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Modification of the Relationship of the Apolipoprotein E
ε4 Allele to the Risk of Alzheimer Disease
and Neurofibrillary Tangle Density by Sleep
Andrew S. P. Lim, MD; Lei Yu, PhD; Matthew Kowgier, PhD; Julie A. Schneider, MD; Aron S. Buchman, MD;
David A. Bennett, MD

IMPORTANCE The apolipoprotein E (APOE [GenBank, 348; OMIM, 107741]) ε4 allele is a
common and well-established genetic risk factor for Alzheimer disease (AD). Sleep
consolidation is also associated with AD risk, and previous work suggests that APOE genotype
and sleep may interact to influence cognitive function.

OBJECTIVE To determine whether better sleep consolidation attenuates the relationship of
the APOE genotype to the risk of incident AD and the burden of AD pathology.

DESIGN, SETTING, AND PARTICIPANTS A prospective longitudinal cohort study with up to 6
years of follow-up was conducted. Participants included 698 community-dwelling older
adults without dementia (mean age, 81.7 years; 77% women) in the Rush Memory and Aging
Project.

EXPOSURES We used up to 10 days of actigraphic recording to quantify the degree of sleep
consolidation and ascertained APOE genotype.

MAIN OUTCOMES AND MEASURES Participants underwent annual evaluation for AD during a
follow-up period of up to 6 years. Autopsies were performed on 201 participants who died,
and β-amyloid (Aβ) and neurofibrillary tangles were identified by immunohistochemistry and
quantified.

RESULTS During the follow-up period, 98 individuals developed AD. In a series of Cox
proportional hazards regression models, better sleep consolidation attenuated the effect of
the ε4 allele on the risk of incident AD (hazard ratio, 0.67; 95% CI, 0.46-0.97; P = .04 per
allele per 1-SD increase in sleep consolidation). In a series of linear mixed-effect models,
better sleep consolidation also attenuated the effect of the ε4 allele on the annual rate of
cognitive decline. In individuals who died, better sleep consolidation attenuated the effect of
the ε4 allele on neurofibrillary tangle density (interaction estimate, −0.42; SE = 0.17; P = .02),
which accounted for the effect of sleep consolidation on the association between APOE
genotype and cognition proximate to death.

CONCLUSIONS AND RELEVANCE Better sleep consolidation attenuates the effect of APOE
genotype on incident AD and development of neurofibrillary tangle pathology. Assessment of
sleep consolidation may identify APOE+ individuals at high risk for incident AD, and
interventions to enhance sleep consolidation should be studied as potentially useful means to
reduce the risk of AD and development of neurofibrillary tangles in APOE ε4+ individuals.
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A confluence of genetic, behavioral, and environmental
factors contributes to the risk of Alzheimer disease (AD)
in elderly people. The apolipoprotein E (APOE [Gen-

Bank, 348; OMIM, 107741]) ε4 allele is the most well-
established genetic risk factor for AD.1-6 Meanwhile, in older
adults, sleep disturbance is common,7 poorer sleep consoli-
dation— the interruption of sleep by repeated awakenings—is
associated with worse cognition,8,9 and sleep apnea, which
can impair sleep consolidation, is associated with a higher
risk of incident mild cognitive impairment and dementia.10

Although the APOE genotype is immutable, many social,
environmental, and medical contributors to poor sleep are
modifiable.

Previous work has suggested a potentially complex rela-
tionship between APOE genotype, sleep disruption, and cog-
nitive impairment. Some studies11-13 suggest that the ε4 allele
may predispose to sleep disruption. Others14-17 suggest that
sleep disruption and APOE genotype may amplify each oth-
er’s negative cognitive effects.

Prior work18-20 with data from participants in the Rush
Memory and Aging Project found that APOE genotype is as-
sociated with cognitive decline in elderly individuals and that
AD pathology mediates this association. An association also
was observed between sleep consolidation and incident AD
risk.21 The present study extended this work and examined
whether better sleep consolidation reduces the effect of APOE
on the risk of incident AD and the burden of AD pathology.

