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Sleep in Alzheimer’s disease: a systematic review and
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Ye Zhang', Rong Ren
Xiangdong Tang®'

© The Author(s) 2022

= Linghui Yang', Haipeng Zhang', Yuan Shi', Hamid R. Okhravi?, Michael V. Vitiello 3, Larry D. Sanford* and

Polysomnography (PSG) studies of sleep changes in Alzheimer’s disease (AD) have reported but not fully established the
relationship between sleep disturbances and AD. To better detail this relationship, we conducted a systematic review and meta-
analysis of reported PSG differences between AD patients and healthy controls. An electronic literature search was conducted in
EMBASE, MEDLINE, All EBM databases, CINAHL, and PsycINFO inception to Mar 2021. Twenty-eight studies were identified for
systematic review, 24 of which were used for meta-analysis. Meta-analyses revealed significant reductions in total sleep time, sleep
efficiency, and percentage of slow-wave sleep (SWS) and rapid eye movement (REM) sleep, and increases in sleep latency, wake
time after sleep onset, number of awakenings, and REM latency in AD compared to controls. Importantly, both decreased SWS and
REM were significantly associated with the severity of cognitive impairment in AD patients. Alterations in electroencephalogram
(EEG) frequency components and sleep spindles were also observed in AD, although the supporting evidence for these changes
was limited. Sleep in AD is compromised with increased measures of wake and decreased TST, SWS, and REM sleep relative to
controls. AD-related reductions in SWS and REM sleep correlate with the degree of cognitive impairment. Alterations in sleep EEG
frequency components such as sleep spindles may be possible biomarkers with relevance for diagnosing AD although their
sensitivity and specificity remain to be clearly delineated. AD-related sleep changes are potential targets for early therapeutic
intervention aimed at improving sleep and slowing cognitive decline.
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INTRODUCTION
Alzheimer's disease (AD), a neurodegenerative disorder characterized
by an impairment in global cognition and progressive memory loss,
has been the main cause of dementia and is quickly becoming one
of the most lethal, expensive, and burdening diseases in this century
[1]. In 2018, AD International estimated a worldwide dementia
prevalence of about 50 million people, estimated to triple in 2050,
with two-thirds living in middle- and low-income countries [1-3].
Several years before the onset of cognitive impairment
(preclinical AD), cerebrospinal fluid (CSF) biomarkers of AD,
including amyloid B (AB) and tau, begin to pathologically
accumulate in the brain [3, 4]. It is believed sleep changes can
start in this preclinical stage of AD [5]. Patients at the preclinical
stage have more rest-activity rhythm fragmentation, independent
of age or sex [6]. More recently in a meta-analysis, including
27 studies, Bubu et al. showed individuals with sleep problems
had a 3.78 (95% confidence interval (Cl): 2.27-6.30) times higher
risk of preclinical AD [7]. It has been suggested that sleep
disturbances contribute to cognitive decline and increase the risk
of AD by increasing the brain's AB burden [8-10]. Indeed,
accumulating evidence indicates that over 45% of AD patients

have sleep disturbances [9, 11]. These findings suggest that
assessments of sleep disturbances in AD patients may be helpful
for identifying targets for preventive and therapeutic approaches
to this disease [12-15].

Polysomnography (PSG) is the gold standard method for
objectively assessing components of sleep. Evidence suggests that
PSG-determined sleep alterations are highly important for under-
standing the etiology and neurobiology of AD. Recently Ju et al. [16].
found that disrupted slow-wave sleep (SWS) activity, as measured by
the change in delta spectral power, significantly increased levels of
AB, suggesting an important role of SWS in modulating levels of AB in
the brain. Lucey et al. reported that slow-wave EEG activity
(particularly at 1 to 2Hz) might be helpful in discriminating tau
pathology and cognitive decline before or at the earliest stages of AD
[17]. Further, rapid eye movement (REM) sleep helps to maintain
neuronal homeostasis of the brain; while disturbed REM sleep disrupts
neurogenesis and synaptic pruning, and loss of REM sleep has been
suggested to result in neurodegeneration [18]. In addition, Liguori
et al. reported that disruption in REM sleep was associated with an
increase in the levels of CSF orexin in individuals with mild cognitive
impairment due to AD [19]. CSF orexin levels have been reported to
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be positively associated with the levels of tau protein levels in AD
patients, suggesting that the dysregulation of the orexinergic system
expressed as an increase in CSF orexin levels, is a reflection of more
marked and faster tau-mediated neurodegeneration of AD [20].

