes and composition between individuals
who completed the PSQI (n = 199) and individuals
who underwent PSG recordings (n = 29). Another
potential explanation is that the PSQI reflects the
individual perception of his/her own sleep rather
than an objective evaluation of the sleep [45]. This
may be especially problematic in an older popula-
tion who have grown accustomed to diminished sleep
quality and perceive it as “normal” [46]. Further stud-
ies are necessary to replicate our findings in larger
samples.

This study has several limitations. Neither par-
ticipants nor investigators were blinded to the
intervention. The small sample size, especially for
PSG with only seven individuals carrying the risk
allele limits the robustness and generalizability of
our results. The sample size also limited the choice
and power of the statistical analyses. Furthermore,
our sample was healthy with an overall good qual-
ity of sleep as measured by the PSQI. Although we
found a statistically significant positive change in
global PSQI scores with the exercise intervention,
this change cannot be defined as a clinically mean-
ingful change according to the method discussed by
Surman et al. [47]. Moreover, the lack of a control
group in the study limits our ability to make firm
conclusions about the effect of the exercise inter-
vention. Other factors such as increased socialization
may have led to the improvements in general well-
being, mood, and sleep. Our results are preliminary
and should be interpreted with caution. Future stud-
ies are needed to confirm and expand on our findings.
We did not collect a familiarization night for PSG and
therefore participants scores may reflect the discom-
fort of sleeping with unfamiliar equipment. Finally,
the presence of sleep complaints was not an inclusion
criterion. We cannot comment on the potential impact
of the exercise intervention on sleep in a population
with greater sleep disturbances at baseline.

In our study, aerobic exercise failed to show a clin-
ically meaningful change in the quality of sleep of
generally healthy older adults with no sleep com-
plaints at baseline. However, our results could inform
the design of future studies targeting older individuals
with sleep complaints, a greater degree of comorbidi-
ties and/or at higher risk for AD that could shed light
on the potential mediating role of improved sleep in
understanding the relationship between exercise and
cognitive status.

ACKNOWLEDGMENTS

This is an ancillary study of the Brain in Motion
Study, funded by Canadian Institutes of Health
Research (CIHR) and The Brenda Strafford Founda-
tion Chair in Alzheimer Research (BSFCAR). V.G.
was supported by The Brenda Strafford Centre on
Aging, within the O’Brien Institute for Public Health,
the BSFCAR and the Alzheimer’s Society of Canada
Postdoctoral Fellowship. C.M.C. was supported by
the T. Chen Fong Post-Doctoral Fellowship in Med-
ical Imaging Science, A.V.T. was supported by an



V. Guadagni et al. / Sleep, Genetic Status, and Exercise 237

Alzheimer Society of Canada Doctoral Award and
the BSFCAR. J.K.R. was supported by funds from
a Heart and Stroke Foundation of Canada Grant-in-
Aid (PI M.J.P., co-applicant P.J.H.). M.J.P. holds the
BSFCAR. Funding for the study and all biochemical
analyses were provided by CIHR (PI M.J.P.) and the
BSFCAR. The funders played no role in the concept
and design of this study, analysis or interpretation
of the data, or drafting and critical revision of the
manuscript.

CONFLICT OF INTEREST

The authors have no conflict of interest to report.

REFERENCES

[1] Alzheimer Society of Canada (2016) Prevalence and Mon-
etary Costs of Dementia in Canada. Alzheimer Society of
Canada, Toronto.

[2] Galvin JE (2017) Prevention of Alzheimer’s disease:
Lessons learned and applied. J Am Geriatr Soc 65, 2128-
2133.

[3] Cummings JL, Morstorf T, Zhong K (2014) Alzheimer’s dis-
ease drug-development pipeline: Few candidates, frequent
failures. Alzheimers Res Ther 6, 37.

[4] Mehta D, Jackson R, Paul G, Shi J, Sabbagh M (2017)
Why do trials for Alzheimer’s disease drugs keep failing? A
discontinued drug perspective for 2010-2015. Expert Opin
Investig Drugs 26, 735-739.

[5] Hsu D, A Marshall G (2017) Primary and secondary pre-
vention trials in Alzheimer disease: Looking back, moving
forward. Curr Alzheimer Res 14, 426-440.

[6] Cirrito JR, Yamada KA, Finn MB, Sloviter RS, Bales KR,
May PC, Schoepp DD, Paul SM, Mennerick S, Holtz-
man DM (2005) Synaptic activity regulated interstitial fluid
amyloid-� levels in vivo. Neuron 48, 913-922.

[7] Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen
GA, Benveniste H, Vates GE, Deane R, Goldman SA (2012)
A paravascular pathway facilitates CSF flow through the
brain parenchyma and the clearance of interstitial solutes,
including amyloid �. Sci Transl Med 4, 147ra111.

[8] Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M,
O’Donnell J, Christensen DJ, Nicholson C, Iliff JJ (2013)
Sleep drives metabolite clearance from the adult brain. Sci-
ence 342, 373-377.

[9] Van Someren EJ, Cirelli C, Dijk D-J, Van Cauter E, Schwartz
S, Chee MW (2015) Disrupted sleep: From molecules to
cognition. J Neurosci 35, 13889-13895.

[10] Mander BA, Winer JR, Jagust WJ, Walker MP (2016) Sleep:
A novel mechanistic pathway, biomarker, and treatment
target in the pathology of Alzheimer’s disease? Trends Neu-
rosci 39, 552-566.

[11] Yu J-T, Tan L, Hardy J (2014) Apolipoprotein E in
Alzheimer’s disease: An update. Annu Rev Neurosci 37,
79-100.

[12] Kanekiyo T, Xu H, Bu G (2014) ApoE and A� in
Alzheimer’s disease: Accidental encounters or partners?
Neuron 81, 740-754.

[13] Shih I-F, Paul K, Haan M, Yu Y, Ritz B (2018) Physical
activity modifies the influence of apolipoprotein E �4 allele
and type 2 diabetes on dementia and cognitive impairment
among older Mexican Americans. Alzheimers Dement 14,
1-9.

[14] Drogos LL, Gill SJ, Tyndall AV, Raneri JK, Parboosingh JS,
Naef A, Guild KD, Eskes G, Hanly PJ, Poulin MJ (2016)
Evidence of association between sleep quality and APOE
�4 in healthy older adults A pilot study. Neurology 87, 1836-
1842.

[15] Kahya M, Vidoni E, Burns JM, Thompson AN, Meyer
K, Siengsukon CF (2017) The relationship between
apolipoprotein �4 carrier status and sleep characteristics in
cognitively normal older adults. J Geriatr Psychiatry Neurol
30, 273-279.

[16] Yesavage JA, Friedman L, Kraemer H, Tinklenberg JR,
Salehi A, Noda A, Taylor JL, O’Hara R, Murphy G (2004)
Sleep/wake disruption in Alzheimer’s disease: APOE sta-
tus and longitudinal course. J Geriatr Psychiatry Neurol 17,
20-24.
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E, Helisalmi S, Antikainen R, Bäckman L, Hänninen T,
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