Methods
A summary of the methods is provided here. A full descrip-
tion of the methods is contained in the Supplement (eMethods).

Participants
We studied 698 participants with baseline actigraphy, APOE
genotype, and serial cognitive assessments from the Rush
Memory and Aging Project cohort,22 a community-based co-
hort study of aging and dementia whose participants agree to
organ donation upon death. A full description of inclusion/
exclusion criteria is contained in the Supplement (eMethods).

The institutional review board of Rush University Medi-
cal Center approved this study. All participants signed writ-
ten informed consent and an anatomical gift act for organ
donation.

Quantification of Sleep Consolidation
We obtained up to 10 days of actigraphy in participants’ usual
environments and quantified the sleep consolidation using
the metric kRA, as described and validated in prior publica-
tions.21,23,24 Briefly, kRA represents the probability per 15-
second interval of having an arousal, indicated by movement,
after a sustained (≥ ≈5 minutes) period of inactivity (ie, sleep).
A lower kRA indicates better sleep consolidation (and a higher
kRA indicates greater sleep fragmentation, as defined in previ-
ous work21,23,24). Previous work21 showed that kRA correlates well
with polysomnographic measures of sleep consolidation, in-
cluding sleep efficiency and wake time after sleep onset.

Determination of APOE Genotype
Peripheral blood lymphocytes were used for DNA extraction,
and APOE genotype was determined as described previously25

and in the Supplement (eMethods). Participants with 1 or more
copies of the ε4 allele (ie, ε3/ε4, ε2/ε4, and ε4/ε4) were con-
sidered ε4+. All others were considered ε4−.

Assessment of Cognition and Dementia
As described previously26 and in the Supplement (eMethods),
a composite measure of global cognitive function was com-
puted based on 19 cognitive tests administered annually. In-
dividuals were classified as having AD by National Institute of
Neurological and Communicative Disorders and Stroke–
Alzheimer's Disease and Related Disorders Association criteria.27

Neuropathologic Assessment
At the time of these analyses, 201 participants with actigra-
phy, APOE genotype, and longitudinal cognitive data had died
and undergone autopsies. As described previously28-31and in
the Supplement (eMethods), we quantified and computed sum-
mary measures of the percentage of area occupied by β-amy-
loid (Aβ), the density of neurofibrillary tangles (NFTs), and the
density of neuritic plaques in a series of defined cortical re-
gions. We also noted the presence/absence of Lewy bodies (LBs)
and gross infarcts.

Assessment of Covariates
We assessed a number of clinical covariates. Age, sex, educa-
tional level, congestive heart failure, peripheral vascular dis-
ease, diabetes mellitus, smoking, hypertension, stroke, Par-
kinson disease, medications, depression, and total daily activity
were ascertained as described in the Supplement (eMethods).

Statistical Analysis
As described in the Supplement (eMethods), we used Cox pro-
portional hazards regression models to assess the relation-
ship between APOE genotype, baseline sleep consolidation, and
AD risk. Next, we used linear mixed-effect models, which ac-
count for differences in baseline cognition, to examine the re-
lationship between baseline sleep consolidation, APOE geno-
type, and the annual rate of cognitive decline. Finally, we used
linear and logistic regression models to assess the relation-
ship between APOE genotype, sleep consolidation, postmor-
tem pathologic findings, and cognition proximate to death.

All analyses were carried out using R software (version
2.15.3).32 All models were validated graphically and analytically.

Results
Characteristics of the Study Population
A total of 698 participants were included in this study. Base-
line characteristics are reported in Table 1.