Many previous reviews discuss sleep changes in AD, but they
focus mainly on proposed mechanisms/hypothesis underlying the
associations between sleep disturbances and AD (e.g., [21-23]). For
PSG features, these reviews typically say that AD patients show
significantly altered PSG measured sleep features (e.g. decreased
SWS). However, there is a significant problem with the evidence
these reviews cite to support these conclusions. These narrative
reviews support their conclusions by unsystematically citing PSG
studies which show statistically significant PSG parameter changes
(e.g., decreased SWS, etc.), while studies with negative findings (e.g.,
no significant difference in SWS between AD and healthy controls)
go unmentioned. (e.g., [24-26]). Thus, the conclusions regarding
PSG changes in AD in these reviews are based on selective
reporting (ignoring studies with negative findings). Variations in
findings across different studies may involve heterogeneity in
demographic characteristics (i.e., sex, age, and educational attain-
ment), clinical variability (i.e., disease severity and medication
status), and experimental methodology (i.e, PSG recording and
scoring methods and the use of adaptation nights). Meta-analytic
techniques are useful for resolving discrepancies across studies and
for estimating the potential impact of moderators. To our knowl-
edge, no meta-analytic study on PSG measured sleep in AD has
been conducted to date. To fill this gap, we systematically reviewed
previous case-control studies and used meta-analytic procedures to
identify the pooled effect sizes for the differences in PSG measured
sleep between AD patients and healthy controls where possible. We
also explored potential moderators of the PSG changes in AD
patients compared with healthy controls.

METHODS

Protocol and registration

We registered the protocol for this study (PROSPERO ID:
CRD42021240066) according to the preferred reporting criteria
for systematic reviews and meta-analyses statements [27].

Inclusion and exclusion criteria

To explore the nighttime PSG differences between AD patients
and healthy controls, we included only case-control studies that
made comparisons between these groups. The included studies
were selected to meet the following criteria:

1. The patients met diagnostic criteria for AD according to recognized
criteria from the National Institute of Neurological and Commu-
nicative Disorders and Stroke-Alzheimer's Disease and Related
Disorders Association workgroup [28], the National Institute on
Aging-Alzheimer’s Association workgroup [29], or the Diagnostic
and Statistical Manual of Mental Disorders [30]. When the diagnostic
criteria for AD were not specified, studies in which AD status was
determined by physicians’ clinical assessments (i.e., patients having
acquired global impairment of intellect, memory, and personality)
and neuroimaging findings (i.e., presence of diffuse atrophy in the
brain but without cerebrovascular accident or other focal intracra-
nial pathologic changes.) were also included.

The included studies included a healthy control group.

3. The studies reported differences in some PSG measured nighttime
sleep parameters between AD patients and healthy controls (the
PSG parameters of interest are listed below in the section on “Data
collection process”).

4. The studies were published in English in peer-reviewed journals.

5. If the same participants were used in more than one study, then
only the dataset with the most relevant information was used to
avoid data duplication.

[N

By screening titles, abstracts, and full text, we excluded: (1)
animal studies; (2) editorials, case reports, case series, guidelines,
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comments, statements, and review papers; (3) studies unrelated to
AD; (4) studies not including healthy controls or not clearly
clarifying whether their controls are healthy controls; (5) studies
not reporting PSG data in AD patients or healthy controls; and (6)
studies containing no information on outcomes of interest.

Information sources, search, and study selection

We searched MEDLINE via OVID; EMBASE via OVID; all EBM
databases via OVID; CINAHL via EBSCO; and PsycINFO via EBSCO.
The following terms were searched for in the abstract or title:
(“Alzheimer Disease” OR “Alzheimer’s disease”) AND (“polysomno-
gra*” OR “PSG” OR “sleep architect*” OR “sleep monit*” OR “sleep
stage*” OR “electroencephalogra*” OR “EEG"). The detailed search
strategies used in each literature database are provided in Tables
S1-S5. The reference lists of all primary studies were also screened
for additional references. We performed the literature search on
March 6, 2021. Two reviewers (RR and YZ) independently selected
relevant papers. Discrepancies were resolved by discussion with
the senior author (XT). If the PSG data of multiple AD groups (e.g.,
mild and moderate AD patients) were reported and separately
compared with controls in a study, this approach was carried over
into the current meta-analysis.

