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Abstract

Background/aims: Although disturbed sleep is associated with cognitive deficits, the association between sleep disturbance
and Alzheimer’s disease pathology is unclear. In this pilot study, we examined the extent to which sleep duration, sleep
quality, and sleep-disordered breathing are associated with 3-amyloid (AB) deposition in the brains of living humans.
Methods: We studied |3 older adults (8 with normal cognition and 5 with mild cognitive impairment). Participants completed
neuropsychological testing, polysomnography, and A imaging with [''C]-Pittsburgh compound B.

Results: Among participants with mild cognitive impairment, higher apnea—hypopnea index and oxygen desaturation index
were associated with greater AP deposition, globally and regionally in the precuneus. There were no significant associations
between sleep-disordered breathing and A deposition among cognitively normal participants. There were no significant
associations between sleep duration or sleep fragmentation and AP} deposition.

Conclusion: These preliminary results suggest that among older adults with mild cognitive impairment, greater sleep-

disordered breathing severity is associated with greater AP} deposition.
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Introduction

Several studies suggest an association between disturbed
sleep and Alzheimer’s disease (AD). Sleep is known to be
disrupted in individuals with AD, who have greater sleep
fragmentation and poorer sleep efficiency than cognitively
normal older adults.!3 Sleep disturbance is also common in
individuals with mild cognitive impairment (MCI),* who are
at elevated risk of AD.> While early studies comparing the
sleep of those with AD to that of normal adults implied that
AD pathology caused sleep disruption, several newer studies
raise the possibility that poor sleep actually promotes AD
neuropathology. For example, sleep deprivation has been
shown to enhance amyloid plaque deposition in a mouse
model of AD,° and in cognitively normal humans, poor sleep
quality has been linked to amyloid burden as measured by
cerebrospinal fluid (CSF) amyloid-p (Ap42) peptide.”
Furthermore, we recently showed that reports of shorter
sleep duration and poorer sleep quality among community-
dwelling older adults were associated with greater A
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deposition, measured by positron emission tomography
imaging with [''C]-Pittsburgh compound B (PET-PIB).®

In addition to diminished quality sleep, sleep-disordered
breathing (SDB) has been associated with the development
of MCI and dementia.” SDB is characterized by recurrent
respiratory events during sleep that result in hypoxia and
sleep fragmentation and is present in more than half of older
adults.!0 Osorio et al.!! recently demonstrated a trend toward
an association between SDB and CSF AP levels in a sample
of cognitively normal participants with the apolipoprotein E
(APOE) &4 allele. Despite this knowledge, little is known
about the association between objectively measured sleep
quality or SDB and B-amyloid deposition in living subjects.
We conducted a pilot study of the association between sleep
disturbance, measured by polysomnography (PSG), and AP
deposition, measured by PET-PIB. We studied cognitively
normal individuals and those with MCI.

Methods

Participants

Participants were eight cognitively normal adults aged
=55years and five with MCI. Since our original aim was to
investigate the association between sleep/wake variables and
AP deposition independently of SDB, we excluded individu-
als reporting a history of SDB or excessive daytime sleepi-
ness. Participants were recruited from other studies or the
community. During telephone screening, they provided demo-
graphic information and health history and completed the
Epworth Sleepiness Scale!? (ESS) and the 15-item Geriatric
Depression Scale!'3 (GDS). Participants were excluded if they
reported a prior diagnosis of sleep apnea; history of clinical
stroke, AD, or Parkinson’s disease; use of a sleeping aid, ben-
zodiazepine, or anticholinergic medication; or had an ESS
score >10. In addition, cognitively normal participants were
excluded if they had a current psychiatric disorder or a 15-item
GDS =6. Because up to half of persons with MCI have neu-
ropsychiatric symptoms, including depressive symptoms,!4
we permitted persons with MCI to participate even if they had
elevated GDS scores. During an in-person study visit, eligible
individuals completed a series of neuropsychological tests, a
medical history form, and the full 30-item GDS;'3 informants
completed the Clinical Dementia Rating (CDR) Scale.!?
Cognitively normal participants were excluded if they had a
30-item GDS score =10. Subjects were classified as cogni-
tively normal or having MCI'® or dementia!” by either a board-
certified neuropsychologist (J.B.) or by the consensus of
clinical investigators at the Johns Hopkins Alzheimer’s
DiseaseResearchCenter. Participants were required to have a
CDR score of 0.5 to qualify for MCI diagnosis; cognitively
normal participants were required to have a CDR of 0. All
MCI subtypes were eligible. Participants provided written
informed consent. This study was approved by the Johns
Hopkins Medical Institutions Institutional Review Board.