APOE Genotype, Sleep Consolidation, and Incident AD
In a linear model adjusted for age, sex, and educational level,
baseline sleep consolidation did not differ significantly by APOE
genotype (P = .29 for ε4+ vs ε4−).
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During a mean (SD) follow-up of 3.5 (1.8) years, 98 partici-
pants developed AD. In Cox proportional hazards regression
models adjusted for age, sex, and educational level, the ε4 al-
lele was associated with higher incident AD risk and better sleep
consolidation was associated with lower risk (Table 2, mod-
els A-B). Combining the predictors in the same model (model
C) resulted in negligible change in the effect estimates com-
pared with models A and B, suggesting that sleep consolida-
tion is not in the causal pathway linking APOE genotype to AD
risk.

We next examined whether the relationship between APOE
genotype and AD risk varies depending on the degree of sleep
consolidation by adding a sleep × APOE interaction term (model
D). The resultant finding was significant: each 1-SD increase
in sleep consolidation attenuated the effect of APOE geno-
type on AD risk by nearly 50%.

To illustrate this relationship, we compared model pre-
dictions for hypothetical average (82-year-old women with 15
years of education) APOE ε4− and ε4+ individuals with poor
(10th percentile), median, and good (90th percentile) sleep con-

solidation (kRA = 0.037, 0.027, and 0.021, respectively)
(Figure 1A-C). In this comparison, APOE ε4 was associated with
a higher risk of AD irrespective of the degree of sleep consoli-
dation. However, the effect size varied. With poor sleep con-
solidation, APOE ε4+ was associated with a predicted hazard
ratio of 4.1 for incident AD compared with APOE ε4−. With me-
dian sleep consolidation, this was attenuated to 2.5, and with
good sleep consolidation, this was further attenuated to 1.8.

In separate sensitivity analyses, the sleep-APOE interac-
tion remained significant after excluding individuals with the
lowest 5% of baseline global cognition; with baseline mild cog-
nitive impairment, who developed AD within the first year; or
ε2/ε4 heterozygotes (Supplement [eTable 1, models A-D]).

Effect of Clinical and Demographic Covariates
Sleep consolidation may be a marker of general health. Thus,
we conducted an additional analysis to examine potential con-
founding by depression, vascular diseases (congestive heart
failure, stroke, and peripheral vascular disease), and vascular
risk factors (diabetes mellitus, smoking, and hypertension) on

Table 1. Study Baseline Characteristics of Persons Who Did or Did Not Develop AD

Characteristic

Developed AD
(n = 98)

Did Not Develop AD
(n = 600)

APOE ε4−

(n = 67)
APOE ε4+

(n = 31)
APOE ε4−

(n = 482)
APOE ε4+

(n = 118)
Age, mean (SD), y 87.5 (6.0) 84.2 (6.0) 81.3 (7.0) 80.0 (7.6)

Female sex, No. (%) 51 (76) 22 (71) 369 (77) 94 (80)

Educational level, mean (SD), y 14.0 (2.9) 14.6 (2.7) 14.8 (2.9) 15.3 (2.9)

MMSE score 25.6 (3.4) 26.0 (2.5) 28.3 (1.5) 28.3 (1.7)

Composite global cognition −0.52 (0.56) −0.34 (0.52) 0.27 (0.45) 0.23 (0.55)

Depressive symptoms, mean (SD) 1.90 (2.20) 1.39 (1.63) 0.98 (1.52) 1.01 (1.57)

Comorbidities, No. (%)

Hypertension 44 (66) 16 (51) 286 (59) 70 (59)

Smoking 22 (33) 10 (32) 194 (40) 50 (42)

Diabetes mellitus 10 (15) 4 (13) 65 (13) 7 (6)

Stroke 2 (3) 3 (10) 26 (5) 10 (8)

Peripheral vascular disease 17 (25) 4 (13) 64 (13) 19 (16)

Coronary artery disease 11 (16) 2 (6) 59 (12) 14 (12)

Congestive heart failure 3 (4) 0 28 (6) 6 (5)

Parkinson disease 0 0 7 (1) 1 (1)

Days of actigraphy, mean (SD) 9.4 (0.8) 9.2 (0.7) 9.3 (0.9) 9.2 (0.8)

Total daily activity, ×105 counts,
mean (SD)

2.3 (1.2) 2.7 (1.5) 3.1 (1.6) 3.2 (1.6)

Sleep consolidation kRA, mean (SD) 0.028 (0.007) 0.033 (0.011) 0.029 (0.007) 0.028 (0.008)

Abbreviations: AD, Alzheimer
disease; APOE, apolipoprotein E;
MMSE, Mini-Mental State
Examination.

