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Abstract

INTRODUCTION: The effects of sleep-wake behavior on perceived fatigability and
cognitive abilities when performing daily activities have not been investigated across
levels of cognitive reserve (CR).

METHODS: CR Index Questionnaire (CRIg) data were collected and subjected to
moderated mediation analysis.

RESULTS: In amnestic mild cognitive impairment (aMCl; n = 41), CR moderated sleep-
related impairments (SRIs), and fatigability at low CR (CRIg < 105.8, p = 0.004) and
mean CR (CRIg = 126.9, p = 0.03) but not high CR (CRIg > 145.9, p = 0.65) levels. SRI
affected cognitive abilities mediated by fatigability at low CR (p < 0.001) and mean CR
(b =0.003) levels. In healthy controls (n = 13), SRI in fatigability did not alter cognitive
abilities across CR levels; controls had higher leisure scores than patients with aMClI
(p =0.003, effect size = 0.93).

DISCUSSION: SRI can amplify impaired cognitive abilities through exacerbation of fati-
gability in patients with aMCI with below-mean CR. Therefore, improving sleep-wake

regulation and leisure activities may protect against fatigability and cognitive decline.
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Highlights

* Clinical fatigue and fatigability cannot be alleviated by rest.

+ Clinical fatigability disrupts daily activities during preclinical Alzheimer’s.

* High cognitive reserve mitigates sleep-wake disturbance effects.

» High cognitive reserve attenuates clinical fatigability effects on daily functioning.

* Untreated obstructive sleep apnea potentiates Alzheimer’s pathology in the brain.
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1 | BACKGROUND

Sleep-wake regulation is crucial for maintaining the integrity of
brain structures and functions.! Sleep-wake dysregulation mani-
fests as increased nighttime awakenings and sleep fragmentation,?
reduced slow-wave deep sleep,® <6 hours of sleep,* and circadian
rhythm misalignment.> Chronic and persistent sleep-wake dysreg-
ulation impairs the clearance of brain waste products during slow-
wave sleep (non-REM stage 3), which activates the immune response
and downstream neuroinflammation. Clinical fatigue associated with
Alzheimer’s disease (AD) is a form of central fatigue, defined as a persis-
tent and distressing feeling of a lack of energy, tiredness, or exhaustion
not relieved by rest that affects cognition, function, behavior, and
mood regulation.® Perceived fatigability represents fatigue symptom
severity in a given cognitive or physical task in the context of daily
activities.”

Alarge body of literature demonstrates that individuals with chronic
and persistent sleep-wake disturbances have a higher prevalence of
amyloid-B (AB) peptide positivity, tau tangles, and proinflammatory
cytokines.®? For example, the Baltimore Longitudinal Study of Aging
found that self-reported short sleep and poor sleep quality were asso-
ciated with a greater AB burden detected using carbon 11-labeled
Pittsburgh Compound B positron emission tomography.* More recent
studies have demonstrated bidirectional links between sleep-wake
impairments and AD.!° Therefore, exposure to chronic sleep-wake
dysregulation promotes the accumulation of AD pathology, which
could start 15 to 20 years before clinical symptoms of amnestic mild
cognitive impairment (aMCI) or dementia arise.

As the disease progresses, the formation of amyloid plaques can
damage the suprachiasmatic nucleus (SCN), the timekeeper for the
biological circadian clock.!’ As a result, patients with AD may have
irregular sleep-wake patterns, called irregular sleep-wake rhythm
disorder!? (ISWRD; International Classification of Diseases, 10th edi-
tion diagnosis).1® Estimates suggest that 25% to 50% of people living
with AD have altered sleep-wake rhythms, including sundowning
syndrome, which causes a remarkable burden to patients and their
families.'* Nevertheless, early identification and treatment of sleep-
wake disturbances may reduce the risk of accumulating AD pathology
in the brain, thus delaying the onset of AD.

Advances in medical technology have allowed the use of AD
biomarkers to accurately diagnose and determine AD stages in living
patients.’> However, AD biomarkers cannot fully capture a patient’s
adaptability to the disease (eg, fatigue and coping strategies). The con-
cept of cognitive reserve (CR) provides new perspectives on individual
differences in susceptibility to AD depending on brain function and
neural compensation, governed by lifelong education, the complex-
ity of work/occupation, and cognitively stimulating leisure activities
as proxies.'® CR plays a critical role in moderating brain function
and the clinical expression of cognition, function, and behavior.16”
Currently, limited therapeutic interventions are available to improve
cognition and function once AS plaques and pathologic tau accumulate
in the brain. However, behavior can be modified to promote healthy
lifestyles that can attenuate the negative impact of AD on cognition
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature using
traditional sources, meeting abstracts, and presenta-
tions. According to the cognitive reserve concept, healthy
lifestyle behaviors may mitigate the effects of Alzheimer’s
pathology on cognition and function; individuals with
high cognitive reserve are less susceptible to Alzheimer’s
pathology. Moreover, central fatigability is a sequela of
neuroinflammation associated with Alzheimer’s pathol-
ogy. However, the relationships between sleep-wake
behavior, fatigability, and cognitive reserve have not been
studied.