Neuropsychological testing

During a research visit separate from the ones at which PSG
and neuroimaging were conducted, participants completed a
battery of neuropsychological tests. These were adminis-
tered by a psychometrist under the supervision of a board-
certified neuropsychologist (J.B.) and included the
Mini-Mental State Examination,'® Wechsler Memory
Scale—Revised Logical Memory subtest (immediate and
delayed recall),’”” Boston Naming Test,?0 Delis-Kaplan
Executive Function System (D-KEFS) Trail-Making Test,?!
Wechsler Adult Intelligence Scale (4th edition) Letter-
Number Sequencing subtest,?? and the Paced Auditory Serial
Addition Test (PASAT).2

Polysomnography

Participants completed two consecutive nights of attended
PSG with a standard montage (Embla N7000 amplifiers with
RemLogic 1.1 software). The first night was for adaptation;
only second night data were used. During sleep studies, par-
ticipants went to bed at their standard bedtimes but were
asked to remain in bed for 8 h. Data were scored by polysom-
nographic technologists using standard criteria, supervised
by a board-certified sleep medicine physician. Total sleep
time (TST) was defined as amount of time spent asleep (min-
utes) in bed. Sleep fragmentation was measured by wake
after sleep onset (WASO; number of minutes awake after
initial sleep onset) and arousal index (AI; number of arous-
als/hour of sleep). Arousals were defined as an abrupt
increase in electroencephalogram (EEG) frequency lasting
3s following at least 10s of sleep. SDB was quantified by the
apnea—hypopnea index (AHI; number of apneas+hypo-
pneas/hour of sleep). Apneas were defined as cessation of
respiration for =10s; hypopneas were defined as 30% decre-
ment in airflow with =4% decrease in SaO,. We also calcu-
lated a non-obstructive AHI, which included both central and
mixed respiratory events (number of non-obstructive
apneas +hypopneas/hour of sleep). Oxygen desaturation
index (ODI) was calculated as number of desaturations =3%
per hour during sleep.

[-amyloid imaging

Participants received PET scans of their brains with the PIB
radiotracer. Scanning and processing details have been
described elsewhere.?* PET images were co-registered to
1.5-T magnetic resonance imaging (MRI) scans. The para-
metric images of distribution volume ratios (DVRs) were
derived from dynamic PET images using a simplified refer-
ence tissue model and linear regression with spatial con-
straint algorithm.?* The volume of interest (VOI) DVR was
obtained by applying VOI to DVR images. We studied two
outcomes: (1) the cortical DVR (cDVR), a global measure of
AR deposition based on a VOI that included frontal,
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Table I. Participant characteristics (mean£SD, n (%)). Table 2. Neuropsychological test performance, by cognitive
status.
Normal (n=8) MCI (n=5)

Neuropsychological Normal (n=8) MCI (n=5)
Age 69.415.6 752+113 test
Female 5 (62.5) | (20.0)

Non-white 2 (25.0) | (20.0) Mini-MentalState 29.0+0.9 26.8+0.8%*
Education 15.5+2.3 146+2.4  Examination

30-item GDS 1.5+1.5 68+68 LoglcaI.Memory 14.1£2.5 7.2+£3.0%*
BMI (kg/m?) 255435 262182 Immediate Recall .
<DVR 12402 | 5+02% II_DogllcaIdMRemolrI'y 13.3+£29 44+28
prDVR 1.3+0.2 1.740.3% elayed Reca

Boston Naming Test? 294+0.7 24.3+2 8%
BMI: body mass index; cDVR: cortical distribution volume ratio; GDS: TMT Number 344+11.8 59.0+19.1*
Geriatric Depression Scale; MCl: mild cognitive impairment; prDVR: Sequencing (seconds)
precuneus distribution volume ratio. TMT Letter Sequencing 35.0+15.1 68.8+23.6*
*p<0.05. (seconds)

TMT Number-Letter 7844322 2504+ 1 19.5%*
temporal, occipital, and parietal cortex gray matter, and both Sw,:fshl|ng L(seconds) 204439 4s79%
cingulate and precuneus; and (2) precuneus DVR (pDVR), WAIS-IV Letcer- e e

£ th . ith th liest AB d it Number Sequencing
;’ne of the reglons wi . ¢ cariies PETB efi"S‘ 100 pASAT Trial | (%) 823119 37.3427.2%
nyestlgators measuring an 1nterpret1ng results were PASAT Trial 2 (%) 5794172 35342 7%
blinded to the primary predictors (i.e. SDB status, other PSG
variables). MCI: mild cognitive impairment; TMT: Delis-Kaplan Executive Function

System Trail-Making Test; WAIS-IV: Wechsler Adult Intelligence Scale,

4th Edition; PASAT: Paced Auditory Serial Addition Test.
Statistical ana[ysis 3One participant with multiple-domain MCl was missing data for the

Boston Naming Test.