Data collection process and quality assessment of included
studies

RR and YZ independently extracted the data from the reviewed
studies using a pre-designed form. The extracted data were
entered by YZ and verified by RR and YZ. Discrepancies were
resolved by discussion with XT. The PSG variables examined in our
systematic review include sleep macrostructure: total sleep time
(TST), sleep efficiency (SE), wake time after sleep onset (WASO),
sleep latency (SL), and percentage of sleep stages N1, N2, N3 and
REM sleep, REM latency (REML), and REM density (REMD). In the
American Academy of Sleep Medicine (AASM) scoring rules, N3
represents SWS and replaces sleep stages 3 and 4 in the
Rechtschaffen and Kales (R&K) nomenclature [31]. Thus, the data
for stages 3 and 4 in the included studies were also extracted for
estimating SWS. Other PSG variables include periodic limb
movement during sleep (PLMS) index and sleep microstructure
parameters: cyclic alternating pattern (CAP) parameters, power
spectral analysis (PSA) data (i.e, alpha, beta, delta, theta, and
gamma frequency activity), and sleep spindle data. We also
extracted demographic, clinical, and methodological variables,
including the number of participants and their mean age, sex
(male percentage), educational attainment (years), Mini-Mental
State Examination (MMSE) scores, whether the patients were free
of medications impacting sleep (Yes vs. No), PSG scoring methods
(R&K vs. AASM), and use of an adaptation night (Yes vs. No). RR
and YZ independently assessed the risk of bias of the included
studies by using the adapted version of the National Institute for
Health and Care Excellence (NICE) checklist [32], with discrepan-
cies resolved in discussion with XT.

Statistical analysis

To calculate the pooled effect sizes (standardized mean difference
(SMD)) for the PSG changes in AD patients compared with
controls, the sample size, mean, and standard deviation for the
two groups were entered. For the estimation of global effect-size
for each PSG parameter, the I? and Q statistics were calculated to
examine the presence and magnitude of heterogeneity and to
inform on the degree of overlap between the 95% Cls of included
studies. The random-effects model was applied to obtain relatively
conservative meta-analysis findings. The Egger regression method
[33] was used to examine publication bias, with p values of
<0.05 suggesting the presence of bias. Duval and Tweedie’s trim
and fill test was conducted to get the adjusted effect sizes when
publication bias was present [34]. A meta-regression or subgroup
analysis (depending on whether the potential moderators were
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-EMBASE via OVID (n=3734)

-MEDLINE via OVID (n=2038)

Records identified through database searching (n=7533)
-All EBM databases via OVID (n=279)

- PsycINFO via EBSCOhost (n=1223)
-CINAHL via EBSCOhost (n=259)

Additional studies identified
from reference lists (n=3)

|

(n=4465)

Records after duplicates removed

[

(n=4465)

Records screened from database

Studies excluded after
title/abstract screening (n=4322)

]

Full-text articles assessed for
eligibility (n=143)

- 115 studies were excluded
-No target outcome (n=26)

!

-Not the study design (n=2)

Studies included in
qualitative synthesis (n=28)

-Not the target controls (n=43)
-Not the target patients (n=29)

'

-Overlapping data (n=9)

Studies included in
meta-analysis (n=24)

-Review paper (n=6)

Fig. 1 Flow chart used for the identification of eligible studies.

continuous or categorical variables) was conducted to determine
the potential factors that could moderate heterogeneity between
studies. All analysis in our meta-analysis was done using
Comprehensive Meta-Analysis software.

RESULTS

Study selection

Our search yielded 7533 publications (Fig. 1). After removing the
duplicates, the title/abstract of the remaining 4465 articles were
screened. A total of 143 studies were selected for full-text review.
Of these, 28 articles [24-26, 35-59] were found to meet inclusion
criteria for the systematic review (Table 1), and 24 of the 28 studies
were included in our meta-analysis. The excluded studies with
reasons for their exclusion are shown in Table S6.