Table 2. Effect of Degree of Sleep Consolidation and Presence/Absence of the APOE ε4 Allele on the Risk
of Incident AD

Predictor

Effect on Risk of Incident ADa

Model A Model B Model C Model D
Sleep consolidation 0.84 (0.71-1.00) 0.84 (0.71-0.99) 0.83 (0.63-1.10)

P value .05 .04 .19

APOE genotype 2.21 (1.44-3.40) 2.22 (1.44-3.42) 2.70 (1.51-4.83)

P value .001 .001 .001

Sleep consolidation ×
APOE genotype

0.67 (0.46-0.97)

P value .04

Abbreviations: AD, Alzheimer
disease; APOE, apolipoprotein E.
a Hazard ratio (95% CI) with P values.

The effects of sleep consolidation
are expressed per 1-SD increase. The
effects of APOE genotype are
expressed for presence vs absence
of the ε4 allele. All models are
adjusted for age at baseline, sex,
and educational level.
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the sleep-APOE interaction. The strength of the interaction was
materially unchanged (Supplement [eTable 1, model E]).

Stroke and Parkinson disease can affect sleep and cogni-
tion. However, the sleep-APOE interaction remained signifi-
cant after excluding individuals with these conditions (Supple-
ment [eTable 1, model F]).

Psychotropic medications can affect sleep and cognition.
However, the sleep-APOE interaction was essentially un-
changed after adjusting for use of antidepressants, sedative-
hypnotics, and anxiolytics (Supplement [eTable 1, model G]).

Total daily activity is associated with incident AD33 and may
affect sleep. In a model adjusted for total daily activity, the
sleep-APOE interaction remained significant (Supplement
[eTable 1, model H]).

APOE Genotype, Sleep Consolidation, and Cognitive Decline
To ensure that our results were not an artifact of the diagnos-
tic process, we considered the effects of APOE genotype and
sleep consolidation on the annual rate of decline of compos-
ite cognitive function, a continuous outcome, using linear
mixed-effect models incorporating participant-specific esti-
mates of intercepts and slopes to account for baseline cogni-
tive differences. In the base model (Supplement [eTable 2,
model A]), global cognition declined by 0.130 U/y. The ε4 al-
lele was associated with poorer baseline cognition and more
rapid decline, and better baseline sleep consolidation was as-

sociated with better baseline cognition and slower decline. In
a model with sleep-APOE interaction terms (Supplement
[eTable 2, model B]), better baseline sleep consolidation at-
tenuated the ε4 effect on both the baseline cognitive level and
subsequent decline.

To illustrate these effects, we compared model predic-
tions for hypothetical average ε4− and ε4+ individuals with
poor, median, and good sleep consolidation (Figure 1D-F). Ir-
respective of sleep consolidation, the ε4 allele was associated
with poorer baseline cognition and more rapid decline. How-
ever, better sleep consolidation attenuated these effects.