We compared participants with normal cognition and those =~ "p<0.05, *p<0.01.

with MCI using Mann—Whitney tests for continuous varia-

bles and Fisher’s exact test for categorical variables. We gen- o

erated scatterplots and computed Spearman correlation ~ 1aPle 3. Polysomnographic indices.

coefficients to determine the association between SDB and Normal (n=8) MCI (n=5)

AP deposition in each group. Two-sided tests were used for - -

all analyses, which were performed using Stata MP 12.]  'otal sleep time (min) 398.51348 37441327

(StataCorp, College Station, TX, USA). Wake aft.er sleep 73.4+30.1 99.4+32.8
onset (min)

Arousal index 122+7.3 14.6 %124
Results AHI 7.6+82 31.0£226

. L Non-obstructive AHI 0.4+0.9 19.1 £22.7%
Of the 13 participants, 5 met criteria for MCI; 3 were of the Oxygen desaturation 74449 27.14200

amnestic multiple-domain subtype, 1 had non-amnestic sin-
gle-domain MCI, and | had non-amnestic multiple-domain
MCI. Cognitively normal participants had a mean + standard
deviation age of 69.4+5.6 and those with MCI averaged
75.2+11.3 years (Table 1). Cognitively normal participants
also were more likely to be women than those with MCI, but
these differences were not statistically significant. There
was a trend toward a greater number of depressive symp-
toms, as measured by elevated GDS score, in MCI subjects
(»p=0.06). All cognitively normal participants had GDS
scores <10, the cutoff for mild depression on the GDS; one
MCI subject had a score =10, but it was 18, which is in the
mild range.? No participant reported taking an opioid medi-
cation or having a history of congestive heart failure—both
of which are risk factors for central respiratory events.
Cognitively normal participants had a lower cDVR (1.2+0.2
vs 1.5£0.2, p<0.05) and prDVR (1.3£0.2 vs 1.7+0.3,
p<0.05) than those with MCI. These amyloid burden levels

index

AHI: apnea—hypopnea index; MCI: mild cognitive impairment.
“p<0.05.

are consistent with what has been observed in other sam-
ples.2027 As expected, participants with normal cognition
had better performance on all neuropsychological tests (all
p<0.05; Table 2).

PSG revealed that participants with MCI had shorter TST,
greater WASO, and higher Al, compared to those with nor-
mal cognition, but these differences were not statistically
significant (Table 3). There was a trend toward a higher AHI
(31.0+£22.6 vs 7.6+£8.2, p=0.06) and ODI (27.1£20.0 vs
7.4+4.9, p=0.06) among participants with MCI, compared
to cognitively normal participants. One participant (12.5%)
with normal cognition and four (80%) with MCI had at least
moderate sleep apnea (AHI= 15, p<0.05). Non-obstructive
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respiratory events, as measured by the non-obstructive AHI,
were more frequent in the MCI group than in the normal
group (19.1£22.7 vs 0.4£0.9, p<0.05).

Table 4. Spearman correlations (r,) between sleep variables and
B-amyloid burden.

Normal (n=8), r; MCI (n=35), r,

cDVR pDVR cDVR pDVR
Total sleep time -0.52 -0.41 0.10 0.30
(minutes)
Wake after sleep 0.45 0.32 -0.10 -0.30
onset (minutes)
Arousal index —-0.36 -0.17 0.10 -0.30
AHI -0.29 -0.34 .00+ 0.90*
Non-obstructive -0.55 -0.51 0.80 0.90*
AHI
Oxygen -0.33 -0.42 |00+ 0.90*

desaturation index

AHI: apnea—hypopnea index; cDVR: cortical distribution volume ratio;
prDVR: precuneus distribution volume ratio.
*p<0.05, **p <0.001.

Among cognitively normal participants, there were no
significant associations between TST, WASO, Al, and cDVR
(Table 4). Similarly, no associations were found between
AHI, non-obstructive AHI, or ODI and ¢cDVR in this group.
Among MCI participants, however, there were robust posi-
tive associations between AHI and ¢cDVR and between ODI
and cDVR, such that greater AHI and ODI were associated
with greater amyloid burden (Figure 1, »,=1.00, p<0.001 for
both). There was no association between TST, WASO, Al or
non-obstructive AHI and ¢cDVR in those with MCI.