2. Interpretation: Sleep-wake disturbances exacerbated
fatigability, which was attributed to declines in cognitive
ability. Patients with amnestic mild cognitive impair-
ment with high cognitive reserve and cognitively normal
controls showed attenuated effects of sleep-wake distur-
bances on fatigability and cognitive ability.

3. Future directions: This study initiated a novel area of
research by linking the sleep-fatigability paradigm with
the cognitive reserve framework. Future investigations
on the mechanisms behind sleep-wake behavior, fatiga-
bility, and Alzheimer’s pathology applying the cognitive

reserve concept are warranted.

and brain function, including adjustments to diet, smoking and alcohol
consumption cessation, physical activity, cognitively stimulating leisure
activities, sleep, and meditation.'81? Nevertheless, the relationship
between sleep-wake behavior and CR has not been studied.'® More-
over, emerging evidence supports the neuroinflammatory hypothesis
of AD, and AD affects cognition, function, and behavior (eg, clinical
fatigue). However, the relationship between clinical fatigue and CR has
also not been explored.

To fill these gaps, we conducted a study to examine the effects
of sleep-wake disturbances on perceived fatigability and cognitive
abilities while performing daily activities; these were examined in
patients with different levels of CR. We hypothesized that higher
CR levels would have a greater ability to attenuate the detri-
mental effects of sleep-related impairment (SRI) on fatigability, in
part to protect against cognitive decline in older adults without
dementia.

2 | METHODS

We conducted a comparative study in older adults without depression
aged 55 to 90 years who were diagnosed with aMCl or were cognitively
normal (CN) to examine the inter- and intra-individual variability of the

dynamic relationships among the variables of interest.
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2.1 | Participants and setting

Participants were recruited from the Memory Disorders Clinic of the
New York State Psychiatric Institute (NYSPI) between November 2018
and March 2020 through clinical and research study referrals. The data
were managed using the RedCap system (RedCap, Nashville, TN, USA)
at the NYSPI.

The inclusion criteria were patients aged 55 to 90 years with-
out a dementia diagnosis and with a Folstein Mini-Mental State
Examination (MMSE) score of >23 (range: O to 30; a higher score
indicates better cognition). The study physician evaluated the par-
ticipants for whether they met the exclusion criteria, which included
dementia, clinical depression (Geriatric Depression Scale score of
>5), a history of primary psychiatric disease, neurological disorders
(eg, Parkinson’s disease, stroke, or traumatic brain injury), infectious
or inflammatory disease (eg, rheumatic arthritis), medical conditions
associated with clinical fatigue (eg, cancer, immunological disease,
anemia, or moderate-severe cardiovascular diseases), and taking med-
ications with sedative properties that affect daily functioning (eg,
high-dose opioids, anticholinergics, or benzodiazepines, greater than
1-mg lorazepam equivalents per day).

During patient screening, a research physician performed a full
medical evaluation using the Cumulative lliness Rating Scale-Geriatric
(CIRS-G).2% Study candidates with a history of chronic diseases
associated with pathological fatigue or physical restriction of age-
appropriate activities were excluded from the present study; these
conditions included pulmonary diseases, neurological deficits, skeleto-
muscular abnormalities, depression, cancer, or other conditions, apart
from obstructive sleep apnea (OSA).

2.2 | Measures

2.2.1 | Cognitive diagnosis

We used the Alzheimer’s Disease Neuroimaging Initiative diagnostic
criteria. All participants had an MMSE score >23 out of 30. CN healthy
controls had a Wechsler Memory Scale (WMS)-III Logical Memory
delayed recall score of >12 and a Clinical Dementia Rating (CDR) score
of 0. In contrast, patients with aMCl had a WMS-III Logical Memory
delayed recall score of 11 or less and a CDR score of 0.5, as well as cog-
nitive concerns of their own or from the physician, family members, or

caregiver.

2.2.2 | Measures and variables

We assessed perceived fatigability using the National Institutes
of Health (NIH) Neuro-Quality of Life (QOL) fatigue short-form
subscale?! and also used the NIH Patient-Reported Outcomes Mea-
surement Information System (PROMIS) scales,?? including Sleep
Disturbance, Sleep-related Impairment (SRI), and Cognitive Function-
Abilities (CogAb). All short-form scales used semistructured interview

questions, focusing on the changes from an individual’s “usual state” or
previously obtained levels. Each question asked about the frequency
of functional failures in performing day-to-day activities in specific cat-
egories (eg, sleep, fatigue, and social roles and participation). These
instruments focus on assessing the frequency of symptoms that inter-
fere with or interrupt day-to-day functioning from the patient’s per-
spective. Each item was scored from 1 to 5 (1 = never, 2 = rarely;
3 = sometimes; 4 = often; and 5 = always). It should be noted that,
among the eight items in each scale (short form), some items used pos-
itive words, while others used negative words. For example, to obtain
a higher score regarding CogAb, a participant must reject a negative
statement that does not apply to them or agree with a positive state-
ment and then choose the frequency for each state. These relatively
new instruments are similar to the clinical evaluation of disease or
condition severity using the International Statistical Classification of
Diseases and Related Health Problems codes and the Diagnostic and
Statistical Manual of Mental Disorders (5th edition) criteria.