Description of the included studies

As shown in Table 1, the sample sizes of the 28 studies ranged from
16 participants (eight AD patients and eight controls) [48] to 243
participants (123 AD patients and 120 controls) [58]. The mean age of
AD patients and controls ranged from 583 to 75.8y (reported in
27 studies). Males as percentages of AD patients and controls ranged
from 0-100% (reported in 27 studies). Five studies [24, 43-46] used
AASM PSG criteria and the other 23 studies used R&K rules. For PSG
adaptation nights, seven studies [36, 39-41, 46, 51, 55] did not
include an adaptation night and the other 21 studies included an
adaptation night. Among the 28 studies, two studies [47, 50] did not
report whether they excluded AD patients who used medication
impacting sleep, the other 26 studies clearly stated that their AD
patients were drug naive or had a washout period for medications
impacting sleep before PSG examinations. For quality assessments of
these studies (Table S7), no study addressed all ten aspects of the
NICE checklist. For instance, no study reported a participation rate
nor compared participants vs. non-participants. Furthermore, 15 stu-
dies did not report whether the same exclusion criteria were used for
both cases and controls.

Meta-analysis

In the whole sample, the meta-analysis revealed significantly
decreased TST, SE, SWS, and REM sleep percentage, and REMD,
and significantly increased N1 percentage, SL, WASO, number of

Translational Psychiatry (2022)12:136

awakenings, and REML in AD patients compared with controls
(Table 2). There were no significant differences in N2 percentage
and PLMS index between AD patients and controls (p > 0.05).

For these findings, the Egger test failed to detect any
publication bias (Figs. S1-511), although it should be noted that
the Egger test for the differences in PLMS index and REMD could
not be performed because of limited available data.

Moderator analysis

As shown in Table 3, a meta-regression analysis revealed that
decreased percentage of male AD patients (p=0.01) and
increased age of AD patients (p = 0.008) across different studies
were significantly associated with increased SL in AD patients
compared with controls.

To exclude the potential effects of medication status, the meta-
analysis was rerun using only the studies which clearly reported
that AD patients were drug naive or had a washout period before
PSG examination. The results were unchanged compared to the
full sample analysis.

A subgroup analysis revealed that having an adaptation night
or not across different studies was a significant source of
heterogeneity between AD patients and controls for differences
in WASO and SE. Specifically, significantly increased WASO and
decreased SE in AD patients compared with controls were only
found in studies using an adaptation night (p < 0.05).

Another subgroup analysis revealed that the PSG scoring
method (AASM vs. R&K) was a significant source of heterogeneity
between AD patients and controls for differences in TST, WASO,
SE, and percentage of N1, SWS, and REM sleep (p<0.05).
Significantly decreased TST, SE, SWS, and REM sleep percentage,
and increased N1 percentage and WASO were observed regard-
less of scoring criteria used. However, the magnitude of changes
in these parameters in AD patients compared with controls were
greater in studies using AASM criteria compared with those in
studies using R&K criteria (p < 0.05).

Associations of PSG measured sleep with cognitive decline in
AD patients

Meta-regression analysis did not reveal any significant associations
between sleep measures and MMSE score in AD patients
compared to controls; although associations between decreased
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Table 2. Summary of meta-analysis comparing AD patients and controls.
No. of No. of AD/ Means of AD
comparisons controls