Among participants with normal cognition, there was no
significant association between any PSG indices and prDVR.
Among those with MCI, greater AHI, non-obstructive AHI,
and ODI each were associated with greater amyloid burden
in the precuneus, measured by the prDVR (Figure 1 and
Table 4, ,=0.90, p<0.05 for all); there was no association
between TST, WASO, or Al and prDVR in this group.

Discussion

We studied the association between disturbed sleep and PET-
PIB-measured A} deposition in small samples of older adults

. p < 0.001

0 10 20 30 40 50
AHI

. p < 0.001

0 10 20 30 40 50
ODI

0 10 20 30 40 50
AHI

prDVR

0 10 20 30 40 50
ODlI

Figure |. Association between PSG indices and PIB DVR.

PSG: polysomnography; PIB: [''C]-Pittsburgh compound B; DVR: distribution volume ratio; AH: apnea—hypopnea index; ODI: oxygen desaturation index;
cDVR: cortical PIB distribution volume ratio: prDVR: precuneus PIB distribution volume ratio.
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with normal cognition or MCI. Among participants with
MCI, greater SDB severity (AHI) and greater hypoxemia
(ODI) were strongly associated with greater A deposition,
measured globally in the cortex and regionally in the precu-
neus. A significant number of the disordered breathing events
in the MCI subjects were non-obstructive in nature, and the
severity of non-obstructive SDB was also significantly asso-
ciated with pDVR, but not cDVR. We did not observe an
association between SDB indices and Af3 deposition in par-
ticipants with normal cognition. In addition, we did not
observe significant associations between sleep duration or
sleep fragmentation and A deposition in either group.

Our findings have several implications. First, the associa-
tion between SDB/hypoxemia and AP deposition among
MCI participants, but not normal elders, suggests that SDB
and hypoxemia may contribute to amyloid deposition and
accelerate AD among those with MCI. This complements
studies linking SDB to diagnoses of MCI and dementia® and
could have implications for slowing the progression of AD,
given the prevalence of SDB and availability of SDB thera-
pies. Second, despite screening for SDB history and daytime
sleepiness, most MCI participants had moderate to severe
occult SDB, compared to one of eight with normal cognition.
Though this may be due to poor recall of apnea history
among MCI participants, the frequency of SDB in these indi-
viduals prompts questions about the prevalence of SDB in
the broader MCI population and the extent to which untreated
SDB contributes to MCI prevalence. Also, we observed a
higher proportion of non-obstructive respiratory events in
MCI participants, but given our small MCI sample, this find-
ing needs replication in a larger cohort.

Our findings are consistent with those recently reported
by Osorio et al.,!! suggesting associations between SDB
severity and CSF evidence of amyloid deposition in cogni-
tively normal older adults positive for the APOE &4 allele.
Similarly, we observed an association between SDB sever-
ity and greater AP burden in the brain among those with
MCI (i.e. at higher risk for AD), but not among normals. It
may be that the effects of SDB/hypoxia on AB aggregation
are most pronounced after significant A} accumulation has
already occurred, leading to an acceleration of further A3
deposition.?8

To our knowledge, there are only two other studies exam-
ining the relationship between objectively measured sleep
quality or SDB and AP. Ju et al.” used actigraphy to measure
sleep quality and CSF AP to infer AR deposition, while
Osorio et al.!! used home sleep testing to assess the associa-
tion between SDB and CSF AB. Major strengths of this pilot
study include the use of PSG and PET imaging, gold stand-
ard methods for measuring sleep and A3 deposition in living
humans, respectively. However, our study also has clear
limitations. The first is our very small sample of persons
with MCI and normal cognition. This combined with the low
SDB prevalence and severity in cognitively normal partici-
pants may have obscured an association between SDB and

amyloid in this population. We previously reported an asso-
ciation between subjective measures of lower sleep amount
and poorer sleep quality with AB burden as measured by
PET-PIB.® In this study, we did not observe an association
between sleep amount and fragmentation measured by PSG,
but the study was likely underpowered to detect such an
association. In addition, our exclusion of individuals with
excessive daytime sleepiness and clinical history of SDB
might have obscured potential associations in cognitively
normal subjects. Furthermore, although there were no statis-
tically significant differences in age, sex, or depressive
symptoms between the MCI and normal cognition groups,
the absence of these differences may be due to the small
sample size in this pilot study. Thus, we cannot rule out that
confounding by these variables accounts for the different
patterns of results observed between groups. Moreover, this
was a cross-sectional study, impeding assessment of tempo-
ral SDB—amyloid associations and precluding determination
of potential causal direction. It is also possible that there is
no direct causal link between SDB and amyloid, but that
both arise from a third, shared disease process. Prospective
studies in humans with larger samples and additional experi-
mental work in animal models is needed to further our under-
standing of the SDB—AD association.
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