In this study, we instructed the participants to answer each ques-
tion based on their experiences over the prior 6 months or longer. NIH
health measures provide conversion tables to transform the raw score
into a T-score for each scale, with amean of 50 and a standard deviation
(SD) of 10 in a study population or subpopulation. We evaluated CR
using the standardized and validated CR Index Questionnaire (CRIg),
which includes lifelong education, work/occupation experiences, and

leisure time proxies.

2.2.3 | Sleep disturbances and sleep-related
impairment

The NIH PROMIS Sleep Disturbance 8a (version 1.0) is used to assess
subjective sleep quality at night. There are eight items on the Sleep
Disturbance Scale, with five assessing insomnia-related symptoms (eg,
“I had difficulty falling asleep”) and the remaining three questions for
sleep quality (eg, “My sleep was refreshing”). The SRI 8a (version 1.0)
is used to evaluate daytime cognitive function directly related to sleep
quality (eg, “l had a hard time concentrating because of my poor sleep”).
The two short forms are scored from 1 to 5 (1 = not at all; 2 = a lit-
tle bit; 3 = somewhat; 4 = quite a bit; and 5 = very much). These two
short forms have greater measurement precision than the Pittsburgh
Sleep Quality Index and Epworth Sleepiness Scale.? Higher Sleep Dis-
turbance scores indicate poorer sleep quality, and higher SRI scores

indicate worse daytime cognitive functioning and alertness.

2.2.4 | Fatigability

The clinical level of perceived fatigability is defined by a set of param-
eters for assessing the frequency of failure to perform everyday
activities associated with fatigue, referenced by an individual’s nor-
mal state in multiple aspects of QOL. The NIH Neuro-QOL fatigability
subscale 8a (version 1.0) includes physical (eg, “I was too tired to do

household chores”), functional (eg, “l was too tired to leave the house to



KERNERET AL.

Alzheimer’s &Dementia® | o2

do things”), psychological (eg, “| was frustrated by being too tired to do
the things | wanted to do”), and social (eg, “I had to limit my social activ-
ity because | was too tired”) domains. Each question was scored from
1to 5 (1 = never, 2 = rarely; 3 = sometimes; 4 = often; and 5 = always).
A higher score suggests greater difficulty in initiating daily activities
owing to fatigability.

2.2.5 | Cognitive abilities

The PROMIS CogAb short form 8a (version 2.0) includes five cognition-
related question items (eg, “My memory is as good as usual”) and three
effort-related question items (eg, “| have been able to think clearly
without extra effort”). Each item is scored from 1 to 5 (1 = never,
2 = rarely; 3 = sometimes; 4 = often; and 5 = always). A higher com-
puted score suggests greater abilities to maintain cognition, function,

and behavior, including motivational behavior.2

2.2.6 | Cognitive reserve

The CRIg?’ is a standardized and validated measure of CR with three
proxy measures: lifelong years of education, work complexity, and
leisure time. Each proxy questionnaire set has a formula for comput-
ing a standard score. The CRIq leisure activity score is the relative
time spent performing life activities given in a list assessed weekly
and for a number of years, including reading, performing domestic
chores and leisure hobbies, using modern technologies, participat-
ing in social gatherings and voluntary work, caring for children and
pets, and managing one’s accounts. The CRIq score is a standard-
ized score that includes three proxies. There are five categories: high
(scores 130 or higher), medium-high (scores 115 to 130), medium
(scores 85 to 114), medium-low (scores 70 to 84), and low (scores less
than 70).

2.2.7 | STOP-Bang Sleep Apnea Screening
Questionnaire

The STOP-Bang Sleep Apnea Screening Questionnaire consists of eight
yes/no questions, with scores ranging from O to 8 (addressing the top-
ics of Loud Snore, Tired, Observed apnea, high blood Pressure, Body
Mass Index [BMI], age, neck size, and gender).2¢ The STOP-BANG
OSA screening questionnaire has been evaluated in epidemiological
and sleep clinical studies and in various racial and ethnic populations.
Polysomnography is the gold standard for diagnosing OSA, but it is
expensive and cumbersome. Screening for OSA with this questionnaire
is an effective and practical approach to identifying people with moder-
ate to severe OSA. The STOP-Bang questionnaire has a high sensitivity
in identifying moderate to severe OSA (Apnea/Hypopnea Index > 15);
a score of 4 or higher suggests a high pretest probability of moderate
to severe OSA.27
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2.3 | Statistical analyses

Analyses were performed using SPSS 28.0 (IBM Corp., Armonk, NY,
USA). Demographic and clinical measures of interest were described
using means and SD for continuous measures and proportions for cat-
egorical measures. The Pearson correlation was computed to assess
bivariate associations between continuous measures. For the remain-
ing analyses, all measures were standardized to mean = 0 and standard
deviation = 1 so that parameter estimates were interpreted in units of
SD.