N1% 19 504/495 18.410

N2% 20 551/539 57.707

Number of 15 383/415 16.147

awakenings

PLMS index 5 80/88 2422

REM% 25 668/711 13.965
REMD 7 129/165 -
REML 23 609/646 111.404

SE 20 579/594 71.331

SL 20 588/610 22.629

SWS% 25 644/659 4.722

TST 23 644/660 330.904

WASO 16 540/541 104.419

Means of SMD (95%Cl) Q 12
controls

12.707 0.820 (0.369 to 1.271)*** 186.036%**  90.324
58.310 0.092 (—0.233 to 0.416) 118.626***  83.983
13.547 0.551 (0.246 to 0.855)*** 53.118%*  73.644
4,088 —0.158 (—0.501 to 0.185) 4.929 18.855
17.673 —0.767 (—1.142 to —0.391)***  241.492***  90.062
- —0.286 (—0.545 to —0.028)* 6.644 9.698
92.814 0.352 (0.127 to 0.578)** 74.566***  70.496
80.643 —0.962 (—1.358 to —0.567)***  174.611***  89.119
14.894 0.451 (0.292 to 0.609)*** 30.177* 37.038
9.956 —0.861 (—1.142 to —0.580)***  125.750***  80.915
369.504 —0.596 (—0.856 to —0.335)***  102.455*** 78527
73.799 0.739 (0.375 to 1.103)*** 112.309%**  86.644

Means for REMD were not calculated because definitions and algorithms of REMD varied across studies.
% percentage, AD Alzheimer’s disease, Q Cochran’s Q statistic, HCs healthy controls, PLMS periodic limb movement during sleep, REM rapid eye movement
sleep, REMD REM density, REML REM latency, SWS slow-wave sleep, SE sleep efficiency, SL sleep latency, SMD standardized mean difference, TST total sleep time,

WASO wake time after sleep onset.
*p < 0.05, **p < 0.01, ***p < 0.001.

SWS and REM sleep percentage and decreased MMSE score in AD
patients approached statistical significance, p=0.075 and p=
0.071, respectively. Given that PSG scoring rules (AASM vs. R&K)
were found to be a significant source of heterogeneity for SWS
and REM sleep differences, a second analysis was conducted with
studies using R&K criteria, which revealed statistically significant
associations between decreased MMSE with decreased SWS (p =
0.004) and REM sleep (p < 0.001) percentage in AD patients (Fig. 2).
A comparable analysis for studies using AASM criteria was not
possible because of limited available data.

Sleep parameters which could not be meta-analyzed

PSA data [41, 42, 48, 49, 52, 59], CAP parameters [46], and sleep
spindles [25, 40, 45, 47, 49] were also explored for possible
differences between AD patients and controls (Table S8). However
meta-analytic evaluation of these parameters was not possible
due to the limited number of available studies and methodolo-
gical differences across studies.

DISCUSSION

Summary of findings

To our knowledge, this is the first systematic review and meta-
analysis to explore how the PSG changes in AD patients. The
results showed decreased TST, SE, SWS and REM sleep percentage,
and REMD, and increased number of awakenings, WASO, N1
percentage, SL, and REML in AD patients compared with controls.
Importantly, decreased SWS and REM sleep percentage were
significantly associated with decreased MMSE scores in AD
patients, although these associations were found only in studies
using R&K scoring criteria. Sophisticated analyses of sleep
microstructure (i.e,, PSA, CAP, etc.), while studied in AD, could
not be meta-analyzed because of the limited number of studies
that have reported on these parameters.

Sleep changes in AD

Our systematic review showed that sleep continuity and architecture
(decreased TST, SWS, and REM sleep) are disturbed in AD patients.
Accumulating evidence shows that sleep disturbance contributes to
cognitive decline and may increase the risk of AD dementia
[8, 10, 60-62]. A meta-analysis of 18 longitudinal studies revealed

SPRINGER NATURE

that sleep disturbances predict the development of AD dementia
[10]. Supporting this hypothesis are reports that similar alterations in
PSG measured sleep parameters including increased N1 sleep,
WASO, SL, REML, and decreased TST, SE, and REM sleep are found in
individuals with mild cognitive impairment, a prodromal stage of AD
[63]. Taken together, these findings suggest a bidirectional relation-
ship between sleep and AD [8].

Circadian dysrhythmia is commonly observed in AD patients
and has been considered to be a major cause of their sleep
problems [64, 65]. For instance, a 24-h PSG study in AD patients
revealed obvious fragmentation in the sleep and waking rhythm
with nighttime wakefulness periods and frequent daytime
napping [49]. Circadian dysrhythmia in AD patients is likely the
result of progressive neuropathological changes in brain regions
that play an important role in circadian regulation, such as the
suprachiasmatic nucleus [61].