APOE Genotype, Sleep Consolidation,
Neuropathologic Findings, and Cognition
At the time of these analyses, 201 participants with actigra-
phy, APOE genotype, and longitudinal cognitive data had died
and undergone autopsy. Characteristics of these participants
are reported in the Supplement (eTable3). In this subset, we
used linear and logistic regression models to examine the ef-
fect of sleep consolidation and APOE genotype on AD and
non-AD pathology. Sleep consolidation was last quantified a
mean of 17.9 (13.7) months before death. Neither sleep con-
solidation nor APOE genotype was associated with infarcts at
autopsy (Supplement [eTable 5]). The ε4 allele was associ-
ated with more Aβ pathology, greater neuritic plaque and NFT
density (Supplement [eTable 4]), and a higher likelihood of hav-

Figure 1. Apolipoprotein E (APOE) Genotype, Sleep Consolidation, Cumulative Incidence of Alzheimer Disease, and Rate of Cognitive Decline
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(kRA = 0.037, 0.027, and 0.021, respectively).
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ing LBs (Supplement [eTable 5]). Better sleep consolidation at-
tenuated the effect of APOE genotype on NFT density (inter-
action estimate, −0.42; SE, −0.17; P= .02) but not the other
pathologic findings (Supplement [eTables 4 and 5], Table 3, and
Figure 2).

We used linear regression models to further examine the
relationships between APOE genotype, sleep, Aβ pathology,
and NFT density (Table 3). In separate models, both APOE geno-
type and Aβ pathology were associated with NFT density, and
when combined in the same model, both remained signifi-
cant, although the effect estimate for APOE genotype was at-
tenuated (models A, B, and D), which is statistically consis-
tent with the APOE genotype influencing NFT density through
both amyloid-dependent and amyloid-independent path-
ways. Addition of sleep to this model did not appreciably
change the effect estimates, arguing against mediation or con-
founding (model E). However, there was a significant sleep-

APOE interaction (model F) even after adjusting for Aβ pathol-
ogy (model G), suggesting that sleep consolidation modifies
the APOE effect on NFT density in a manner not statistically
mediated by Aβ pathology.

Both Aβ and NFT pathology may link APOE genotype to
cognition,29,34 and LBs and infarcts may also affect cognition.
We used linear regression models to examine whether Aβ pa-
thology, NFT density, infarcts, or LBs may account for the ef-
fect of sleep on the association between APOE genotype and
cognition proximate to death. As expected, better sleep at-
tenuated the effect of APOE genotype on cognition proxi-
mate to death (Supplement [eTable 6, model B]). Inclusion of
terms for presence of gross infarcts, presence of LBs, and bur-
den of Aβ pathology did not substantially change this result
(C-E), suggesting that these pathologies do not account for the
effect of sleep on the association between APOE genotype and
cognition. However, adding a term for NFT density attenu-

Table 3. Effect of APOE Genotype, Sleep Consolidation, and Aβ Pathology on the Density of Neurofibrillary Tanglesa

Predictor Model A Model B Model C Model D Model E Model F Model G
APOE genotype +0.72 (0.20) +0.53 (0.20) +0.51 (0.20) +0.50 (0.20) +0.44 (0.19)

P value <.001 .008 .01 .01 .02

Aβ pathology +0.33 (0.06) +0.30 (0.06) +0.30 (0.06) +0.31 (0.06) +0.30 (0.06)

P value <.001 <.001 <.001 <.001 <.001

Sleep consolidation −0.15 (0.08) −0.10 (0.07) −0.11 (0.07) −0.08 (0.07)

P value .07 .16 .13 .26

Aβ pathology × sleep
consolidation

−0.06 (0.06)

P value .32

APOE genotype × sleep
consolidation

−0.44 (0.16)

P value .007

Abbreviations: Aβ, β-amyloid; APOE, apolipoprotein E.
a Estimated (SE) P values. The effects of sleep consolidation are expressed per

1-SD increase. The effects of APOE genotype are expressed for presence vs

absence of ε4 allele. The effects of Aβ pathology are expressed per 1-U change
as described in the text.

Figure 2. Apolipoprotein E (APOE) Genotype, Sleep Consolidation, Alzheimer Disease Pathology, and Cognitive Function Proximate to Death
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ated the interaction effect (F) in a manner that did not change
with inclusion of Aβ pathology in the model (G). This is sta-
tistically consistent with NFT density accounting for the ef-
fect of sleep on the association between APOE genotype and
cognition.