Differences in demographic and clinical variables between the aMCI
and CN groups were examined using independent samples t-test- for
continuous variables after testing for normality and the chi-squared
test for categorical variables (Table 1). We used G*Power software to
examine the number of participants required in each group to meet a
minimum of 80% power to conduct parametric testing.28 We also com-
puted z-scores for SR, fatigability, and CogAb because the Neuro-QOL
and PROMIS t-scores were generated from adults aged 18 to 90 years.
We examined the relationships between two variables using two-tailed
Pearson correlations (Table 2).

A moderated mediation model (model 7) was fit to assess whether
fatigability mediated the effect of SRI on CogAb and to explore
whether the effect of SRI on fatigability differed across different levels
of CR (Figure 1). The full model comprises two subregression mod-
els. The first-stage model entails regressing fatigability (mediator) onto
SRI, CR, and their interaction (SRI x CR). The second-stage model
involved simultaneously regressing CogAb onto SRI and fatigability.2?

The path of a linear model included the effects of SRI (continuous),
CR (continuous), and their two-way interaction on fatigability. If the
interaction CR x SRI was significant, then the effect of SRI on fatiga-
bility was assessed at low (<—1 SD), mean, and high (>+1 SD) levels of
CR. The path b linear model included the effects of SRI and fatigabil-
ity on CogAb. Each model was adjusted for age and sex. If moderated
mediation was significant (the effect of path a interaction by path b),
then the indirect effect of SRI on CogAb mediated by fatigability was
computed at low CR (path a1), mean CR (path a2), and high CR (path a3)
levels to test our hypothesis (Figure 2, Table 3). Bootstrapped samples
(n = 1000) were computed to obtain valid standard errors and corre-
sponding 95% confidence intervals (Cls) for indirect effects instead of

p-values.

3 | RESULTS

As shown in Table 1, 54 individuals without depression participated
in this study, comprising 13 CN controls and 41 patients diagnosed
with aMCI. The majority of the participants had at least college edu-
cation or higher, and more than two thirds were women. A total of
16.7% and 31.6% of participants in the CN and aMCI groups, respec-
tively, were apolipoprotein E (APOE) ¢4 carriers, and there were no
significant differences in age, sex, education, BMI, MMSE scores, and
% APOE ¢4 positivity between the groups. There were no significant
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TABLE 1 Demographics and characteristics of participants.
Cognitive status aMCl versus CN
Effect size
Variables Total (n = 54) aMCl (hn=41) CN(n=13) P (two-tailed) (Cohen’s d)
Age (year), mean (+ SD) 70.2 (+8.8) 72.7 (+8.5) 69.4 (+8.8) 0.25 0.37
Sex (female), n (%) 37 (68.5%) 27 (65.9%) 10(76.9%) 0.46 0.24
Education (year), mean (+ SD) 16.0 (+2.0) 16.3 (+ 3.0) 160 (+2.0) 0.71 0.12
Caucasians n (%) 48 (88.5%) 36 (81.0%) 12 (92.3%) 0.81 0.08
BMI, mean (+ SD) 24.6 (+ 3.8) 27.0(+4.3) 24.6 (+3.8) 0.07 0.56
MMSE, mean (+ SD) 27.4 (+4.2) 27.2(+4.7) 28.2(+1.9) 0.46 0.23
Immediate recall, mean (+ SD) 11.6 (+ 3.6) 10.2(+2.9) 15.8(+2.3) <0.001*** 2.00
Delayed recall, mean (+ SD) 9.5(+5.0) 7.5(+2.6) 15.9 (+ 5.4) <0.001*** 241
NIH PROMIS Cognitive abilities 50.0 (+8.6) 42.6(x£6.9) 50.5(+8.0) 0.002** 1.02
2‘_‘;‘:2‘::20'- Fatigue 442 (+7.3) 467 (+7.0) 39.2 (+5.8) 0.003* 0.98
mean (+ SD) Sleep disturbances 50.6 (+ 9.5) 53.1(+8.4) 42.4(+8.1) <0.001*** 1.28
Sleep-related 48.3 (+ 10.0) 51.1(+9.1) 39.4(+7.5) <0.001*** 1.34
impairment