Furthermore, sleep disturbance has been demonstrated to be
associated with increased inflammation activation [66]. Studies
have also suggested that inflammation, which may promote AB
accumulation, might be a biological risk factor for mild cognitive
impairment preceding the AD onset [67, 68]. Thus, inflammation is
hypothesized to be a biologically plausible pathway linking sleep
disturbance and increased risk of AD [69, 70]. It has also been
speculated that treating sleep disturbances may mitigate inflam-
matory processes potentially ameliorating the development of AD
(see Irwin and Vitiello [8] for more details on inflammation as an
underlying mechanism of the sleep/AD relationship).

Associations of changes in sleep macrostructure with AD
severity

Clinically, it is important to ask which PSG parameter changes are
associated with progressive memory loss and decline in global
cognition, the core symptoms of AD. Our meta-regression analysis
revealed significant associations of decreased SWS and REM sleep
with decreased MMSE scores. Previous studies have indicated that
SWS benefits the consolidation of declarative memories [71-73].
Disruptions in slow-wave activity increase AP levels and are
associated with impairments of learning, memory, attention, and
executive processes [16, 74]. REM sleep benefits non-declarative
(emotional and procedural) memory [71, 72, 75], and loss of REM
sleep impacts non-declarative memory consolidation [18, 76, 771.

Translational Psychiatry (2022)12:136
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Fig. 2 Significant associations between sleep changes and MMSE score in patients with Alzheimer’s disease. A Associations of the
changes in slow wave sleep (coefficient = 0.273; p = 0.004) with MMSE score in patients with Alzheimer’s disease in studies using R&K criteria;
B Associations of the changes in rapid eye movement sleep (coefficient =0.453; p < 0.001) with MMSE score in patients with Alzheimer’s
disease in studies using R&K criteria. MMSE mini-mental state examination.

These findings indicate potential contributions of disturbed SWS
and REM sleep to the cognitive impairments seen in AD and suggest
that developing sleep therapies improving SWS and REM sleep may
have potential for slowing cognitive decline in AD if begun early
enough in the disease trajectory. Furthermore, given that MMSE is
one of the most widely used tools to reflect the severity of cognitive
decline or stage/progression of dementia, decreased SWS and REM
sleep are also useful indicators to reflect the severity of cognitive
decline or stage/progression of dementia. It should be noted that
the associations of SWS and REM sleep with MMSE performance
were found only in studies using R&K scoring rules and that studies

Translational Psychiatry (2022)12:136

using AASM scoring rules could not be separately examined
because of limited available data. Although the differences between
the AASM and R&K scoring rules are minor, SWS and REM sleep in
the same participants could vary with the application of different
scoring rules [78]. Thus, new studies using AASM scoring rules are
needed to confirm our findings.

Effects of sex, age, and education level on sleep in AD

It has been demonstrated that being female and having advanced
age are highly significant risk factors for AD [79]. By comparison,
high education level is a protective factor against AD, and
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anxiety which also potentially influence PSG changes in AD could
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not be explored due to limited available data for these variables.
Third, it should be noted that obstructive sleep apnea (OSA) may
significantly impact sleep [90-92]. In the 24 studies included in our
meta-analysis, the majority of studies did not report whether they
excluded OSA, while the eight studies that stated that they
excluded the OSA used a variety of exclusion criteria. Thus, the
potential effects of OSA on our findings are unknown. Fourth,
although a majority of our included studies reported that their
participants were mild to moderate AD patients, the detailed
disease progression/stage (when the PSG examination was
performed) was still unclear, which may be associated with the
effect sizes of PSG changes in AD. These limitations suggest that
our findings should be interpreted with caution.

CONCLUSIONS

The present study reports the first in-depth exploration of the
existing literature on PSG measured sleep changes in AD.
Although there was methodological heterogeneity across the
included studies, this systematic review clearly identified dis-
rupted objective sleep as a significant problem in AD. Importantly,
decreased SWS and REM sleep are associated with impairments in
cognitive function and are potential targets for therapeutic
intervention aimed at improving both sleep and cognitive
function in mild cognitive impairment and mild stage AD.
Furthermore, alterations in sleep spindles and EEG frequency
activity may be clinically useful for diagnosing AD but further
studies are needed to confirm this possibility.
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