Discussion
In this study of nearly 700 older persons without dementia,
better sleep consolidation substantially attenuated the nega-
tive effect of the ε4 allele on incident AD risk. This environ-
ment-gene interaction was not accounted for by variation in
physical activity, comorbid medical conditions, or psychotro-
pic medications. In additional analyses of cognitive changes
over time, we showed that this finding was not an artifact of
the diagnostic process. Finally, better sleep consolidation at-
tenuated the negative effect of the ε4 allele on NFT density at
death, which accounted for its beneficial effects on the asso-
ciation between APOE and cognition proximate to death. These
findings highlight a thus far unappreciated biological and clini-
cal link between sleep, APOE biology, NFTs, and AD.

There is a well-established link between APOE genotype
and AD risk.1-5 Furthermore, several studies8-10,21,24,35 sup-
port a link between sleep, cognition, and dementia risk. How-
ever, the precise relationship between APOE genotype, sleep,
and AD is unclear. Several studies11-13,15,36 suggest that the ε4
allele may potentiate sleep disturbance. Others13,16,17 suggest
that sleep disruption and APOE genotype may interact to
worsen cognitive function. In the present study, sleep con-
solidation neither mediated nor confounded the association
between APOE genotype and incident AD, suggesting that it
is not in the causal pathway linking APOE genotype to AD risk.
However, better sleep consolidation substantially attenuated
the effect of APOE genotype on incident AD risk.

The APOE genotype is thought to influence the develop-
ment of NFTs and Aβ pathology,37 hallmarks of AD. Bio-
marker studies suggest that Aβ pathology accumulates early,
before clinical symptoms, while tau pathology accumulates
only after Aβ accumulation is established.38 Considerable evi-
dence suggests that APOE ε4 predisposes to pathologic Aβ
accumulation,39,40 possibly by reducing clearance.41 The Aβ
aggregation may then drive tau pathology.42-44 However, APOE
ε4 may also directly promote tau pathology in an Aβ-inde-
pendent manner. Studies45 have shown that APOE ε4 knock-in
mice have higher levels of hyperphosphorylated tau com-
pared with ε3 knock-in mice. Moreover, in both in vitro and
transgenic mouse models, APOE4 fragments can induce neu-
ronal NFT-like inclusions46,47 even without amyloid pathol-
ogy. In addition, APOE4 may preferentially activate glycogen
synthase kinase (GSK) 3β compared with APOE3,48 leading to
tau hyperphosphorylation.

Animal experiments35 suggest that sleep disruption may
influence the accumulation of Aβ pathology. Moreover, a re-
cent cross-sectional study49 of cognitively asymptomatic in-
dividuals demonstrated an association between actigraphic
sleep efficiency and cerebrospinal fluid Aβ, a marker of cere-
bral Aβ pathology. Markers of tau pathology were not as-

sessed in this cross-sectional study. In the present study, bet-
ter sleep consolidation attenuated the association between
APOE genotype and postmortem AD pathology, specifically
NFT density, which accounted in part for its beneficial effect
on the association between APOE genotype and cognition.
These results add to the growing body of evidence support-
ing a link between sleep, genetic susceptibility, and AD pa-
thology. Moreover, they invite further investigation of the role
of sleep in pathways directly linking APOE to tau pathology,
not only in AD but also in primary tauopathies. In our study,
although APOE genotype was strongly associated with Aβ pa-
thology at death, sleep consolidation was not, nor did it modify
the effect of APOE genotype on Aβ pathology. Several factors
may account for this apparent difference compared with pre-
vious animal35 and human49 studies supporting an effect of
sleep disruption on Aβ pathology. First, our participants were
older than those in previous human studies, and Aβ pathol-
ogy was assessed only at death. Therefore, our results do not
exclude an association at earlier times and in younger indi-
viduals. Second, animal studies relating sleep disruption with
Aβ pathology were carried out in strongly amyloidogenic mod-
els that may not be completely representative of sporadic hu-
man AD. Third, in our study only a subset of participants had
died by the time of these analyses, and it is possible that post-
mortem data from a larger number of individuals may reveal
more subtle effects of sleep consolidation on Aβ pathology.