Cognitive Education 116.1 (+ 26.3) 113.9 (+29.2) 123.1(+ 11.3) 0.28 0.35

reserveindex \yo 1ine activities 114.6 (+ 28.0) 114.6 (+ 31.3) 114.5 (+ 14.2) 1.00 0.003

questionnaire

(Computed Leisure time 121.1 (+ 23.6) 115.9 (£ 22.7) 137.5 (+ 18.9) 0.003** 093

scores) Total score 127.6 (+ 19.1) 125.9 (+20.0) 133.2(+15.3) 0.24 0.38

Note: Values are mean + standard deviation (SD) or %. Cognitive status was defined according to the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cri-
teria as cognitively normal (CN; healthy control group) and amnestic mild cognitive impairment (aMCl). NIH Person-centered measures for adults were used
for PROMIS nondisease specific scales (Cognitive Abilities, Sleep Disturbance, and Sleep-Related Impairment) and Neuro-QOL (quality of life) for neurolog-
ical diseases (Fatigue). BMI, body mass index; MMSE, Mini-Mental State Examination. Thresholds for assessing effect size were as follows: small (Cohen’s

d=0.2), medium (Cohen’sd = 0.5), and large (Cohen’s d = 0.8).
*p < 0.05,**p <0.01, ***p < 0.001.

differences in CR education and work proxies between the groups,
whereas CR leisure (time spent on leisure activities) was significantly
greater in the CN than in the aMCI group. We compared the t-scores
for CogAb, fatigue, Sleep Disturbance, and SRI, with significant differ-
ences in these variables between the groups with large Cohen’s d effect
sizes (0.98 to 1.34). The differences remained significant when using
z-scores.

As shown in Table 2, CogAb correlated with SRI (r = —0.374;
p < 0.05), fatigability (r = —0.689; p < 0.001), and CR (r = 0.355;
p < 0.05); fatigue correlated with SRI (r = 0.513; p < 0.01) and CR
(r = —0.413; p < 0.01); and SRI correlated with Sleep Disturbance
(r=0.617;p < 0.01) in the aMCl group. In the CN group, CogAb did not
Johnson-Neyman significant regions correlate with Sleep Disturbance,
SRI, CR, or fatigability. In the aMClI group, fatigability had a significant
negative effect on CR leisure after controlling for covariates and APOE
4 positivity (adjusted R? = 0.21, F(6, 34) = 3.18,p = 0.003).

Finally, moderated mediation analysis was performed using Hayes’
Process Macro (Model 7) in SPSS (Figure 1). Figure 2 illustrates the
path moderation effect at low (<—1 SD), mean, and high (>+1 SD)
CR values. In the aMCI group (Figure 2A), high SRI was associated
with high fatigability at lower CR (CRIq score of <105.8, Beta [B]
[standard error (SE)] = 0.74 [0.20], p = 0.0004) and mean CR (CRIq
score = 126.9, B [SE] = 0.43 [0.14], p = 0.003); however, it was

not significantly associated with higher CR (CRIq score of >145.9, B
[SE] = 0.12 [0.12], p = 0.63). Furthermore, the moderator CR values
defining the Johnson-Neyman significant regions were CRIq scores of
<135 (p < 0.05), 135.34 (p = 0.05), and >136 (p > 0.05), indicating
that the effect of SRI on CogAb mediated by fatigability was not sig-
nificant when CRIq scores were greater than 136. Age and sex were
not significantly associated with fatigue (B [SE] = 0.01[0.02], p = 0.55
and B [SE] = 0.52[0.27], p = 0.06, respectively). In contrast, the effect
of SRI on fatigability did not differ across CR levels in the CN group
(Figure 2B).

As shown in Table 3 (aMCI only), CR moderated the effect of SRI
on fatigability (CR x SRI interaction: B [SE] = —0.15 [0.007], p = 0.03)
after controlling for age and sex. There was a significantly moderated
mediation, where the indirect effect of SRl on CogAb mediated through
fatigability varied by the level of CR in the aMCI group. The condi-
tional indirect effect of SRI on fatigability on CogAb was significant
for low CR (—1 SD, CRIq score of <105.7) and mean CR (SD =0, CRIq
score = 125.9), but not for high CR (+1 SD, CRIq score of >136). The
moderated mediation index was statistically significant.

Inthe aMCl group, one quarter of the participants had a high pretest
probability of moderate to severe OSA (STOP-Bang scores of >4) or
were diagnosed with OSA by a sleep physician. None of the OSA+ par-
ticipants had received active OSA treatment for 1 year or longer at the
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TABLE 2 Pearson correlation coefficient (r) between variables of interest.

Cognitively normal group 1 2 3 4a 4b 4c 4 5 6 7 8
1 Age 1 -0.07 004 077 0.15 0.36 0.51 -0.37 -0.21 0.80 0.20
2 Sex 1 -0.21 0.17 0.01 0.47 0.32 -0.04 -0.10 0.06 0.32
3 Body mass index 1 0.09 -0.48 -0.56 -0.47 -0.39 -0.18 -0.10 0.30
4a CR-education 1 0.16 0.44 0.64 -0.34 -0.11 0.55 0.21
4b CR-working 1 0.50 0.73 0.21 -0.22 -0.17 -0.37
4c CR-leisure time 1 0.90 0.16 0.07 0.39 -0.07
4 CR-total 1 0.06 —-0.08 0.33 -0.12
5 Cognitive abilities 1 -0.14 —0.50 —-0.30
6 Sleep disturbances 1 0.23 0.02
7 Sleep-related 1 0.15
impairment
8 Fatigability 1
Amnestic mild cognitive
impairment group 1 2 S 4a 4b 4c 4 5 6 7 8
1 age 1 -0.10 -0.17 0.31 0.11 0.05 0.17 0.07 -0.21 0.09 0.02
2 sex 1 -0.10 —0.05 -0.22 -0.22 —0.28 —-0.20 —-0.05 0.11 0.35
3 BMI 1 -0.21 -0.22 -0.12 -0.13 -0.11 0.15 0.00 -0.09
4a CR-education 1 0.63 -0.01 0.02 0.05 0.15 0.22 0.12
4b CR-working 1 0.31 0.52 0.30 0.00 -0.01 -0.13
4c CR-leisure time 1 0.84 0.24 —-0.06 -0.29 -0.41
4 CR-total 1 0.36 -0.17 -0.27 -0.41
5 Cognitive abilities 1 -0.21 -0.37 -0.69
6 Sleep disturbances 1 0.62 0.16
7 Sleep-related 1 0.51
impairment
8 Fatigability 1

Note: Cognitive reserve (CR) was assessed using the validated Cognitive Reserve Index Questionnaire, including three proxies (education, working, and leisure
time). CR-total is a total score of computed the proxies. Cognitive abilities, sleep disturbances, sleep-related impairment were assessed using the NIH PROMIS
scales and fatigue was assessed using the NIH Neuro-QOL fatigability subscale. Thresholds for assessing the Pearson correlation coefficient were r = 0.8,
r=0.6,and r = 0.3 for strong, moderate, and weak relationships between two variables, respectively.

Fatigability

pal

Path al, a2, a3

4

Path b

Sleep-related
impairment

Pathce ——» | Cognitive abilities

FIGURE 1 The proposed moderated mediation model. This moderated mediation model tested the indirect effect of sleep-related impairment
(SRI; independent variable) on cognitive abilities (dependent variable) through the mediator fatigability, with the indirect effect being moderated
by cognitive reserve (CR). The full model is comprised of two subregression models. The first-stage model entails regressing fatigability (mediator)
onto SRI, CR (at low [<—1 SD, path a1], mean [SD = 0, path a2], and high [>+1 SD, path a3] values of CR), and their interactions (SRl x CR). The
second-stage model entails regressing cognitive abilities onto SRI and fatigability simultaneously.
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FIGURE 2 Effect of sleep-related impairment on fatigability moderated by cognitive reserve. The illustrations represent the moderation effect
of cognitive reserve on the relationship between sleep-related impairment and fatigability at low (—1 SD), mean (0 SD), and high (+1 SD) levels of
cognitive reserve in (A) patients with amnestic mild cognitive impairment and (B) cognitively normal healthy controls.
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TABLE 3 Results of the moderated mediation model with fatigability in older adults with amnestic mild cognitive impairment.

Mediator: Fatigability

Outcome: Cognitive abilities

Predictor B (SE) p
Sleep-related impairment 2.36 (0.86) <0.001***
(SRI)
Cognitive reserve (CR) —0.010(0.007) 0.16
CRxSRI —0.015 (0.007) 0.03*
Fatigability
Moderator: CR Levels Indirect effect
Path al: Lower level CRIg=105.7 0.737(0.19)
(<—1SD)
Path a2: Mean level (0 SD) CRIg=125.9 0.430(0.14)
Path a3: Higher level CRIg=145.9 0.123(0.20)
(>+1SD)
Index of moderated
mediation

B (SE) p
—0.035(0.14) 0.81
—0.699 (0.144) <0.001***
p B (SE) 95% LLCI 95% ULCI
<0.001*** —0.49(0.25) -1.15 -0.18
0.003** —0.29(0.13) -0.62 -0.11
0.54 —-0.08(0.12) -0.35 0.18
0.01(0.007) 0.007 0.04

Note: The moderated mediation model was controlled by age and sex. CR moderated SRI on fatigability at low-CR (Path a1), mean-CR (Path a2), and high-CR

(Path a3) levels.

Abbreviations: CRIq, Cognitive Reserve Index Questionnaire; LLCL, lower limit confidence interval; ULCL, upper limit confidence interval.

*p <0.05; **p <0.01; ***p < 0.001.

time of screening. Among the patients with aMCl and OSA, 40% were

women.

4 | DISCUSSION

The objective of the present study was to examine patient adaptability
or susceptibility to sleep-wake disturbances of perceived fatigability
at different levels of CR. We found that SRI, perceived fatigability, and
CogAb were significantly worse in patients with aMCl than in CN con-
trols. Further, patients with aMCI who had low and mean levels of CR
showed that the effects of sleep-wake disturbances contributed to
CogAb decline mediated through the exacerbation of fatigability. In
contrast, those with high levels of CR were able to tolerate SRI and
fatigability, which in part protected against CogAb decline. In contrast,
CN controls could fully compensate for sleep-wake disturbances and

fatigability, regardless of their level of CR.