Taken as a whole, our findings are compatible with 2 hy-
potheses. In the first, baseline sleep consolidation may be a
marker of some other factor (eg, a medical comorbidity, sub-
clinical neurodegeneration, or a genetic or environmental fac-
tor) that causally modifies the effect of APOE genotype on NFT
pathology and AD. However, several observations argue against
this. First, our results were unchanged after adjusting for a wide
range of medical comorbidities. Second, in linear mixed-
effect models that allowed for differences in baseline cogni-
tive function (a marker of baseline neurodegenerative bur-
den), a significant sleep-APOE interaction was still seen. Third,
our results were robust to the exclusion of participants with
mild cognitive impairment at baseline, who would have had
the greatest baseline neurodegenerative burden. Even if this
first hypothesis were true, it would suggest that actigraphic
sleep assessment could be an inexpensive and automated
means of risk-stratifying ε4+ individuals. In the second hy-
pothesis (Supplement [eFigure]), sleep causally modifies the
effect of APOE genotype on NFT formation and AD. In this hy-
pothesis, uninterrupted sleep protects against biological
mechanisms linking the ε4 allele to NFT formation (an ex-
ample of which might be GSK 3β hyperactivation48). Under this
hypothesis, interventions to improve sleep consolidation may
be a useful approach to attenuate the risk of NFT pathology
and AD in ε4+ individuals. Future interventional studies are
needed to help define the appropriate role for APOE genotyp-
ing, actigraphic sleep assessment, and sleep interventions in
the clinical management of individuals at risk for AD.

This study has several limitations. First, sleep disorders,
some of which may affect both sleep consolidation and cog-
nition, were not specifically assessed. However, the expected
prevalence of significant (apnea index >10) sleep apnea in com-
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munity-dwelling elderly individuals aged 65 to 99 years has been
estimated at only 11%,50 and the expected prevalence of sig-
nificant restless legs syndrome is estimated at only 2.7%.51 We
think that these numbers are probably too low to have had a ma-
jor effect on our results. Nevertheless, future studies should in-
vestigate whether there are specific sleep-APOE interaction ef-
fects on AD risk and pathology in patients with sleep apnea and
other sleep disorders, particularly given recently reported10,52

associations between sleep apnea, cognition, and dementia. Sec-
ond, our cohort consisted entirely of self-selected community-
dwelling volunteers, mostly women, which may limit general-
izability. Third, although actigraphy is widely used in the
ambulatory measurement of sleep, it is not identical to poly-
somnography. However, good concordance between acti-
graphic and polysomnographic sleep metrics has been
demonstrated,53 including the metric kRA used in the present
study.21 Fourth, the subset of participants who died and under-
went autopsy during the study period was different from the

surviving subset, and one must be careful in generalizing the
postmortem results to the whole study population. Finally, AD
pathology was examined only at death, and we cannot com-
ment on the effect of sleep consolidation and APOE genotype
on the temporal trajectory of Aβ or NFT accumulation.

This study also has several strengths. Sleep consolidation
was measured objectively and noninvasively in participants’
usual environments, avoiding disturbance of natural sleep be-
havior and confounding by poor recall or misperception. More-
over, it used a rigorous, standardized, well-characterized, and
well-validated cognitive test battery administered annually for
up to 6 years, allowing a high degree of certainty regarding the
diagnosis of AD and the measurement of cognition. Finally, AD
pathology was systematically assessed in a uniform way in the
same individuals who underwent APOE genotyping and ex-
amination of sleep and cognition, allowing us to take a unique
integrative approach to linking genotype, sleep, neuropatho-
logic findings, cognition, and AD in elderly individuals.
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