4.1 | Independent and interrelated relationships
among SRI, fatigability, and cognitive abilities

As shown in Table 1, the differences between patients with aMCI and
CN controls in SR, fatigability, and CogAb were significant with large
effect sizes (0.98 to 1.34). The results indicated that patients with aMCl
experienced poor sleep-associated impaired cognitive function in per-
forming day-to-day activities, owing to an increase in fatigability. Fur-
thermore, the results from the moderated mediation analysis showed
that indirect effects of SRI significantly affected CogAb mediated
through perceived fatigability in patients with aMClI (Figure 1). There-

fore, fatigability negatively influences perceived CogAb in patients
with aMCI. In contrast, sleep disturbances did not cause pathologi-
cal fatigue in CN controls; therefore, their energy and functionality
could be restored by rest (Table 2). Our findings agreed with the lit-
erature showing that individuals with sleep-wake dysregulation have
worse cognitive function and a higher prevalence of AD.%%3! Further,
greater fatigability in patients with aMCI can be explained by the
neuroinflammation hypothesis of AD.?32 Fatigability could be a clin-
ical expression of increased proinflammatory cytokines in response
to AB and tau pathology, which are associated with poorer cognitive

functioning. %33

4.2 | Connectome between the
sleep/wake-fatigability paradigm and CR framework

The concept of CR can explain the fact that some individuals can tol-
erate more brain structural and functional abnormalities than others,
although there is no immunity to the accumulation of AD.3* We exam-
ined the effects of SRI on perceived fatigability at three levels of CR
(low [—1 SD], mean, and high [+1 SD]) (Figure 1). We found that greater
SRI was significantly associated with higher fatigability (Table 2) in
patients with aMCI at low and mean CR levels (Table 3), but not at
high CR levels (Table 3, path a3). The indirect effect of SRI on cognitive
abilities was mediated through the exacerbation of fatigability at the
low and mean CR levels (Figure 2A), whereas high levels of CR could
attenuate the effect of sleep-wake disturbances on fatigability, in part
preserving cognitive abilities despite having aMCI. In contrast, the rela-
tionship between SRI and fatigability was not altered by the level of CR

in CN controls (Figure 2b), thus maintaining normal cognition.



w2 | Alzheimer’s & Dementia®

KERNERET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Furthermore, the average leisure proxy score of CR was significantly
lower in patients with aMCI than in CN controls, with a large effect
size (Cohen’s d = 0.93). Perceived fatigability affected the engage-
ment in leisure activities by 16.6% in patients with aMCl and by
0.5% in CN controls, suggesting that perceived fatigability in patients
with aMCI played a crucial role in participation in leisure activities.
This result is consistent with a systematic review and meta-analysis
of aMCI including 58 studies in the literature (up to March 2020;
n = 7871; 53% female) reporting that real-world functioning was
strongly associated with activities of daily living with leisure activities
(r=0.27) compared with cognitively stimulating leisure activities only
(r=0.16).%5

There are a series of changes associated with sleep-wake

6 in cognition, function, and behavior from resilience (com-

patterns®
pensation) to impairment (decompensation) to the loss of circadian
rhythmicity during transitions from preclinical cognitive impairment to
dementia.?’ In patients with aMCl, SRI explained 26.3% of fatigability
and 14% of declined CogAb, suggesting that nearly 75% of perceived
fatigability was caused by other contributing and facilitating factors. In
addition, fatigability had a strong negative effect on CogAb, explaining
47.6% of the decline in patients with aMCI. The result remained sig-
nificant after controlling for covariates (age, sex, education, and BMI)
as well as APOE ¢4 positivity and SRI, the two known determinants
of CogAb in AD, indicating that fatigability was not exclusively the
consequence of sleep-wake disturbances, APOE &4 positivity, older
age, and obesity. Therefore, other potential factors contributing to
clinical fatigability should be investigated.

The findings of our study are consistent with those of studies show-
ing that (1) untreated chronic and persistent sleep-wake dysregulation
could progress to SRl when there is a transition from cognitive normal-
ity to aMCI%38; (2) sleep-wake disturbances with evidence of altered
rest/activity rhythms are linked to AD pathology in the brain®%3%; and
(3) persistent fatigability that cannot be relieved with rest is a mani-
festation of neuroinflammation associated with AB and tau pathology
in aMCI3740 and abnormal structures in the brain (eg, white matter
hyperintensities in AD). Moreover, findings from our study and other
studies highlight the importance of cognitive training and behavioral
rehabilitation programs for cognitively stimulating leisure and recre-
ational activities to preserve CR in later life and maintain independent
living and QOL.4!

43 |
brain

OSA and AD pathology, a double insult to the

OSA is a systemic disease that causes major structural and func-
tional damage to organs including the brain (eg, cerebral small vessel
disease).*2 Estimates suggest that up to 60% of community-dwelling
people aged 65 years or older have OSA.*3 In a large cohort study
of older adults, people self-reporting having OSA but not noncompli-
ance with continuous positive airway pressure therapy had a cognitive
transition from aMCl to dementia 8 years earlier than expected, based

on the findings from the Alzheimer’s Disease Neuroimaging Initiative

study.** OSA is associated with decreased non-REM stage 3 sleep
owing to sleep fragmentation. The lack of deep sleep in OSA is asso-
ciated with decreased brain clearance of waste products, such as Ag,
compared with that in people without OSA.*>

In this study, SRI (daytime cognitive and functional deficits directly
related to sleep disturbances) was significantly greater in patients
with aMCl with OSA (Figure SA), suggesting that sleep-wake behavior
causes additional damage to the brain during the preclinical stages of
AD. Furthermore, all variables of interest remained significant between
patients with aMCl without OSA and CN controls (Figure SB), indicat-
ing that cognitive status was determined by AD pathology rather than
OSA.

The characteristics of sleep-wake behavior and fatigability associ-
ated with OSA are clinically different from the abnormal sleep-wake
rhythms and fatigability linked to AD pathology. A brief nap or dozing
off can quickly eliminate sleepiness and help patients with OSA recover
from mental fatigue. However, fatigability associated with AD pathol-
ogy cannot be alleviated by rest, and there is no effective treatment
for the irregularity of sleep-wake rhythms once A plaques damage the

biological clock.3°

4.4 | Future research direction

Fatigability has been the focus of research on neurodegenerative dis-
orders to develop therapeutic interventions to improve functionality
and QOL.*¢ In 2000, the Multiple Sclerosis (MS) Council released the
brochure “Fatigue: What You Should Know—A Guide for People with
MS,” which provided multiple sclerosis-related fatigue education for
patients and their families. In 2013, experts from the World Parkinson’s
Congress workgroup identified Parkinson’s disease-related fatigue as
a high priority for research after patients voted fatigue as the lead-
ing symptom. In contrast, there is a paucity of data in the literature
that addresses the impact of fatigability on CogAb when performing
day-to-day activities in AD. As illustrated in Figure 3, future studies
are needed to investigate the central mechanisms and pathways linking
clinical manifestations of sleep-wake behavior, fatigability, and CogAb
to altered brain structures (eg, white matter hyperintensities and func-
tion, impaired neural connectivity)*’ through AD biomarkers, including
increased proinflammatory cytokines,3? which are beyond the scope of
the present study. Further studies on the concept of AD-related fatigue

are warranted.

4.5 | Limitations

Our participants had an average of 16 years of education and the
majority were of Caucasian ethnicities. Therefore, our results may
not be applicable to other ethnic groups or individuals with lower
educational levels. Additionally, we excluded participants with active
depression. Thus, our results may not be applicable to individuals with
fatigue due to depression. Additionally, this was a cross-sectional study

with 13 participants in the CN control group and 41 participants in
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FIGURE 3 Connectome between the Sleep-Fatigability paradigm and the Cognitive Reserve (CR) framework. The results of this study
supported our Sleep-Fatigability paradigm which is also consistent with the literature, in which (1) untreated chronic and persistent sleep-wake
dysregulation could progress to sleep-related impairment with cognitive transition from cognitive normal to amnestic mild cognitive impairment;
(2) sleep-related impairment with altered rest/activity rhythms is associated with Alzheimer’s pathology in the brain; and (3) persistent fatigue
that cannot be relieved with rest is a manifestation of neuroinflammation associated with beta-amyloid and tau pathology in amnestic mild
cognitive impairment and abnormal structures in the brain (eg, white matter hyperintensities in Alzheimer’s disease).

the aMClI group. Since the variables had large effect sizes (0.98 to 1.3)
between the two groups, only 12 participants were required in the con-
trol group and 36 were required in the aMCI group to reach greater
than 80% power in this pilot study. We considered this to be a limitation
because a larger sample size with a balanced number of participants in
each comparison group would generate more reliable results. In addi-
tion, we did not objectively assess sleep disturbances and SRI using

actigraphy.

5 | CONCLUSIONS

This study highlights a novel area of research by linking the sleep-
wake-fatigability paradigm to the CR framework, emphasizing inter-
and intra-individual variability in fatigability associated with sleep-
wake behavior during the preclinical stage of AD. Based on the study
results and emerging evidence in the literature, we conclude that
patients diagnosed with aMCl with high CR levels areresilient to sleep-
wake disturbances and fatigability, and are thus less susceptible to AD
pathology in the brain. In contrast, those with below-mean CR levels
have less adaptability to SRI and fatigability, resulting in a more rapid
decline in CogAb. In addition, improving cognitively stimulating leisure
activities is critical for older adults to maintain CR to protect against

cognitive decline. Nonetheless, further studies on the mechanisms and

pathways behind sleep-wake behavior and fatigability and how these
are associated with brain function and neural compensation, through

the application of the CR concept, are warranted.
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